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Preface

This volume of Lecture Notes in Mechanical Engineering contains selected papers
presented at the 3rd Grabchenko’s International Conference on Advanced
Manufacturing Processes (InterPartner-2021), held in Odessa, Ukraine, during
September 7–10, 2021. The conference was organized by Odessa Polytechnic State
University, National Technical University “Kharkiv Polytechnic Institute,” Sumy
State University, and International Association for Technological Development and
Innovations in partnership with Poznan University of Technology (Poland).

InterPartner Conference Series promotes research and developmental activities,
intensifying scientific information interchange between researchers, developers, and
engineers.

InterPartner-2021 received 113 contributions from 22 countries around the
world. After a thorough peer-review process, the Program Committee accepted 68
papers written by authors from 19 countries. Thank you very much to the authors
for their contribution. These papers are published in the present book, achieving an
acceptance rate of about 60%.

We want to take this opportunity to thank members of the Program Committee
and invited external reviewers for their efforts and expertise in contributing to
reviewing, without which it would be impossible to maintain the high standards of
peer-reviewed papers.

Thank you very much to keynote speakers from Poland (Slawomir Luscinski)
and Ukraine (Sergiy Kovalevskyy, Ivan Pavlenko, Yuri Petrakov, Yuriy Vnukov).

The book “Advanced Manufacturing Processes III” was organized into eight
parts according to the main conference topics: Part 1—Design Engineering, Part
2—Manufacturing Technology, Part 3—Machining Processes, Part 4—Advanced
Materials, Part 5—Quality Assurance, Part 6—Mechanical Engineering, Part 7—
Process Engineering, and Part 8—Engineering Education.

The first part “Design Engineering” includes recent developments in design
technologies and calculations. It presents studies in rational choice of gears, opti-
mization of a swing mechanism, and design elements of hydraulic drives. This part
also includes energy management strategy in the synthesis of automated control
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systems, methods to research loadings on mechanical structures under moving load
distribution.

The second part “Manufacturing Technology” includes ways to implement
intelligent solutions within the Industry 4.0 strategy. Recent developments in the
application of additive manufacturing and genetic algorithms are also presented in
this part. Also, this part includes parameter identification of the vibrational state for
machines and shape optimization of designs. Finally, the second part includes
studies in ensuring vibration reliability of cutting tools, mathematical modeling of a
backlash elimination in a clamping device, and ways for evaluating parameters in
precise modeling. Finally, recent developments in the lifecycle management of
modular machine tools are also presented in this part.

The third part “Machining Processes” consists of studies concerning measuring
grinding temperatures, rational designing of diamond grinding wheels, crankshaft
manufacturing, and advanced grinding of gears and hardened steels, including
temperature modeling. Notably, simulations of an absorber for vibrations during
turning and optimization of electrical discharge grinding are also included in this
part. Additionally, the third part deals with improving the MQL efficiency in
machining stainless steel by adding nanoparticles to the cutting fluid and the impact
of turning operations on forming the rolling bearing’s functional surfaces.

The fourth part “Advanced Materials” is devoted to controlling strength prop-
erties for mixtures, probabilistic analysis of corrosion fatigue resistance, and
improvement of parameters for designs from hydroxyapatite and beta-tricalcium
phosphate. Crack resistance parameters of nano-reinforced products, surface
strengthening technologies for improved strength characteristics of steel and hard
alloys, i.e., under the laser and ultrasonic treatments, are also presented in this
part. This part also aims to improve material properties for manufacturing parts,
polymer bulk composites’ application, dispersion hardening methods, and
low-plastic materials. It also includes a comparative analysis of tribological and
functional properties of multilayer coatings obtained by nitriding and titanizing,
improvement characteristics of nanosized oxide coatings, and structure optimization
of heat-resistant alloys.

The fifth part “Quality Assurance” presents studies on ensuring the quality of
thread profiles and surface layers while grinding hard alloys and porous materials.
The general approach in the tolerance control for quality assessment, a qualimetric
model for assessing the state of the central nervous system, and ways to improve the
quality of environmental protection are also included in this part. The fifth part also
describes problems and prospects of cryptocurrency development and improved
quality control methods for nuclear power plants.

The sixth part “Mechanical Engineering” is based on recent developments in this
field of science. It includes studies in the stress state of a workpiece, designing a
hydraulic press, improving the integral characteristics for turbomachine nozzles,
contact interaction of elements in a hydrovolumetric transmission, and neutraliza-
tion of the destabilization effect caused by small damping force in a
non-conservative system. Mathematical models of particle movement on internal
and external curved surfaces are also presented in this part. Finally, the fifth part
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includes an advanced method for diagnostics of the rotor–stator contact by spectral
analysis of the vibration state for rotor machines.

The seventh part “Process Engineering” presents research studies devoted to oil
filtration through a porous medium, the effectiveness of air cooling systems for
marine engines, kinematic analysis of an oscillatory system, cleaning of parts using
detonating gas mixtures, and optimal composition of high-octane gasoline with
biocomponents. Experiments on gas–liquid layer height in a combined contact
device, studies in relaxation shock absorbers with mechanical control circuit, and
methods for electro-hydraulic activation of water-lime suspension in sugar pro-
duction are presented in this part. The seventh part also includes improvements in
marine engines’ environmental and energy efficiency and approaches for rational
loading combined wastes into a heat recovery cooling system.

The eighth part “Engineering Education” aims at recent developments in
implementing digital twins in engineering study programs within the Industry 4.0
strategy and ensuring ecological competencies of agricultural engineering students
under professional training. Electronic means for developing professional compe-
tencies of engineering students are also presented in this part.

The editors appreciate the outstanding contribution of all the authors. We are
deeply convinced that the research papers presented in the book will be helpful to
scientists, industrial engineers, and highly qualified practitioners worldwide.

We appreciate a reliable partnership with Springer Nature, StrikePlagiarism, and
EasyChair for their support during the preparation of InterPartner 2021.

Thank you very much to InterPartner team. Their involvement, devotion, and
hard work were crucial to the success of the conference.

InterPartner’s motto is “Science unites people together”.

Volodymyr TonkonogyiSeptember 2021
Vitalii Ivanov

Justyna Trojanowska
Gennadii Oborskyi

Ivan Pavlenko
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Abstract. This work is devoted to the research of circular feed devices for a
metal-cutting machine with backlash-free worm gear of increased wear resis-
tance. A spatial model of a rotary table with a gap compensation mechanism as
sliding supports in the integrated CAD KOMPAS-3D environment has been
developed. A design scheme is proposed, and the efforts required to create a
guaranteed hard contact are determined. The effectiveness of the proposed
method for compensating the gap due to the worm displacement relative to the
wheel is substantiated. The phenomena associated with a decrease in the
intensity of wear and arising in the engagement of a worm gear with limitations
on rigidity are investigated. A mathematical model of a two-parameter problem
of optimizing the wear rate using Lagrange multipliers is formed. The concept of
increasing the resource of a mechanical transmission due to the availability of
gapless contact between the worm and the wheel is analyzed. The authors
conclude that using sliding supports will reduce the time for adjusting machine
tools and make the process of manufacturing housing parts more economical.
An analytical apparatus for determining the main parameter of the worm gear by
the minimum wear criterion is created. The assumption about the rational area of
using this design of the backlash-free transmission for the rotary table at low
gear ratios and the use of quadric-thread worms is substantiated.

Keywords: Worm engagement � Workpiece-turning mechanism � 3D model �
Sliding wear � Contact stress

1 Introduction

For automated manipulation of workpieces of various sizes and shapes in multi-
operational CNC machines, rotary and stepping tables of various designs are used [1].
The widespread use of the multi-operational machine is primarily due to the high
concentration of processing at one workplace [2, 3]. In the context of a constant change
in the configuration [4] of machined parts and the use of machines of various standard
sizes, it is promising to design and manufacture a line of rotary tables equipped with
hydromechanical drives [5].

The rotary table has a significant effect on the rigidity of the structure and the
positioning error of the machine. Calculation of the balance of the relative compliance
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of the machine tool carrier system showed that the workpiece and its elastic connec-
tions with the rotary table make up 22% of its total compliance. In this case, loading by
the forces of the nodes’ weight and the forces arising in the processing zone [6].
Simultaneously, the relative compliance of the rotary table reaches 36%. The elastic
connections of the rotary table with the cross table of the machine, on which the
workpiece is mounted, are up to 10% under the same loading conditions [7].

In turn, the parameters of rigidity and positioning accuracy of the rotary table are
formed mainly by the worm gear. As it is known, increased wear and scoring of worm
gears are associated with high rubbing speeds and unfavorable sliding direction relative
to the contact line. The intensity of wear also depends on the value of contact stresses,
which makes the calculation for worm gears contact stresses the main one, and for
bending stresses is performed as a checking one.

The positioning accuracy of the table and the inconsistency of the worm wheel
movement is associated with the presence of engagement gaps caused by their wear
during operation. The misalignment of the rotations of the worm gear elements causes
inaccuracy in the positioning of the machine-forming units. Various design solutions
related to the development of a backlash-free worm gear are used in the machine tool
industry. The direction of research concerns the modernization of the production
technology of worm gear elements and the use of special devices to compensate for the
gaps in the worm gear. The problems with these two approaches to the complication of
both the manufacturing process and the design of the backlash-free worm gear are
related. The influence of such design and technological solutions on the wear resistance
and performance of the table and workpiece feed mechanisms requires additional
research.

2 Literature Review

Several works are devoted to the design and operation of gear mechanisms that
implement the table and workpiece feed movement in the process of shaping and
positioning on CNC drilling-milling-boring machines.

Work [8] is devoted to using various design options for multi-axis rotary tables
with a diameter not exceeding 100 mm. It proposes a design that compensates for the
gap in the worm gear (“Anti-Blacklash Gears” [9]). Compensation by re-adjusting
using adjusting screws to reduce the lateral clearance between the worm and the worm
wheel is carried out. The authors of [8] consider an alternative option - a spring-loaded
worm gear engagement (“Spring Loaded Gear Mesh”). This option, in particular, in the
design of a 5-axis small-sized rotary table in the layout for the vertical machining center
of the Haas OM-2 model is used.

The authors of [10] researched the contact surfaces’ geometry wheel tooth and
proposed a new design solution in the form of a single or double helix to increase the
contact length and, consequently, reduce the level of contact stresses.

It should be noted that the contact interaction of the gears and the structural
component is also influenced by the technological component associated with the
quality of the formation of the gear tooth rear surface. When processing the back
surface of the relief tooth by grinding, it is rather complicated to select the cutting
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mode. In this regard, the ideas of choosing and optimizing the grinding process pre-
sented in [11] are of interest.

The operation of the proposed variant of the gearbox [12] is associated with wear
processes [13] and the probability of breakdowns. For analyzing these operational
phenomena and prevent possible breakdowns, it is rational to use the method of thermal
imaging observation with the Termovision Processing software [14].

In work [15], the problems of CNC machines diagnostics and measurement
accuracy using laser interferometric measuring systems are considered. The assessment
of various types of errors associated with the main shaping movements is given.
A large share of errors associated with the repeatability of dimensions during the
operation of machines is shown. The wear degree of the machine tools drive mecha-
nisms is considered one of the error generators [16].

For the dynamic characteristics and their relationship with the wear of the con-
tacting surfaces, the approach proposed in [17] is interesting. The result of wear is
uneven engagement (with impacts). For reducing the vibration level during separate
and parallel boring and turning tools on a particular processing stand, a mechanism for
introducing additional axial vibrations in the feed direction is proposed. In this variant,
the possibility of decreasing (with axial vibrations of specific parameters) by 3–4 times
the vibrations of the shaping units of the machine is shown experimentally. The
consequence of this increases in the resource of the worm gear and the rotary table as a
whole.

Questions of geometry, kinematics, and thermal phenomena of worm gears with a
cylindrical worm in works [18] The study of contact lines, the curvature of working
surfaces, and localization of contact in works were considered [19].

However, these researches related to worm gears with regulated lateral and radial
engagement clearances [20]. This article presents the results of a backlash-free worm
gear research of increased wear resistance as applied to metal-cutting machines, where
synchronization of the worm rotation and the wheel is required, including when
reversing.

As [21, 22] stated, one of the leading research goals of mechanical transmissions is
developing a three-dimensional working model for studying the geometry for evalu-
ating the ratios of many tooth geometric parameters and visual identification. A method
for creating a gearwheel using the composition of the designer’s toolkit should include
and worm gearing three-dimensional model in the corresponding integrated CAD
systems [23]. The performance of the worm gear also depends on the heat dissipation
and the removal of wear products from the working area using liquid lubricants. In this
regard, an interesting approach is presented in the work [24].

An analysis of the above works showed the directions to improve the performance
criteria of the drive mechanisms for the rotary tables of metal cutting machines are
associated with creating non-clearance engagement worm transmissions and improving
their designs. A large reserve in improvement by searching for the optimal ratio of
transmission parameters to maximize the effective operation of machine tools equip-
ment can be achieved.

Based on the analysis of the problem under consideration, to increase the efficiency
of machine tools with rotary tables, we formulate the following research goal:

Optimal Choice of Worm Gearing Design 5



To develop a procedure for finding the optimal design of a worm gear with
increased wear resistance for a rotary table of a machine tool by determining the
optimal ratio of the engagement parameters of this gear.

For achieving this goal, the following tasks have been proposed:

1. To develop three-dimensional models of the rotary table with the non-clearance
engagement of the machine in CAD KOMPAS-3D.

2. Investigate the influence of the input parameters of the worm gear and determine
their optimal ratio in terms of the criterion of maximum wear resistance.

3 Research Methodology

Let us consider designing a specialized multioperational CNC machine of the second
standard size, milling-drilling-boring type based on the MC200PF4 model. The
machine for processing complex housing parts by various cutting methods is intended:
milling, drilling, countersinking, and reaming.

The rotary controlled table in the form of an independent unit mounted on the
machine table in two positions with horizontal and vertical axes, depending on the
surface location is made.

In CAD KOMPAS [7], the 3D model of a rotary table, consisting of more than 300
parts, is built (Fig. 1). When building the model, a specialized application “Shafts and
mechanical transmissions-3D” embedded into the system was used [7]. The computer-
aided design system with applications allows implementation of collective end-to-end
3D-design of products for various purposes [25]. With its help, the whole range of
necessary work is carried out from the initial three-dimensional preparation of the idea
of a new design of the rotary table and detailed modeling of the final product to the
automatic creation of documentation and drawings.

Zeroing of the side clearances in the worm gearing is possible by displacing the
worm in a direction parallel to the axis of the worm wheel, Fig. 2a; b.

Fig. 1. A three-dimensional model of a rotary table with a faceplate: a – general view without
housing; b – the cross-section.
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For realizing this attempt, in the rotary table, on the housing of which there is a
faceplate with a worm wheel fixed on it (the teeth of which engagement with the worm
threads), the possibility of a downward shift in sliding supports is realized (Fig. 2b).

The shift by the number of clearances in engagement and fixation in this position by
springs and clamping screws is carried out. In this case, the engagement of the threads
of the worm with the teeth of the worm wheel will be backlash-free for any amount of
wear of the threads and teeth, as well as during reverse. In this case, both sides of the
worm thread will simultaneously contact the surfaces of two adjacent teeth of the worm
wheel.

For determining the forces acting on the worm, the situation is considered when (at
a specific direction of the circumferential force on the worm Ft1, N), it will tend to
return to an unbiased position. The forces of the springs Fs (N) from the equilibrium
condition of the system of forces are calculated and shown in Fig. 2b.

By the condition of the balance of forces: 2Fs þG ¼ Ft1:

Fs � Ft1 � Gð Þ=2;

where G – the weight of the worm shaft assembly, kg.
After transformations, we get the minimum value of the spring force Fs (N) re-

quired to create a backlash-free engagement:

Fs � T2 �
tg cþu

0� �
d2

� G
2

ð1Þ

where d2 ¼ m � z2 is the pitch diameter of the worm wheel, m; c ¼ arctg z1=qð Þ –
pitch angle of the worm threads, degrees;
u

0
– the reduced angle of friction in engagement, deg.

q – the coefficient of the worm diameter;
T2 – torque on the wheel shaft, N m.

It should be noted that when deriving relation (1), an approximate version of
calculating the efficiency of a worm pair was used: g � tgc=tgðcþu

0 Þ:

Fig. 2. Antibacklash worm gearing: a – 3D model; b – design scheme.
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4 Result

The existing standards defining the parameters of the worm gearing for cylindrical
worms ZA, Z1, ZN are invariant concerning operating conditions: load mode, and
required resource. It means that the choice of the main parameters of the worm gear
(WG) is carried out according to uniform recommendations [20].

At the same time, the difference in the service life – long-term or short-term, like
the loading T2 (N�m) T2 ¼ const or T2 ¼ var in the requirements for dimensions, and
thermal conditions, with the same parameter sets, will lead to different results according
to the performance criteria of the worm gear.

Optimization of the worm gear design with a cylindrical worm according to the
criterion of wear resistance J is a multivariate task. As the variables to be optimized:
the main parameters of the engagement: the number of worms turns z1; the number of
worm wheel teeth z2, and worm diameter factor q (the quotient of reference diameter to
the axial module) are considered.

In this article, the criterion is quantitatively assessed not by its absolute value but in
a comparative aspect − with various combinations of parameters ½z1; z2; q�. For this
reason, a calculation method is adopted here [18], where the wear rate J (N/s) has a
linear dependence on the specific load along the contact line of the working surfaces
and the speed of their sliding:

J ¼ K � pn � VS ð2Þ

where K ¼ const − coefficient of materials wear;
pn − specific load distributed along the contact line, N/mm;
VS − the rubbing speed of the worm thread, m/s.

Expanded expressions for the parameters on the right side of Eq. (2):

pn ¼ Fn=lR;

where lR � 1; 3 � d1=coscW − minimum total length of contact lines, mm;
Fn ¼ ð2 � T2=d2Þ=ðcosan � coscW Þ − normal force in the engagement of the worm
threads with the teeth of the worm wheel, N.
VS ¼ x1 � d1=ð2 � coscW Þ − rubbing speed of the worm threads, m/s.

We introduce new variables: y ¼ q=z2 and s ¼ q=z1, which will allow the three-
parameter function J ¼ Jðz1; z2; qÞ to be replaced by a two-parameter one J ¼ Jðy; sÞ.

After substituting these ratios into Eq. (2) after accounting for aw ¼ f z2; q; T2ð Þ, we
obtain a calculation formula for the wear rate J; which will be a two-parameter
objective function of optimization by the wear resistance criterion:
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Jðy; sÞ ¼ C � ð1þ yÞ �
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ s2

p
=s; ð3Þ

here C ¼ KH
2:6�cosan �

T2�x1
aW

¼ const; since we are considering worm gears of the same
dimensions ðaW ¼ constÞ; load level ðT2 ¼ constÞ and initial kinematics ðx1 ¼ constÞ:

Thus, the task is reduced to the fulfillment of the condition: Jðy; sÞ ¼ min:
To minimize a function of two variables Jðy; sÞ, we will use the Lagrange multiplier

method to optimize two-parameter functions. The equation of connection g ¼ g y; sð Þ ¼
0 between the optimization parameters y and s based on the following relationships are
obtained:

s ¼ q=z1 ¼ ðq=z1Þ � ðz2=z2Þ ¼ ðq=z2Þ � ðz2=z1Þ ¼ y � u: ð4Þ

Whence it follows that:

gðy; sÞ ¼ s� y � u ¼ 0: ð5Þ

Lagrange function L ¼ Lðs; yÞ: L ¼ Jþ k � g;
after substitution in it L and g from formulas (3) and (4), takes the form:

L ¼ C � ð1þ yÞ �
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ s2

p
=sþ k � ðs� y � uÞ; ð6Þ

here k − the unknown constant of the Lagrange function.
According to the Lagrange method, we compose a system of three equations:

@L=ds ¼ @J=dsþ k � @g=ds ¼ 0;
@L=dy ¼ @J=dyþ k � @g=dy ¼ 0;
@L=dk ¼ g y; sð Þ ¼ 0:

ð7Þ

In expanded form, system (6) will be written as follows:

C � 1þ yð Þ � 2 � s� s2 � 1ð Þ= s2 � ffiffiffiffiffiffiffiffiffiffiffiffi
1þ s2

p� �þ k ¼ 0;
C � ffiffiffiffiffiffiffiffiffiffiffiffi

1þ s2
p

=s� k � u ¼ 0;
s� y � u ¼ 0:

ð8Þ

As a result of solving the system of Eqs. (7), the optimal value of one of the varied
parameters was obtained:

y ¼ yðuÞ ¼ �1=ð2� uÞþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=ð2� uÞ2 þ 1=½u � ð2� uÞ�

q
; ð9Þ

(the second root for y having a minus sign in front of the root is discarded since, for any
gear ratios, it gives deliberately unacceptable values concerning power worm gears).

Another variable parameter − s is obtained using the constraint Eq. (4)
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s ¼ sðuÞ ¼ u � y ¼ u � f�1=ð2� uÞþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=ð2� uÞ2 þ 1=½u � ð2� uÞ�

q
g: ð10Þ

The objective function JðsÞ graph and graphical dependence of the variable parameter y
on the gear ratio u: y ¼ y uð Þ – formula (9) is shown in Fig. 3. The function s ¼ s uð Þ is
easy to construct from the obtained values y using the constraint equation s ¼ u � y or
directly from the formula (10).

For the convenience of calculating values y at different gear ratios, the graph
y ¼ yðuÞ (Fig. 3) is approximated by a power law: yðuÞ � 1:05 � u�0:69; wherein
approximation error less than 1%. The numerical values of the parameters according to
the criterion of working capacity are systematized in Table 1.

5 Conclusion

Thus, the modernized design of the rotary table of metal-cutting machine tools of the
boring-milling-boring type using a backlash-free worm gear is proposed. A schematic
diagram of a worm gear with a gap compensation mechanism when operating in the
form of spring-loaded sliding bearings has been developed.

Fig. 3. Objective function: Curve notation.1: u ¼ 8; 2: u ¼ 20; 3: u ¼ 40; 4: u ¼ 63.

Table 1. Choice of parameters y; s; q.

u z1 y s q

8 4 0.25 2 8
10 4 0.18 1.8 7.1
12.5 4 0.13 1.66 6.3
16 4 0.1 1.55 6.3
20 2 0.07 1.46 No
25 2 0.06 1.4 Standard
31.5 2 0.04 1.34 q
40 1 0.03 1.29 No
50 1 0.03 1.25 Standard
63 1 0.02 1.22 q
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A three-dimensional model of the assembly rotary table structure of the machine
was built using the specialized application “Shafts and mechanical transmissions-3D”
in CAD KOMPAS-3D. The efforts required to create a guaranteed hard contact have
been determined.

The problem is formulated, and a mathematical model for optimizing the design of
the worm gear elements by the criterion of wear resistance is built. The efficiency of
representing this problem as a two-parameter task is shown by introducing derivatives
of variables and solving it using Lagrange multipliers.

The research of the transmission's main parameters influence on the level of wear
resistance was carried out. It is shown that the optimal values of the worm diameter
coefficient at which the minimum wear rate is ensured. The condition of sufficient
rigidity of the worm shaft is considered as a limitation.

The optimal values of the worm diameter coefficient q (and hence associated with it
z1 and z2), at which the minimum intensity of wear J ¼ min is ensured, have been
determined. The minimum is reached for small gear ratios u � 8:::10, which corre-
sponds to worms (z1 ¼ 4).

The development of research in optimizing the worm gearing wear rate assumed in
the direction of creating such a backlash-free worm engagement, in which the gap
compensation will be carried out by compressing the springs and using sliding bearings
of a new design.
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Abstract. Modern production is impossible without developing and improving
lifting and transport mechanisms, which is indispensable for various techno-
logical processes. The article concerns the optimal control on the swing
mechanism regarding speed and simultaneous damping of load oscillations. It is
shown that the law of change in the dynamic torque of an electric drive obtained
using the Pontryagin maximum principle ensures the damping of the load
oscillations by the end of the transient process the turning mechanism and to
minimize the duration of these processes. The necessity of joint use of the
mechanism for changing the boom outreach as the second control action, which,
according to the derived law, changes the radius of rotation of the load sus-
pension point for damping the deflection angle's normal component, has been
substantiated. The mathematical model was created for calculating the transient
start (braking) process in the Matlab mathematical modeling package for opti-
mal control over the swing mechanism. Analysis of the graph of transient
processes allows us to conclude that the proposed method fully satisfies
conditions.

Keywords: Suspended load � Damping load fluctuations � Transient process �
Performance criterion � Mathematical model

1 Introduction

The performance and quality of various technological processes are largely determined
by transport operations, in particular, by the movement of goods using lifting and
transport mechanisms of rotary motion, which have found wide application in various
technological processes, where performance indicators, reliability, and sometimes
accuracy of installation operations are the essential factors for production in general.
However, the loads suspended on a flexible thread (rope) in starting and breaking the
turning mechanisms are prone to swaying, which can significantly slow down the
technological process itself and significantly reduce the quality of operations.
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2 Literature Review

Many scientists were engaged in the problem of damping vibrations of a suspended
load. In the area of optimal control engineering systems [1], there are many different
theoretical solutions made: vertical dynamic loads [2], bistable suspension systems [3],
kinematic transmissions [4].

Various researches have been reported in which damping control is proposed using
the states of suspended load in transport [5] damping [6] control or cooperative
swinging [7]. To increase operator productivity and comfort, to reduce the learning
time of novice operators in work [8], automated motions that do not excite dangerous
oscillations of the freely-hanging grapple are proposed.

Most publications address comparatively simple models describing only single
pendulum load dynamics: swing mechanisms [9], dynamic [10], and harmonic loads
[11], in work [12] model for the control to mitigate structural vibrations of mechanism
is proposed.

The problems of rotary mechanisms were highlighted in research [13], although
this area is still narrowly represented in scientific developments.

In works [14], the transient processes are optimized but regarding mechanisms of
translational motion with a suspended load.

In publication [15], a theory for damping the oscillations of the suspended load
(pendulum) using the active modification of the length of the suspension string is pro-
posed. In work [16], the numerical optimal control approach is considered. Robust
optimization procedure and extended linearization are employed to attenuate oscillations
in the crane systems by reconfiguring the position of the payload mass in work [17].

In publication [18], damping control of suspended loads is proposed. The sus-
pended load of a crane is modeled as a double pendulum, and a state feedback control
based on the model is used for damping control in consideration of the second bending
mode oscillation as well as the first swinging mode oscillation.

3 Research Methodology

Earlier, the law of optimal control of translational movement mechanisms was
obtained. Below are the primary dependencies and patterns obtained for these mech-
anisms in order to subsequently use them for rotation mechanisms in advance.

The mechanism is represented by two lumped masses that move progressively: carts
m1 and loadsm2, s1 and s2 are the paths of their movement, respectively, L is the length of
the thread, a is the current value of the angle of deflection of the thread from the vertical.

The time constant T is inverse to the natural frequency of the load:

X ¼ 1
T
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g m1 þm2ð Þ

Lm1

s
¼ X0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m1 þm2ð Þ

m1

s
; ð1Þ

where g – acceleration of gravity and the oscillation frequency of a mathematical
pendulum suspended on a structure with infinite mass (m1 = ∞),
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X0 ¼ 1
T0

¼
ffiffiffi
g
L

r
: ð2Þ

Under the principle of the maximum by Pontryagin, to fulfill the condition of the problem
posed when optimizing the control of the mechanism of translational motion, namely, to
ensure the minimum time of the transient processes of starting and braking at the given
restrictions on the location of the load at the end of these processes, a relay law of
application of the maximum permissible dynamic force (moment) is required:M = |Mm|.
In this case, after the completion of the transition process, three conditions should be met:

V1 ¼ V1z

a ¼ 0
da
dt ¼ 0:

ð3Þ

Based on the fact that these three conditions (3) must be fulfilled by the end of the
process, it was concluded that it is appropriate to work in three stages to have two
switchings (changes of the M sign). The diagram of the change in the control action –

the motor torque M – during acceleration is shown in Fig. 1, where Mm (Fm) – engine
torque (the maximum value of the force), admissible under the conditions of its heating.

Expression for the entire transient time [4]:

tp ¼ t1 þ t2 þ t3 ¼ Tp þ 2t2; ð4Þ

and the time t2 is found by solving the Eq. [4]:

sinX t2 þ Tp
2

� �
¼ 2sin Xt2

2 ;

t1 ¼ t3 ¼ Tp þ t2
2 ;

ð5Þ

where the constant value is:

Tp ¼ V1z

Fm
m; ð6Þ

Fig. 1. Diagram of the moment M(t) during acceleration.
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Tp – this is the time of acceleration to a given speed V1 of the mass m = m1 + m2 in the
absence of swinging of the load and the action of a constant force Fm, this is the
minimum time of the transient process, to which the value of Tp can tend under optimal
control.

Thus, a basis can be reasonably used to obtain the optimal control law for more
complex rotation mechanisms.

4 Results

4.1 Design Model of Swing Mechanism with Suspended Load

The swing mechanism is a rotating platform with a boom, with a suspended load on a
rope. Therefore, such a mechanism can also be represented in a two-mass mechanical
part (a rotating platform is a load connected by a flexible thread). A motor drives the
rotating platform through a gearbox and a pinion-gear transmission – a ring gear with a
total gear ratio i.

The design model of such a two-mass mechanical part (the position of the char-
acteristic points of the moving system) at a particular moment and the acting forces and
moments are shown in Fig. 2. Here OA = O'A' = O''A'' = R1 – radius of rotation of the
load suspension point (boom reach); O''B = R1 – radius of rotation of the load; a is the
angle of deflection of the thread with the load from the vertical; P = m2g – cargo
weight; N – the tension force of the thread, and Ns – its projection onto the horizontal
plane. Since the angle a is small (5… 8˚), we can assume A'A'' = A'B' = L, where L is
the length of the inextensible thread on which the load is suspended.

Fig. 2. Design model of a swing mechanism with a suspended load.
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The load suspension point A’, located on the boom of the rotating platform with the
moment of inertia J1, rotates around the fixed axis Oz with the angular velocity x1

under the action of the algebraic sum of the driving moment M (the engine torque
reduced to the rotating platform with the static moment) and some moment MN, caused
by the force component of the weight P. The load (point B) with the moment of inertia
J2 rotates around the same axis with the angular velocity x2 under the action of the
moment MN. Force projections on the horizontal plane are shown in Fig. 3.

Both formulas (1) and (2) are obtained by the fact that the angles as and an are
sufficiently small when it is possible to assume that tg a � sin a � a.

In contrast to the mechanism of translational motion, it is now necessary to ensure
that five conditions are met to damp the oscillations of the load after the completion of
the transient start-up process: at the end, for example of acceleration, there should be no
tangential deflection angle and the corresponding speed, as well as the normal com-
ponents of speed and acceleration.

To fulfill these conditions, it is necessary to control in five stages, determining the
duration of which is the main difficulty. To accomplish this task, it is necessary to have
time dependencies of all quantities.

4.2 The Law of Optimal Control of Swing Mechanisms

The differential equation for radius R2 is as follows [4]:

d2R2

dt2
� x2

2 �
g
L

� �
R2 ¼ g

L
R1: ð7Þ

Fig. 3. Force projections on the horizontal plane.
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Equation (7) includes the speed x2, where the law of change in time is unknown, so
it is rather difficult to solve it.

Therefore, to calm the normal component of the angle of deflection of the thread
with the load from the vertical, it is proposed to introduce a second control action,
namely, to change according to a specific law the radius of the load suspension point R1

with the help controlling for changing the boom outreach, in this case, the radius R2

should remain constant. In contrast to the translational displacement mechanism, with
the optimal control of the rotation mechanism, after the completion of the transient
process, it is necessary to ensure the tangential component of the deflection angle of the
thread and the load from the vertical with a constant normal component of the same
angle (at start-up) or to ensure the absence of both components after the end of braking
(at the stop). To calm down the tangential component, we use (with some assumptions)
the law of variation of the momentMm obtained for translational motion, approximately
assuming the moments of inertia of both masses to be constant.

Thus, it becomes clear that determining the optimal control law by using only
controlling of rotation mechanism is not easy. The law itself is highly complex.

Considering that at the initial start-up moment R1 = R2 = R1_start, we finally obtain
the law of change in the radius of rotation of the load suspension point, where
R2 ¼ const, while x2 ¼ var, cos a ¼ var and cosDu ¼ var:

R1 ¼ R1 start

1� x2
2
L�cosa

g

cosDu

 !
: ð8Þ

Thus, for optimal control of the swing mechanism, the motor torque should be changed
according to the law of Fig. 1. This allows us to compensate for the tangential com-
ponent of the angle and adjust the radius of the suspension point by relationship (8).

4.3 Model of the Swing Mechanism

Figure 4 shows a block diagram of the swing mechanism.
The start mode simulation of the radius R1 is shown in Fig. 5. The graphs show that

after the transient acceleration, normal and tangential components of the yarn deviation
angle from vertical with the load do not exceed 0.001 rad. With the necessary change
in the radius R1, the radius R2 does not remain constant. However, the amplitude of its
oscillations does not exceed 0.15% of the initial values of the radius. Also, it satisfies
the conditions of the posed task.
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Fig. 4. Block diagram of the model.

Fig. 5. Transient graphs of starting the swing mechanism.
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5 Conclusions

It was shown that it is complicated to determine the law of optimal control if only the
drive of the swing mechanism is controlled. Therefore, it is proposed to introduce a
second control action to calm the normal component of the angle of deflection of the
thread with the load from the vertical, specifically, to change the radius of the load
suspension point according to a particular law. At the same time, modeling the transient
processes of the turning mechanism convinced that by the end of the transient process,
the tangential component of the angle a is equal to zero. The normal component
remains small and constant (after the end of acceleration) or tends to zero (after
deceleration).

For optimal control of the mechanism that provides fast transient processes and
simultaneously damping load oscillations, not smooth, but instantaneous applications
of the maximum torque are required (Fig. 1). However, it is known that dynamic
moments in transient modes significantly load elastic links – shafts, metal structures of
turning mechanisms, and the abrupt application of the moment to transmission links
with gaps in the gears leads to the highest dynamic loads in these elements.

In the future, it is planned to investigate the possibility of correcting the recom-
mended control method to limit shock loads in kinematic transmissions.
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Abstract. Like any positive displacement hydraulic machine, an orbital-type
hydraulic machine is a rather complex mechanism with parts representing a
precision connection. Therefore, control over the manufacturing accuracy of the
rotors of these hydraulic machines is relevant. A dimensional chain has been
developed that reflects the interaction of the toothed profiles of the rotors of an
orbital hydraulic motor, and the controlled parameters that determine the man-
ufacturing error of these rotors have been substantiated. A design scheme has
been developed, and the geometric and functional relationship of the location of
contact points of the toothed profiles of the rotors of an orbital hydraulic motor
has been determined. Methods and devices have been developed to control the
shape error of an orbital hydraulic motor's inner and outer rotors. The results of
measuring the complex parameters show that the working clearance in the rotors
of the orbital hydraulic motor is in the range of 0.02…0.214 mm. The gap
between the rotors can serve as a parameter that determines the technical state of
the orbital hydraulic motor, and its limiting value can be used as the basis for
standardizing the functional parameters that determine the operability of the
orbital hydraulic motor.

Keywords: Displacement system � Methods of control � Means of control �
Dimensional chain � Form deviations

1 Introduction

Orbital and planetary hydraulic machines are widely used in mechatronic systems of a
hydraulic drive of working bodies of mobile equipment. Today we have a fairly large
experience in the production of gear [1] and axial piston [2, 3] hydraulic machines,
which, unfortunately, cannot be fully used in the production of orbital and planetary
hydraulic machines. It is due to the design features of their rotors, the working contour
of which is described by cycloidal curves. The systems for displacing the working fluid
of hydraulic machines of the orbital (planetary) type and any hydraulic machines of
positive displacement are rather complex mechanisms, including precision connections
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[4]. The displacement system of the orbital hydraulic motor is represented by an
external rotor (Fig. 1a) and an internal rotor (Fig. 1b).

During the orbital hydraulic motor operation, the rotor form a gear pair with an
internal hypocycloidal engagement [4]. This geometry of the toothed profile of the
rotors was chosen to provide two functions: moving the inner rotor and ensuring the
sealing of the pressure zone from the drain zone. Therefore, the accuracy of manu-
facturing the geometry of the toothed profile [5] of the rotors determines the operability
of the orbital hydraulic motor as a whole.

2 Literature Review

An analysis of the results of a complex calculation [6] is proposed, the influence of a
multi-component load on thin-walled structures [7] is investigated, the distribution [8]
is determined, and the regularities of the distribution [9] of contact pressure, which are
important in the implementation of design studies [10, 11], an algorithm for finding
rational parameters has been developed that takes into account the features of the shape
of the response surface [12, 13]. Issues related to the justification of the controlled
parameters were not considered.

A method and a system for active control of dynamic spatial positioning [14] are
proposed, conditions for static equilibrium are established [15], algorithms for a control
system [16] are developed, a study of dynamic accuracy [17] and dynamic processes
[18] of the positioning of spatial drive systems, as well as changes dynamics of the
output characteristics of mechatronic systems [19]. A method for designing hydraulic
mechatronic systems with elements of multi-criteria optimization has been developed
[20]. The influence of the manufacturing accuracy of the elements of mechatronic
systems on their functionality has not been studied.

Mathematical modeling of the flow was carried out by solving the Navier-Stokes
equations averaged after Reynolds using the SST-model of turbulence [21, 22] and
rheological models [23], an engineering techniques to increase the effectiveness [24, 25],
and determining the radial compliance [26] was proposed, the effect of the viscosity of
Bingham fluids on the energy characteristics of vortex-chamber pumps [23, 27].

Fig. 1. Elements of the displacement system of the orbital hydraulic motor: a – external rotor
with plug-in teeth (rollers); b – inner rotor.
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Also, much attention is paid to axial piston [2, 3], orbital piston [28], and centrifugal
machines [29–31], the design of which differs from orbital and gerotor machines. The
change in the output characteristics of the considered hydraulic machines from the
accuracy of manufacturing their elements was not considered.

At present, very little research is published on the methodology for the design and
manufacture of gerotor pumps, orbital and planetary hydraulic motors [32]. The forces
acting in the gearing [33] are considered, and models [34] are prepared, considering the
compression state of the working fluid [35] and cavitation phenomena [36–39].
A mathematical model has been developed [40], which describes the change in loads in
the gearing, and a program [41], which considers the equations of the hydrodynamics
of fluid motion in the working chambers of the gerotor pump. Geometric [42], com-
putational [43, 44], and hydrodynamic [45] models of a gerotor pump are considered,
3D model of an orbital gerotor hydraulic motor is proposed, which takes into account
the dynamically changing volume of the working fluid [46], as well as a model that
allows you to simulate the processes occurring in planetary hydraulic motors and their
elements under operating conditions [47]. Experimental studies have been carried out,
confirming the results of modeling the operation of rotors of gerotor [48] and planetary
[49] hydraulic machines. In the developed models of the functioning of hydraulic
machines, the influence of the accuracy of manufacturing their elements was not still
considered [50].

Thus, the determination of the error in the manufacture of the toothed profile of the
rotors of an orbital hydraulic motor is an urgent task aimed at improving the output
characteristics of an orbital hydraulic motor during its manufacture.

3 Research Methodology

The purpose of these studies is to improve the output characteristics of the orbital
hydraulic motor during its manufacture by determining the error in the manufacture of
the gear profile of its rotors. To achieve this goal, it is necessary to solve the following
tasks:

– develop a dimensional chain that reflects the interaction of the toothed profiles of
the rotors of an orbital hydraulic motor and substantiate the controlled parameters
that determine the error in the manufacture of these rotors;

– to develop a design scheme and determine the geometric and functional relationship
of the location of the contact points of the gear profiles of the outer and inner rotor
of an orbital hydraulic motor;

– to develop methods and devices for controlling the shape error of an orbital
hydraulic motor's inner and outer rotors, to carry out a production check of the
developed control means.

Since an orbital hydraulic motor operates, its rotors do not have a rigid kinematic
connection [4]. This dimensional chain determines the error (accuracy) of the manu-
facture of rotors based on the points of contact of their toothed profiles, ensuring the
hydraulic motor's operability. Taking into account the specific operating conditions of
the rotors of the orbital hydraulic motor [4], a dimensional chain was developed that

24 A. Panchenko et al.



reflects the interaction of the toothed profiles of its outer and inner rotors during
operation (Fig. 2). The presented dimensional chain is based on the contact points
determined by touching the toothed surfaces of the rotors (a1, a2, and b1, b2), which are
located diametrically opposite to their centers O1 and O2.

The considered dimensional chain (Fig. 2) consists of a decreasing link AD for the
inner rotor and an increasing link BD for the outer rotor. The process (diametrical) gap
G which closes the dimensional chain is required to compensate for the thermal
expansion of the rotors, G = BD − AD [4].

To implement the proposed dimensional chain, a design scheme has been devel-
oped (Fig. 3), which allows determining the relationship between the location of
contact points for the parameters AD and BD.

The dimensions AD and BD under consideration are complex and depend on the
geometric parameters of the inner rotor (R1, r1, and b1) and the outer rotor (R2, r2, and
b2), respectively. The location of the points of contact (a1, a2) of the tooths of the inner
rotor, and two teeth (rollers) of the outer rotor are determined by the radius r1 of the

Fig. 2. Dimensional chain of interaction (contact) of the rotors of an orbital hydraulic motor.

Fig. 3. The design scheme for determining the geometric relationship of the location of contact
points formed by the toothed profiles of the outer and inner rotors.
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tooth of the inner rotor and the angle k formed by the normals passing through these
points of contact (Fig. 3)

k ¼ 2 arccos
R2 � sin b2

2

r1 þ r2
; ð1Þ

R2 is the radius of the circle of the centers of the teeth of the outer rotor; b2 is the angle
of the center of the teeth of the outer rotor; r1 and r2 are the radii of the teeth of the
inner and outer rotors, respectively.

The location of the contact points (b1, b2) of two pairs of teeth of the inner and outer
rotor (Fig. 3) is determined by the radius R’ of the contact points described from the
center of the opposite tooth of the inner rotor

R
0 ¼ R1 � ð1þ cos b12 Þþ r1 � cos b14

cos b14
; ð2Þ

where R1 is the radius of the circle of the location of the centers of the teeth of the inner
rotor; b1 is the angle of arrangement of the centers of the teeth of the inner rotor.

The deviations of the parameters AD and BD determine the shape error E1 and E2 of
the inner and outer rotors, respectively [4]: E1 = Amax − Amin, E2 = Bmax − Bmin.

4 Results

To measure the deviations of the parameters AD and BD, methods and control devices
have been developed for their implementation (Fig. 4). A feature of the proposed
method for controlling the parameters AD and BD, for both rotors, respectively, is the
simultaneous measurement of the controlled parameters on both sides of the line of
centers O1 and O2 for each rotor. At the same time, the measuring devices are designed
in such a way as to provide an imitation of the mating part.

The measuring device for controlling the parameter AD of the inner rotor (Fig. 4a)
consists of Table 1, the base surface a of which is made in the form of a prism with an
angle k, to simulate the gearing kinematics. A movable measuring tip 3 is fixed on
stand 2 connected to Table 1. Its working surface b is made as a concave segment with
a radius R’, which simulates contact points in real engagement. Spring 4 provides
constant contact of the measuring tip 3 with the teeth of the controlled rotor 6. Indicator
5, mounted on rack 2, is kinematically connected to the measuring tip 3. Such a basing
of the controlled inner rotor provides its self-alignment at the measuring position.

The measuring device (Fig. 4a) is adjusted to the nominal size of the controlled
parameter AD of the inner rotor 6 according to the exemplary part. The controlled inner
rotor 6 is installed on the base surface a of Table 1 so that the tooth of the controlled
rotor 6 contacts the prism at points a1 and a2, and two opposite teeth of the rotor 6 are
located on the working surface b of the segment groove of the measuring tip 3, in the
points of contact b1 and b2. According to the indications of indicator 5, the deviation
from the nominal size is measured.
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The device for measuring the parameter BD at the outer rotor assembly with rollers
(Fig. 4b) has a similar measuring principle. The measuring device contains Table 1
connected to a post 2, on which there is a base surface made in the form of a roller with
a radius r1. Movable measuring tip 3, the working surface b of which is made in the
form of a convex segment with a radius R’, makes it possible to simulate contact points
in real engagement. Spring 4 provides constant compression of the measuring tip 3 with
the controlled rotor 6. According to the indications of indicator 5, the deviation of the
measured parameter from the nominal value is determined. The measuring tip 3 pro-
vides self-alignment of the controlled rotor 6 at the measuring position.

The measuring device (Fig. 4b) is adjusted to the nominal size of the monitored
parameter of the external rotor 6 according to the exemplary part. The controlled outer
rotor 6 (with rollers) is installed on the measuring device so that its two rollers rest on a
base surface made in the form of a roller with a radius r1 at points a1 and a2. In this
case, the movable measuring tip 3, under the action of the spring 4, with its convex
segment surface, rests on two opposite rollers of the outer rotor 6 at points b1 and b2.
According to the indications of indicator 5, the deviation from the nominal size is
measured.

A production check of the developed controls allowed us to identify deviations of
the rotor shape error by measuring the proposed complex controlled parameters AD and
BD for the inner and outer rotors, respectively (Fig. 5).

Based on the measurements, the limiting values of the shape error of the inner and
outer rotors of the orbital hydraulic motor, due to the existing technology of their
manufacture, were determined (Table 1).

The shape error of the inner rotor is E1 = 0.052 mm, and for the outer one –

E2 = 0.142 mm. The working clearance in the rotors of the orbital hydraulic motor is in
the range G = 0.02… 0.214 mm.

A production check has shown that the gap G can serve as a parameter that
determines the technical state of an orbital hydraulic motor. Its limiting value can be

Fig. 4. Measuring devices for monitoring the shape error of the inner (a) and outer (b) rotors of
an orbital hydraulic motor: 1 – table; 2 – rack; 3 – measuring tip; 4 – spring; 5 – indicator; 6 –

controlled rotor.
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used as the basis for standardizing the functional parameters that determine the oper-
ability of an orbital hydraulic motor.

5 Conclusions

As a result of the research, a dimensional chain has been developed that reflects the
interaction of the toothed profiles of the rotors of an orbital hydraulic motor. The
controlled parameters that determine the manufacturing error of these rotors have been
developed substantiated.

A design scheme has been developed, and the geometric and functional relationship
of the location of the contact points of the gear profiles of the outer and inner rotor of
the orbital hydraulic motor has been determined.

Methods and devices have been developed to control the shape error of an orbital
hydraulic motor's inner and outer rotors. A production check of the developed controls
showed that the shape error of the inner rotor is 0.052 mm, and that of the outer rotor is
0.142 mm. The working clearance in the rotors of the orbital hydraulic motor is in the
range of 0.02…0.214 mm.

The gap between the rotors can serve as a parameter that determines the technical
state of the orbital hydraulic motor, and its limiting value can be used as the basis for
standardizing the functional parameters that determine the operability of the orbital
hydraulic motor.

Fig. 5. Deviations of the rotors shape error: 1 – inner rotor; 2 – outer rotor.

Table 1. Limit values of the rotor's shape error.

A Max +0,072 E1 0,052 Gmax 0,214
Min +0,02

B Max 0,00 E2 0,142
Min −0,142
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Abstract. The article discusses the synthesis of the optimal algorithm for
multistep control of the conveyor belt speed based on Time-Of-Use (TOU) tar-
iffs. The main methods of reducing energy costs for the transport conveyor are
discussed. The perspectives of using the energy management strategy to reduce
the cost of material transportation are analyzed. Common tariff classes are
considered, which can be used for designing the conveyor belt speed control
systems. The problem of optimal belt speed control is formulated. The criterion
of the quality of the control process is written, the differential connections are
determined, and the Hamiltonian function is constructed. An algorithm for
multi-step speed control of the conveyor belt is synthesized. For the synthesis of
the control algorithm, an analytical model of the conveyor with dimensionless
parameters is used, which considers the transport delay. The synthesis of the
speed control algorithm considers the limitations on the value of the maximum
permissible specific load of the material on the belt.

Keywords: Transport conveyor � Distributed system � Transport delay � TOU-
tariff � Uneven distribution

1 Introduction

The use of conveyor transport in the mining industry is due to the low cost of material
transportation costs compared to other modes of transport [1]. The cost of transporting
material from the source of production to the place of loading the material depends on
the length of the conveyor line and the transport system coefficient loading. A typical
case is the operation of transport conveyors with a material loading factor of 0.50–0.70
[2]. With a decrease in the loading coefficient of conveyor sections [3], the value of
transport costs can grow several times and become the central fact that determines the
cost of the extracted material [4]. Even with the standard coefficient of material loading
equal to 0.7, the cost of the conveyor transport of the mine is more than 20% of the
total extracting material cost [5]. The increase in the length of the conveyor transport
route also leads to a non-linear increase in the cost of transport costs. For reducing
transport costs, long conveyors are divided into sections [6–8], equipped with an input
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accumulator bunker [9]. This allows for optimal control of the flow parameters of the
transport system in a separate section [10]. Common methods for reducing energy costs
are using systems for belt speed control [11, 12] and systems for material flow intensity
control [13, 14] from the bunker.

Along with these methods, many mining companies use the energy management
methodology to reduce the cost of extracting material [9]. The main tariffs that can be
used in the design of flow parameters control systems: tariff with a fixed price for
electricity consumption (FPT); tariff with the price for electricity consumption,
depending on the time of day (TOU); tariffs with the price for electricity consumption
in real-time (RTT) [15, 16]. An analysis of the factors that determine the choice of tariff
is presented in the paper [17]. Tariff coefficients and tariff structure for Great Britain
[18], Ukraine [19], South Africa are given in [20]. In South Africa, there are long
conveyors, among which it should be noted: Sasol - Shondoni Overland [7] (20.5 km);
Western Sahara [21] (128.7 km). The presence of long conveyors in South Africa
probably explains the interest in the use of energy management methodology in
transport conveyor systems [22]. The structure of Eskom TOU-tariffs (South Africa) is
shown in Fig. 1, Fig. 2 [23].

Fig. 1. Periods Eskom–TOU: a – high demand season; b – low demand season (South Africa)
[23].

Fig. 2. Nightsave Eskom–TOU periods [23].
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The presence of long transport systems and a strong difference in the price of
electricity for the peak and off-peak periods determine the interest in using TOU tariffs
for belt conveyors. This circumstance requires the development of methods for con-
structing the speed control system using TOU-tariff.

2 Literature Review

Statistical analysis carried out for 12 thousand enterprises in 44 industries demonstrates
that the transition to TOU tariffs for industrial enterprises does not always lead to
savings in electricity costs [16]. The use of TOU tariffs in a transport conveyor control
is further complicated by the fact that a conveyor is a complex dynamic distributed
system, the flow parameters of which contain transport delay. In this regard, the
transition of a mining company to TOU tariffs requires developing algorithms for flow
parameters optimal control of the transport system [24]. In this paper, let us consider
the synthesis of an algorithm for optimal control of the flow parameters of a transport
system with multi-step regulation of the belt speed. Multi-step speed control is of
interest as an alternative method for continuous speed control of a transport system
[25, 26].

When developing the algorithm, the following assumptions will be used:

a) the control quality criterion is formulated for a time interval equal to 24 h;
b) under DIN 22101, the primary friction model is used [27];
c) instant switching of speed modes does not lead to damage to the belt;
d) the total time of the modes of acceleration (deceleration) of the belt, associated with

switching the belt, is negligible with the total time of the transportation process.

3 Research Methodology

3.1 Conveyor Model

To synthesize an algorithm for multi-step belt speed control based on the TOU-tariff
structure, let's use the PiKh-conveyor model [12]:

@ v½ �0ðt; SÞ
@t

þ @ v½ �1ðt; SÞ
@S

¼ d Sð Þk1ðtÞ; ð1Þ

v½ �0ð0; SÞ ¼ WðSÞ; v½ �1ðt; SÞ ¼ aðtÞ v½ �0ðt; SÞ; ð2Þ

where v½ �0ðt; SÞ� v½ �0max, v½ �1ðt; SÞ are material distribution density and material flow
for t 2 0; Td½ � at a route point S 2 0; Sd½ �; WðSÞ� v½ �0max is the material distribution
density for t ¼ 0 along the route; v½ �0max is the maximum allowable material distri-
bution density for the conveyor belt; Td is the transportation process characteristic time;
is belt speed; k1ðtÞ is material flow from the bunker to the conveyor section input; d Sð Þ
is Dirac function; HðSÞ is Heaviside function.
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In accordance with the model of primary resistances, the expression that determines
the force for the movement of the belt with the material at the specific mass of the belt
v½ �0C the linear rotating parts load v½ �0R [27], has the form:

T ¼ Cfcgm

ZSd
0

2 v½ �0R þ v½ �0C
� �þ v½ �0ðt; SÞ

� �
dS ð3Þ

where fC is the coefficient of resistance to belt indentation and rolling of driving rollers
[27]; gm ¼ 9:81(m/sec2); C is secondary resistance coefficient [27]; gC efficiency.

Taking into account dimensionless parameters [13]:

s ¼ t=Td ; n ¼ S=Sd; dðnÞ ¼ SddðSÞ; gðtÞ ¼ aðtÞTd=Sd ; ð4Þ

wðnÞ ¼ WðSÞ
v½ �0max

; c1ðsÞ ¼ k1ðtÞ Td
Sd v½ �0max

; h0ðs; nÞ ¼ v½ �0ðt;SÞ
v½ �0max

; ð5Þ

h0R ¼ v½ �0R
v½ �0max

; h0C ¼ v½ �0C
v½ �0max

; neðsÞ ¼ NEðtÞ Td
Cfcgmgc v½ �0maxS

2
d
; ð6Þ

the solution of Eqs. (1), (2) for the values of the output flow parameters h0ðs; 1Þ,
h1ðs; 1Þ, n ¼ 1ð Þ can be written as follows:

h0ðs; 1Þ ¼
c1ðs� Ds1Þ
gðs� Ds1Þ ; GðsÞ� 1; s�G�1 1ð Þ;

w 1� GðsÞð Þ; GðsÞ\1; s\G�1 1ð Þ;

0
B@ ð7Þ

h1ðs; 1Þ ¼ h0ðs; 1ÞgðsÞ; s1 ¼ G�1 GðsÞ � 1ð Þ; GðsÞ ¼ Rs
0
g að Þda ð8Þ

where Ds1ðsÞ is the transport delay in the movement of material between the input and
output of the section.

Dimensionless electrical power neðsÞ (6), required to move a conveyor belt with a
material with a total dimensionless mas m sð Þ, is determined from the expression:

neðsÞ ¼ gðsÞmðsÞ; mðsÞ ¼ R1
0

2h0R þ 2h0C þ h0ðs; nÞð Þdn ð9Þ

The system of Eqs. (7)–(9) is used to design a control algorithm.
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3.2 Synthesis of an Optimal Control Program

It is required to determine the modes of switching speeds for s ¼ 0; s24½ � with coeffi-
cients zðsÞ under the structure of TOU tariffs (Fig. 1, Fig. 2), multi-step belt speed
control gðsÞ ¼ uðsÞ ¼ u1; u2; ::; uvð Þ, 0\u1\u2\::\uv\1, uj ¼ const with the
quality control criterion:

Rs24
0
zðsÞuðsÞmðsÞds ! min; zmin � zðsÞ� zmax ð10Þ

with differential connections

dmðsÞ
ds

¼ c1ðsÞ � h1ð1; sÞ ¼ c1ðsÞ � c1ðs� Ds1Þ uðsÞ
uðs� Ds1Þ ; ð11Þ

mð0Þ ¼ 2 h0R þ h0Cð Þþ
Z1

0

wðnÞdn; ð12Þ

and limitation on energy consumption for the period s ¼ 0; s24½ �.
Rs24
0
uðsÞmðsÞds ¼ b ¼ const or dxb

ds ¼ uðsÞmðsÞ; xbð0Þ ¼ 0; wmðs24Þ ¼ 0: ð13Þ

The Hamiltonian and the conjugate system of equations for the synthesis of the
optimal control algorithm have the form

H ¼ wb � zðsÞð ÞuðsÞmðsÞþwm c1ðsÞ � c1ðs� Ds1Þ uðsÞ
uðs� Ds1Þ

� �
; ð14Þ

dwb
ds ¼ � @H

@xb
¼ 0; dwm

ds ¼ zðsÞ � wbð ÞuðsÞ; wmðs24Þ ¼ 0: ð15Þ

From the solution of Eq. (18) let's determine wb ¼ Cb ¼ const. The optimal belt
speed uðsÞ ¼ u1; u2; ::; uvð Þ corresponds to the maximum value of the Hamilton
function (14). The switching points of speed modes are determined by solving
Eqs. (11)–(15).

3.3 Preparing Data for Calculations

To carry out numerical calculations, let's define Td ¼ 1(hour), Sd ¼ 20:5(km). The
choice of such a scale is convenient for the analysis of the schedule of speed switching
modes s 2 ½9; 24�. The value Sd corresponds to the length of the Sasol - Shondoni
Overland conveyor [7]. The speed control modes.
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aj ¼ amin þ j amax � aminð Þ=10 ðm= secÞ amin ¼ 1; amax ¼ 5; j ¼ 0::10:

will correspond to dimensionless values of the belt speed.

uj ¼ 0:176þ 0:07j; umin ¼ 0:176; umax ¼ 0:876: ð16Þ

Let's accept h0R þ h0Cð Þ ¼ 0:2 and wðnÞ ¼ 0:8523. The value wðnÞ corresponds to the
initial uniform loading of the belt with the material loading factor above the standard,
equal to 0:8523. This defines the range of change mðsÞ.

mmin ¼ 0:4�mðsÞ� 1:4 ¼ mmax; mðsÞ ¼ 2 h0R þ h0Cð Þþ R1
0
h0ðs; nÞdn; ð17Þ

mð0Þ ¼ 2 h0R þ h0Cð Þþ
Z1

0

wðnÞdn ¼ 1:2523:

Let's use the values umin, umax, mmin, mmax to calculate the range of variation
xbð24Þ ¼ b.

1:69 ¼ 24uminmmin ¼ b1 � b� b2 ¼ 24umaxmmax ¼ 29:50:

From the limit on the maximum permissible load k1ðtÞ=aðtÞ� v½ �0max under
expression (6), it follows

c1ðsÞ� uðsÞ� 0:878: ð18Þ

Equation (15) and inequality zmin � zðsÞ� zmax sets the range zmin �wb � zmax.

4 Results

The schedule of belt speed regulation modes for tariff coefficients Ukraine – TOU
periods under Eqs. (10)–(16) is shown in Fig. 3 and Fig. 4. Considered two options for
the material flow receipt with intensities:

c1ðsÞ ¼ 0:15þ 0:15 sin ps=12ð Þ; b ¼ 4:35; c1ðsÞ ¼ 0:5þ 0:3 sin ps=12ð Þ; b ¼ 12:85:

The type of function selected for analysis allows the transport system to operate in
multi-step modes of belt speed adjustment under inequality (18). An increase in the
average value of the input flow c1ðsÞ over a period of time ½0; s24� leads to an increase
in the amount of energy consumed b. The minimum allowable belt speed uðsÞ is
limited by the value of the intensity of the incoming flow c1ðsÞ. The functions that
determine the amount of energy consumption in natural xbðsÞ and cost JðsÞ terms are
shown in Fig. 5. The synthesized control algorithm can be characterized by the value of
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the tariff coefficient ks24 ¼ Jðs24Þ=xbðs24Þ ¼ 0:98, averaged over the period ½0; s24� for
the incoming flow with the intensity c1ðsÞ. A similar calculation for the intensity of the
material flow gives the value ks24 ¼ 1:138. An increase in the intensity of the input flow

Fig. 3. Modes of belt speed regulation uðsÞ for tariff coefficient ksðsÞ ¼ ð0:35; 1:8Þ at
wðnÞ ¼ 0:8523, c1ðsÞ ¼ 0:5þ 0:3 sin ps=12ð Þ.

Fig. 4. Modes of belt speed regulation uðsÞ for tariff coefficient values ksðsÞ ¼ ð0:35; 1:8Þ at
wðnÞ ¼ 0:8523, c1ðsÞ ¼ 0:15þ 0:15 sin ps=12ð Þ.

Fig. 5. Energy consumption in natural xbðsÞ and cost JðsÞ form for tariff coefficient ksðsÞ ¼
ð0:35; 1:8Þ at wðnÞ ¼ 0:8523, c1ðsÞ ¼ 0:5þ 0:3 sin ps=12ð Þ
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of material and its uneven incoming over time lead to an increase in the value of the
tariff coefficient ks24 . One of the solutions to this problem is the use of input bunkers
and material flow control systems from bunkers.

5 Conclusion

The article presents the synthesis of an algorithm for the optimal multi-step control of
the belt speed of the transport conveyor section. The synthesis of an algorithm for
optimal control of the belt speed is based on the Pontryagin maximum principle. The
analytical PiKh-conveyor model is the basis for constructing differential connections.
The software is developed and used to synthesize an algorithm for the optimal multi-
step control of the belt speed, considering the initial distribution of material along the
transport route and the limitation on the maximum load on the material for the con-
veyor belt. The numerical analysis presented shows negligible savings for a low flow
rate input. The control system based on belt speed regulation does not allow efficient
use of energy management methodology. This is because there is a problem associated
with the fact that the minimum permissible belt speed is limited by the value of the
material flow entering the input of the section.

The solution to this problem determines the plans for future research. They can be
formulated as follows. Firstly, the synthesis of an algorithm for controlling the flow of
material coming from the accumulating bunker to the input of the section. It is assumed
that this solution will remove the restriction on the minimum allowable speed of the
conveyor belt and, as a result, will reduce energy consumption for material trans-
portation. Secondly, the determination of the minimum capacity of the accumulating
bunker for the efficient functioning of the transport system. The risk of overfilling the
bunker with material causes the belt speed to be limited. Finally, the determination of
the optimal number of sections of the transport system. This approach makes it possible
to ensure material movement on different sections of the route at an optimal speed
within a separate section.
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Abstract. The paper deals with issues related to the calculation and design of
prestressed crane structures of span type. The problem consists of the further
application and use of a refined mathematical model of a preformed crane
bridge, which allows analytically investigating its deformed behavior according
to actual operating conditions. This paper analyzes the mathematical models of
the main girders of overhead cranes adapted for use. The most dangerous
positions for them with a movable transverse load are considered. The authors
provide a refined mathematical model of an overhead crane with prestressed
beams based on the general theory of stability of elastic systems. In the design
scheme, the resulting vertical movable load was distributed over several trans-
verse movable loads, corresponding to the actual conditions of its loading. In
this work, equations for the deflection curve of a span were obtained, which
made it possible to additionally investigate its static stiffness, depending on the
nature and action of a temporary moving load. The results obtained in this work
can be used to modernize cranes to increase their lifting capacity, extend their
service life without dismantling, and improve existing structures and engi-
neering calculation methods under actual operating conditions.

Keywords: Overhead crane � Prestress � Main girders � Static rigidity �
Flexural stiffness � Deflected mode � Deformed condition

1 Introduction

The subject of consideration is preliminarily stressing the structures: artificial creation
of internal forces and stresses to obtain or increase necessary beneficial qualities before
operation [1]. The concept of prestressing is based on the property of statically inde-
terminate mechanical systems to allow internal forces and stresses in their elements in
the absence of external force effects [2].

Span cranes with prestressed main girders are widely used in mechanical engi-
neering. Metal bridges of such cranes have a lower moment of inertia of the section.
Therefore they are much lighter and cheaper than metal structures of conventional
cranes operating under the same operating modes and the same load capacities [3].
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At the same time, they are more deformable [4]. Therefore, the criteria for calcu-
lating and designing such metal structures are linked inextricably with the causes of
their failures [5]. One of the main reasons for malfunctioning a structure is its unac-
ceptably large elastic deformations [6, 7]. So, for example, a significant deflection or
bending of span beams can lead to distortions of the end beams, slipping of the running
wheels of freight bogies, and unnecessary power consumption for overcoming the slope
of the load belt [8, 9].

In this regard, a more accurate determination of the deformation value of the bridge
and analysis of its behavior under load will not only improve the operating conditions
of the beam and the crane as a whole but also lead to a number of positive measures
such as reducing the weight of the crane's metal structure and its cost [10]. Since the
crane girder is subjected to longitudinal-transverse bending, the deformed state of the
crane bridge must be taken into account using the deflection arrow of the girder itself.

Thus, the purpose of this work is to further study the span beam for static stiffness.
And the issues considered in it, in which the nature of the loading of the beam is put
forward in the first place with the maximum approximation of the design scheme to the
actual constructive form, are relevant [11].

For achieving this goal, it is necessary to solve the following tasks: consider and
analyze the already known mathematical models of an overhead crane with prestressed
main beams; to develop a mathematical model of an overhead crane with prestressed
main beams, which allows you to study its deformed behavior according to the actual
conditions of its operation; analyze the results obtained.

2 Literature Review

The analysis of publications on the topic under study shows that the moments
unloading a prestressed crane bridge do not depend on the position of the external load
and its value [12] (Fig. 1).

As a result, one of the disadvantages is the case when a movable cart with a load is
located above the support or near it [13]. In this connection, the reverse deflections of
the bridge can be commensurate with the working deflections of the beam and even

Fig. 1. Prestressed crane bridge.
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exceed its permissible deflections. Thus, the calculation of the prestressed main beam
for the third limiting state is carried out according to the accepted design scheme for the
two most unfavorable loading cases [14, 15]: when the movable vertical load F is in the
middle of the span l, that is, the current coordinate of deflection determination x = 0.5
or l, where the calculated deflections are checked; when the load F is above the support,
where the current coordinate of deflections is x = 0 or x = l. In this case, the reverse
bends of the prestressed bridge are checked.

Analysis of the design scheme for the first case of loading shows that the scheme is
significantly simplified and cannot accurately reflect the actual operating conditions of
the span beam. This is because the scheme does not consider distributing the con-
centrated vertical load F between the corresponding n number of crane wheels. The
distribution of the force F between the wheels leads to an increase in the lateral forces
F1, F2,…, Fn acting on the beam and complicates the design scheme. But neglect of
this factor leads to overestimated values of the calculated deflection of the bridge, and
in some cases - to unreasonably overestimated reserves of its static or dynamic
stiffness.

The analysis of the second case of loading suggests that the accepted design scheme
of the span beam also does not correspond to the maximum approximation of the
scheme to the real structural one. So, the design scheme does not consider the per-
missible minimum distance from the axis of the drive wheels to the axis of the crane
rail. Therefore, in a confirmed case of loading, one of the wheels of the cargo carriage
at its extreme position will always be at a distance lb from the end beam, which
significantly reduces the value of the calculated bridge deflection (Fig. 2).

Neglect of this factor, as in the first case of loading, can lead to overestimated
reserves of the crane bridge according to the deformation criterion of performance.

Fig. 2. The design scheme of the crane bridge.
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3 Research Methodology

When constructing the proposed refined mathematical model, it is assumed that all the
crane elements are solid, the beam operates in an elastic stage, rests on ideal hinges,
and its bending is carried out in the area of the load suspension. We distribute the
transverse working load (from the weight of the bogie with the rated load) between the
wheels of the freight bogie and represent it by vertical forces F1, F2. Then, using the
method of superposition of deflections known from the theory of stability of elastic
systems (caused separately by each of the transverse forces F1 and F2, acting together
with the total longitudinal eccentrically applied force S), we compose the differential
equations of the deflection curve for the left section of the prestressed beam

EI � €y1;L ¼ �F1l1
l

x� P y1;L � e
� �

;

EI � €y2;L ¼ �F2l2
l

x� P y2;L � e
� �

:

Deflection arrow differential equations for right beam segment

EI � €y1;R ¼ �F1 l� l1ð Þ l� xð Þ
l

x� P y1;R � e
� �

;

EI � €y2;R ¼ �F1 l� l2ð Þ l� xð Þ
l

x� P y2;R � e
� �

:

where EI is the bending rigidity of the beam in the plane of the load suspension; l is the
length of the beam; x is the current coordinate of the location of deflections (bends) y1
and y2, respectively, from the forces F1 and F2; l1, l2 − distances from the proper
support of the beam to the place of action of transverse loads, respectively F1 and F2.

To simplify the subsequent mathematical calculations, we introduce the notation

k2 ¼ S
EI

:

Then the above differential equations take the form

€y1;L þ k2y1;L ¼ �F1l1
lEI

x þ k2e; ð1Þ

€y2;L þ k2y2;L ¼ �F2l2
lEI

x þ k2e; ð2Þ

€y1;R þ k2y1;R ¼ �F1ðl � l1Þðl � x)
lEI

þ k2e; ð3Þ
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€y2;R þ k2y2;R ¼ �F2ðl � l2Þðl � xÞ
lEI

þ k2e: ð4Þ

The general solutions of these equations will be, respectively, for the expression (1)

y1;L ¼ C1cos(kxÞþC2sin(kxÞ � F1l1
Sl

x þ e; ð5Þ

for the expression (2)

y2;L ¼ C3cos(kxÞþC4sin(kxÞ � F2l2
Sl

x þ e; ð6Þ

for the expression (3)

y1;R ¼ C5cos(kxÞþC6sin(kxÞ � F1ðl � l1Þðl � xÞ
Sl

þ e; ð7Þ

for the expression (4)

y2;R ¼ X7cos(kxÞþC8sin(kxÞ � F2ðl � l2Þðl � xÞ
Sl

þ e: ð8Þ

Integration constants C1, C3, C5, C7 are determined from the conditions at the beam
ends, where its deflections are equal to zero.

y1;L
� �

x¼0¼ 0; thenC1 ¼ �e; y2;L
� �

x¼0¼ 0; then C3 ¼ �e;

y1;R
� �

x¼l¼ 0; thenC5 ¼ �C6tg klð Þ � e secðklÞ;

y2;R
� �

x¼l¼ 0; thenC7 ¼ �C8tg klð Þ � e secðklÞ:

Other integration constants are determined from the conditions that at the point of
application of the transverse forces F1 and F2, both sections of the beam deformation
curve have the same deflection.

y1;L
� �

x¼l�l1
¼ y1;R

� �
x¼l�l1

; y2;L
� �

x¼l�l2
¼ y2;R

� �
x¼l�l2

and the common tangent.

ð _y1;RÞx¼l�l1 ¼ ð _y1;RÞx¼l�l1 ; ð _y2;LÞx¼l�l2 ¼ ð _y2;RÞx¼l�l2 :

Then, expressions for determining the integration constants C2, C4, C6, C8 will have the
following final form
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C2 ¼ F1sin(kl1Þ
Sk sin(klÞ � e tg kl

2

� �
; C4 ¼ F2sin(kl2Þ

Sk sin(klÞ � e tg kl
2

� �
;

C6 ¼ � F1sin(kðl � l1ÞÞ
Sk sin(klÞ � e tg kl

2

� �
; C8 ¼ � F2sink(l � l2Þ

Sksin klð Þ � e tg kl
2

� �
;

Substitute the obtained expressions for the constants C1, …, C8 into the corre-
sponding initial Eqs. (5)−(8) and denote, after some transformations, the following
expressions for the left and right sections of the deflection curve of the crane bridge

y1;L ¼ F1

S
sin(kx)sin(kl1Þ

k sin(klÞ � xl1
l

� �
� eU; ð9Þ

y2;L ¼ F2

S
sin(kx)sin(kl2Þ

k sin(klÞ � xl2
l

� �
� eU; ð10Þ

y1;R ¼ F1

S
sin(kðl � x))sin(kðl � l1ÞÞ

k sin(klÞ � (l � xÞðl � l1Þ
l

� �
� eU; ð11Þ

y2;R ¼ F2

S
sin(kðl � x))sin(kðl � l2ÞÞ

k sin(klÞ � ðl � xÞðl � l2Þ
l

� �
� eU: ð12Þ

Applying the method of superposition of deflections, we obtain the total deflection yP
of the bridge when the forces F1 and F2 act simultaneously together with the eccentric
longitudinal force S. Adding expressions (9) and (10), we find the equations for the
deflection curve for the left section of the beam (0 � x � (l − l2))

yR;L ¼ y1;L þ y2;L

¼ 1
S

sin(kxÞ
k sin(klÞ ðF1sin(kl1Þ þ F2sin(kl2ÞÞ � x

l
ðF1l1 þ F2l2Þ

� �
� 2eU:

Adding expressions (11) and (12), we find the equations of the deflection curve for
the right section of the beam (x � (l − l2))

yR;R ¼ y1;R þ y2;R ¼ 1
S

sin(kðl � xÞÞ
k sin(klÞ ðF1sin(kðl � l1ÞÞ þ F2sin(kðl � l2ÞÞ

� �
� ðl � xÞ

l

� F1ðl � l1Þ þ F2ðl � l2Þð Þ � 2eU:

Taking into account the above, we will compose the equation of the deflection
curve of the span between the wheels of the cargo trolley in the section between the
vertical loads F1 and F2
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yR ¼ �2eU þ F1

S
sin(kx)sin(kl1Þ

k sin(klÞ � xl1
l

� �

þ F2

S
sin(kðl � x))sin(kðl � l2ÞÞ

k sin(klÞ � ðl � xÞðl � l2Þ
l

� �
:

For studying the span beam’s stress state, it is necessary to differentiate twice the total
equations of the deflection curves

_yRL ¼ cos(kxÞ
S sin(klÞ ðF1sin(kl1Þ þ F2sin(kl2ÞÞ � F1l1 þ F2l2

Sl

� 2ek cos(kx)tg
kl
2

� �
� sin(kxÞ

� �
;

_yRR ¼ coskðl � xÞ
Ssinkl

ðF1sin(kðl � l1ÞÞ þ F2sin(kðl � l2ÞÞÞ � F1ðl � l1Þ þ F2ðl � l2Þ
Sl

� 2ek cos(kx)tg
kl
2

� �
� sin(kxÞ

� �
;

_yR ¼ �2ek cos(kx)tg
kl
2

� �� �
� sin(kxÞ þ F1cos(kx)sin(kl1Þ

S sin(klÞ � F1l1 � F2ðl � l2Þ
Sl

� F2cos(kðl � x))sin(kðl � l2ÞÞ
S sin(klÞ :

After the first differentiation, the expressions obtained above represent the small angles
of rotation of the ends of the beam, which can be used in the design of a prestressed
crane bridge. After the second differentiation, we obtained

€yRL ¼ � k sin(kx)
S sin(kl)

F1sin(kl1Þ þ F2sin(kl2ÞÞ þ 2ek2(sin(kx)tg
kl
2

� �
þ cos(kxÞ

� �
;

€yRR ¼ � k sin(kðl � xÞÞ
S sin(klÞ ðF1sin(kðl � l1ÞÞ þ F2sin(kðl � l2ÞÞÞ

þ 2ek2 sin(kx)tg
kl
2

� �
þ cos(kxÞ

� �
;

€yR ¼ 2ek2 sin(kx)tg
kl
2

� �
þ cos(kxÞ

� �

� F1sin(kx)sin(kl1Þ þ F2sin(k(l � x))sin(kðl � l2Þ
S sin(klÞ :

In the final form, the equations of bending moments are
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ML ¼� EI €yRLð Þ ¼ sinðkxÞ
k sinðklÞ

F1 sinðkl1ÞþF2 sinðkl2Þð Þ � 2eS cosðkxÞþ sinðkxÞtg kl
2

� �� �
;

MR ¼ �EIð€yRRÞ ¼ sin(k(l � xÞÞ
k sin(klÞ ðF1sin(kðl � l1ÞÞ þ F2sin(kðl � l2ÞÞÞ

�2eS cos(kx) + sin(kx)tg
kl
2

� �� �
:

M ¼ �EIð€yRÞ ¼ F1sin(kx)sin(kl1Þ þ F2sin(k(l � x))sin(kðl � l2ÞÞ
k sin(klÞ

� 2eS cos(kx) + sin(kx)tg
kl
2

� �� �
:

4 Results

Based on the obtained expressions for the deflection curves of the prestressed beam,
mathematical studies of its deformed state were carried out. The base is a beam with a
span of L = 10.5 m. For overhead cranes with a lifting capacity of F = 1000 kg, an I-
beam No. 24M is recommended [16]. Conveniently, the weight load is distributed
between the wheels of the cargo trolley and F1 = F2 = 500 kg is considered. The dis-
tance between the forces F1 and F2 is taken as A = 0.560 m. It corresponds to the
distance between the wheels of the TE1–521 electric hoist. Part of the calculation results
in the form of conditional deflections y/[y] of the main beam for a group of operation
mode 4K, with an allowable value of conditional deflections [y/l] = 2⋅10−3 is presented
in Table 1. Graphic interpretation of calculations in the form of deflection curves beams
are given for the ratio of transverse and longitudinal forces F / S = 1.5 (Fig. 3).

Table 1. Conditional deflections of the main beam.

F1 þF2
Si

Position carts Calculation scheme

Acting The proposed
e1 ¼ e2 e1 6¼ e2 e1 ¼ e2 ¼ 0 e1 ¼ e2

F1 þF2

1.25
Mid-span 0.92 0.96 1.05 0.72
Near the support −0.17 −0.12 −0.11

F1 þF2

1.5
Mid-span 0.88 0.94 0.68
Near the support −0.20 −0.16 −0.04

F1 þF2

1.75
Mid-span 0.85 0.9 0.63
Near the support −0.25 −0.18 −0.06

F1 þF2
2

Mid-span 0.8 0.85 0.51
Near the support −0.3 −0.23 − 0.1
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Deflection arrows 2, 4, 6, 7 are shown when the crane is operating with a load in the
middle of the span. And arrows of bends 1, 3, 5 − when placing one of the cart's
wheels near the support at a distance of lb − the minimum permissible safety zone for
overhead cranes. Strain curves 1−4 are obtained by applying an accepted mathematical
model for prestressed beams. For deflections 1, 2, the beam was subjected to the action
of longitudinal forces applied on one line of action with eccentricity e1 = e2, and
deflections 3 and 4 were obtained in the case of applying compressive forces with
different eccentricities e1 6¼ e2. Deflection curve 7 is built for a conventional crane
bridge without prestress.

The analysis of the obtained results shows that the deformations of the unloaded
beam do not exceed the deflections of a conventional crane bridge. The mathematical
models used in the calculation and design of prestressed span beams are significantly
simplified and do not always correspond to the actual conditions of its operation, and
the deformations of the crane bridge are overestimated significantly. Thus, the
deflection arrows 5 and 6, obtained using a new mathematical model proposed by the
authors, say that the values of the deflections and deflections of the beam are, on
average, 20% and 25% less, respectively, than in the currently used design scheme. The
results obtained should be further used to improve existing structures and engineering
calculation methods, both at the design stage and in actual operating conditions. At the
same time, in the proposed new model, the use of several vertical forces F1, F2, …, Fn,
although it corresponds to the actual loading conditions of the beam, significantly
complicates its calculation according to the main criteria of performance.

5 Conclusions

In work, a more accurate mathematical model of a prestressed crane bridge was pro-
posed and investigated. Its use makes it possible to significantly reduce the calculated
deformations of the span beams compared to the previously adopted mathematical
models of span beams.

The results obtained in this work can be further used for the modernization of
cranes to increase their lifting capacity, increase the service life without dismantling,
and improve existing structures and engineering calculation methods during design and
in actual operation.

Fig. 3. Deflection curves of a prestressed beam.
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of Distribution System Windows When
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Abstract. The main characteristic of a distribution system is its throughput
(flow rate of the working fluid), which is determined by the flow area of this
system. An increase in the flow area of the distribution system can be achieved
by using the unloading windows of the movable distributor as workers. It was
found that the additional use of the unloading windows leads to both an increase
in the throughput of the distribution system and a change in the pulsation of the
working fluid flow. A diagram of the movement of fluid to the working
chambers of the hydraulic motor has been developed, which makes it possible to
determine the angular position of the windows of the movable distributor,
depending on its kinematic diagram. The maximum number of additional
working windows has been substantiated. Practical recommendations have been
developed for the angular displacement of the windows of the movable dis-
tributor and the determination of the throughput of the distribution system,
depending on its kinematic diagram and the number of additional working
windows. The developed practical recommendations make it possible to design
the distribution systems of planetary hydraulic machines with given output
characteristics.

Keywords: Mobile distributor � Stationary distributor � Throughput � Rotating
field � Additional channels � Working fluid

1 Introduction

It is known [1] that one of the main units that determine the stability of the planetary
hydraulic machine is its distribution system necessary for the formation of a rotating
hydraulic field. Such a distribution system usually consists of a movable valve
(Fig. 1a), a shaft (Fig. 1b), and a fixed valve (Fig. 1c).

On the end surface of the movable distributor (Fig. 1a), there are working 1 and 2
unloading windows. To increase the throughput of the planetary hydraulic motor [1],
unloading windows 2, using the radial channels 3 of the movable distributor, and the
commutating grooves 4 on the hydraulic motor shaft are used as additional working
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windows (Fig. 1). On the end surface of the stationary distributor (Fig. 1c), there are
pressure 5 and drainage windows 6. The contacting of the end surfaces of the movable
and stationary distributors forms a zone of formation of a rotating hydraulic field.

The working fluid enters the annular groove 6 of the stationary distributor 5
(Fig. 2a) and then along the radial 7 and axial 8 channels to the pressure windows 9.
From pressure windows 9, the working fluid enters the additional working windows 4.

Then, through the radial channel 3 is connected to the switching groove 12, made
on the shaft of the hydraulic motor 11, and enters the working chamber 1 located
diametrically opposite.

When the working chambers move relative to the movable distributor 2, the dis-
charge cavity (Fig. 2a) is replaced by the drain cavity (Fig. 2b), and the working fluid
is displaced from the working chamber 1. Further, the liquid through channel 3 of the
movable distributor 2 enters through the switching groove 12, made on the shaft 11, to
the drain window 10 of the fixed distributor 5. Through the end 8 and radial 7 channels
of the fixed distributor 5, the working fluid enters the annular groove 6 and enters the
drain.

Thus, the use of unloading windows as additional working windows allows
increasing the throughput of the distribution system, and their definite angular
arrangement makes it possible to ensure the constancy of the output characteristics of
the hydraulic motor. Therefore, improving the output characteristics of a planetary
hydraulic motor by developing practical recommendations for the angular position of
working windows in the design of its distribution systems is an urgent problem.

Fig. 1. Elements of the end distribution system: a – movable distributor; b – a hydraulic motor
shaft with a movable distributor; c – stationary distributor; 1 – working windows of the movable
distributor; 2 – discharge windows of the movable distributor; 3 – radial channels of the movable
distributor; 4 – commutation grooves on the shaft of the hydraulic motor; 5 – discharge windows
of the stationary distributor; 6 – drain windows of the stationary distributor.
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2 Literature Review

The solution of the Navier-Stokes equations using the SST-model of turbulence [2, 3]
is proposed. The RANS approach is applied, which makes it possible to determine the
main characteristics of the vortex flow [4, 5]. The effect of Bingham fluids on the
energy characteristics of vortex-chamber pumps [6], as well as the impact of the
compressibility of the working fluid on the efficiency of hydraulic circuits during
transient processes [7, 8], models for modeling aeration of liquid, are described [9]. The
study of the accuracy [10, 11] and dynamic processes [12] of the positioning of spatial
drive systems, as well as changes in the dynamics of the output characteristics of a
mechatronic system with a planetary hydraulic motor [13]. The movement of the
working fluid to the working chambers of the hydraulic motor was not considered.

Analysis of literature sources showed that very little research is being published in
the calculation, design, and manufacture of orbital and planetary hydraulic machines
[14]. A model has been developed that describes the tribological changes in the
geometry of the working surfaces of the rotors [15] of an orbital hydraulic machine
[16], theoretical studies of the influence of the geometric parameters of the flow parts of
a gerotor pumps [17] on their output characteristics have been carried out. The forces
and moments that affect the gear pair of a gerotor pump [18, 19] models are proposed
that consider the compression state of the working fluid [20], as well as the design of
hypocycloidal surfaces [21] and rotors [22] of pumps of this type, are considered. The
analysis of the flow rate of the centrifugal machine [23, 24] and the design features of
the gerotor pump, affecting the filling ability [25], and the mathematical expressions for
assessing the flow rate of the working fluid in the gerotor hydraulic machines [26], the
reasons for cavitation phenomena [27, 28] in the distribution have been substantiated
[29]. The influence of the design features of the distribution systems of planetary
hydraulic machines on their output characteristics has not been studied.

Fig. 2. The movement of the working fluid through additional working windows and the
switching groove: a – pressure; b – drain; 1 – working chamber of the hydraulic motor; 2 –

movable distributor; 3 – a radial channel of the movable distributor; 4 are additional working
window; 5 – stationary distributor; 6 – annular grooves of the stationary distributor; 7 – radial
channels; 8 – axial channels; 9 – pressure window; 10 – drain window; 11 – hydraulic motor
shaft; 12 – commutation groove.
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Numerical modeling [30, 31] and experimental analysis [32] of turbine pump
instability have been carried out. A three-dimensional transitional model of CFD is
described [33], and hydrodynamic calculations using CFD packages [34, 35], partic-
ularly for hydraulic machines [36], are considered. Research has been carried out to
predict changes in the output parameters of planetary hydraulic motors under operating
conditions [37]. Experimental studies of the influence of design features distributors
[38, 39] on the functional parameters of a planetary hydraulic motor have been carried
out. Despite the proposed novel approaches in engineering design [40–42], there are
still no practical guidelines for designing a planetary hydraulic motor exactly.

Thus, the development of practical recommendations for the angular displacement
of the windows of the distribution systems of planetary hydraulic machines is an urgent
problem, the solution of which improves the output characteristics of the planetary
hydraulic motor at the design stage.

3 Research Methodology

To improve the output characteristics of a planetary hydraulic motor, by developing
practical recommendations for the angular displacement of the working windows of its
distribution systems at the design stage, it is necessary:

– develop schemes for the movement of fluid to the working chambers of the
hydraulic motor;

– justify the maximum number of additional working windows;
– to develop practical recommendations for the angular displacement of the windows

of the movable distributor;
– develop practical recommendations for determining the throughput of the distri-

bution system.

To determine the angular arrangement of the windows of the movable distributor,
schemes of fluid movement (Fig. 3) to the working chambers of the hydraulic motor
have been developed, depending on the kinematic scheme (for example, the 7/6
kinematic scheme when using three additional unloading windows) [1].

The angle of arrangement of the working windows of the movable distributor
during their displacement is determined from the expressions:

– for kinematic schemes 7/6 and 11/10

a0i ¼ ai � cmean � clag
� �

; ð1Þ

– for kinematic schemes 5/4, 9/8 and 13/12
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a0i ¼ ai � coutrun � cmeanð Þ; ð2Þ

where ai is the angle of the “current” window of the movable distributor (odd are
working windows, even are unloading windows); cmean is the mean value of the overlap
angle, cmean = (Rcoutrun – Rclag)/Z1; coutrun are overlap angle when leading (coutrun > 0),
coutrun = aclosed – aopen; clag are the angle of overlapping windows when lagging
(clag < 0), clag = aclosed – aopen < 0; aopen is the opening range of the movable dis-
tributor windows, aopen = bi – ai – p/Z2; aclosed is range of closing windows of the
movable distributor, aclosed = bi – ai + p/Z2; bi is the angle of the “current” window of
the fixed distributor (odd are pressure windows, even ones are drain); Z1 and Z2 is the
number of windows of the movable and fixed distributor, respectively.

The throughput of the distribution system (flow area) is determined by the
expression [1]:

AiðtÞ ¼
XZ1

i¼1
ci � Aring: ð3Þ

Fig. 3. The scheme of fluid movement to the working chambers of the hydraulic motor: 1 –

hydraulic motor shaft; 2, 3 – outer and inner rotors, respectively; 4 – working chambers of the
hydraulic motor; 5, 6 – working and unloading windows of the movable distributor, respectively;
7, 8 – windows for pressure and drain of the stationary distributor, respectively.
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where ci is the angle limiting the overlap of the windows of the movable and fixed
distributors, ci = p/Z2 – |bi – ai(t)|; Aring is the area of the ring on which the distribution
windows are located, determined by its inner R1 and outer R2 radii, Aring =
(R2

2
– R1

2)/2.
The number of additional working windows involved in the operation of the

designed distribution system is determined by the number of commutation grooves
(Fig. 4) located on the motor shaft and is limited by the height h of the movable
distributor.

The number of commuting grooves is determined from the expression:

z ¼ p � D
bþ b1ð Þ � sinu; ð4Þ

where u is the angle of inclination of the commuting groove, u = arctg[2∙h/(p∙D)],
where h is the height of the movable distributor; D is the diameter of the hydraulic
motor shaft; b is the width of the commuting groove; b1 is the distance between the
grooves.

Practice shows that it is not recommended to place more than four commutation
grooves on a given section of the shaft.

4 Results

The research results are developing practical recommendations for designing the dis-
tribution systems of planetary hydraulic machines with the given output characteristics.

Fig. 4. Implementation of the use of additional working windows: a – design scheme for
determining the geometric parameters of the commutating grooves; b – hydraulic motor shaft; c –

movable distributor; 1 – commuting shaft grooves; 2 – additional channels of the movable
distributor; h – the height of the movable distributor; D – the diameter of the hydraulic motor
shaft; b – groove width; b1 – the distance between grooves.
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The angular displacement of the windows of the movable distributor (Table 1) is
selected depending on the kinematic diagram of the distribution system and the number
of additional working windows. According to expression (3), to design a distribution
system with a given capacity (flow area), it is necessary to know the total overlap angle
ci (Table 2) and the area of the Aring ring determined by its geometric parameters.

The developed practical recommendations make it possible to design the distri-
bution systems of planetary hydraulic machines with given output characteristics.

Table 1. The angular displacement of the windows of the movable distributor, depending on the
kinematic diagram and the number of additional working windows.

Distribution
window
numbers

Kinematic diagram of the distribution system

4/3 5/4 6/5 7/6 8/7 9/8 10/9 11/10 12/11 13/12

Number of additional working windows

2 2 2 2 3 4 2 2 4 2 2 4 2 2 3 4

№ 1 5º08ʹ −1º24ʹ −0º30ʹ 2º 1º04ʹ −0º32ʹ

№ 2 −6º 0º50ʹ

№ 3 −12º −6º 10º17ʹ −2º08ʹ 2º51ʹ 1º40ʹ −2º48ʹ −1º30ʹ −1º40ʹ 1º20ʹ −0º36ʹ −0º58ʹ 0º38ʹ −0º52ʹ −0º30ʹ −0º36ʹ

№ 4 −3º 8º34ʹ 1º25ʹ −3º30ʹ −0º50ʹ −0º14ʹ

№ 5 12º 6º51ʹ 2º08ʹ −0º50ʹ −4º18ʹ 1º30ʹ 3º40ʹ −1º06ʹ 0º30ʹ 2º32ʹ 0º52ʹ 0º54ʹ 0º36ʹ

№ 6 6º −1º40ʹ 3º20ʹ 2º22ʹ

№ 7 −6º 3º26ʹ 2º51ʹ −0º42ʹ 0º30ʹ −1º40ʹ 3º 1º06ʹ −0º30ʹ 2º06ʹ 0º32ʹ 0º24ʹ

№ 8 −3º 1º43ʹ 1º25ʹ 0º50ʹ −0º50ʹ 0º12ʹ

№ 9 −2º08ʹ 1º40ʹ −2º06ʹ −0º30ʹ 2º20ʹ 0º36ʹ −1º28ʹ 1º46ʹ 0º20ʹ −0º36ʹ

№10 −0º44ʹ

№11 2º08ʹ 2º51ʹ −0º50ʹ 2º30ʹ −1º30ʹ −1º40ʹ 1º40ʹ 1º20ʹ −0º20ʹ −0º30ʹ −1º12ʹ

№12 1º25ʹ −1º40ʹ 0º42ʹ −0º50ʹ −0º36ʹ

№13 1º30ʹ 1º −0º36ʹ −0º58ʹ 0º48ʹ −0º32ʹ 0º54ʹ

№14 0º20ʹ −0º14ʹ

№15 0º30ʹ −1º40ʹ −1º06ʹ 0º30ʹ 0º22ʹ −0º52ʹ 0º24ʹ −0º36ʹ

№16 −0º50ʹ 0º12ʹ 0º12ʹ

№17 2º40ʹ 1º06ʹ −0º30ʹ 0º52ʹ 0º36ʹ

№18

№19 0º36ʹ −1º28ʹ 1º56ʹ 0º32ʹ −0º30ʹ

№20 −0º44ʹ

№21 1º30ʹ 0º20ʹ 0º54ʹ −0º36ʹ

№22

№23 −0º20ʹ 0º24ʹ −1º12ʹ

№24 0º12ʹ -0º36ʹ

«+» – offset windows clockwise;
«-» – offset windows counterclockwise.
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5 Conclusions

The developed scheme of fluid movement in the working chambers of the hydraulic
motor makes it possible to determine the angular position of the windows of the
movable distributor for different kinematic schemes. The maximum possible number of
additional working windows has been substantiated.

Practical recommendations have been developed for determining the angular
position of the movable distributor windows and the throughput capacity of its dis-
tribution system.

The developed recommendations make it possible to design distribution systems of
planetary (orbital) hydraulic machines with specified output characteristics.

Table 2. Changes in the total angle of overlap ci depending on the kinematic diagram and the
number of additional working windows.

Kinematic
diagram

Number of
additional working
windows

Distribution system parameters

Before shifting windows After shifting windows

Total overlap
angle

Amplitude of
area fluctuations,
%

Amplitude of
area fluctuations,
%

Total overlap
angle

Amplitude of
area fluctuations,
%

Amplitude \
of area
fluctuations,
%

cmax,
rad

cmin,
rad

cmax,
rad

cmin,
rad

4/3 0 0,39 0,26 44 88 No offset required

2 0,77 0,26 99 198 0,54 0,47 13,7 27,4

5/4 0 0,313 0,313 0 0 No offset required

2 0,63 0,31 68 136 0,52 0,42 21,3 42,6

4 0,63 0,63 0 0 No offset required

6/5 0 0,37 0,31 18,2 36,4 No offset required

2 0,63 0,31 68 136 0,49 0,45 8,5 17,02

7/6 0 0,37 0,3 20,9 41,8 No offset required

2 0,52 0,37 33,6 67,2 0,45 0,45 0 0

3 0,52 0,45 15,5 31 0,52 0,49 6,1 12,2

4 0,67 0,45 39,3 78,6 0,58 0,54 7,1 14,2

8/7 0 0,37 0,34 8,8 17,6 No offset required

2 0,56 0,34 48,8 97,6 0,47 0,42 11,1 22,2

9/8 0 0,35 0,35 0 0 No offset required

2 0,51 0,36 34 68 0,45 0,43 4,5 9,1

4 0,52 0,51 1,9 3,8 0,52 0,52 0 0

10/9 0 0,37 0,35 5,5 11 No offset required

2 0,52 0,35 39,5 79 0,44 0,42 4,7 9,4

11/10 0 0,37 0,34 8,3 16,6 No offset required

2 0,49 0,37 27,9 55,8 0,43 0,43 0 0

4 0,54 0,4 28 56 0,51 0,49 4 8

12/11 0 0,37 0,36 2,8 5,6 No offset required

2 0,5 0,36 32,5 65 0,43 0,42 2,3 4,6

13/12 0 0,36 0,36 0 0 No offset required

2 0,48 0,37 26,2 52,4 0,44 0,41 7,1 14,2

3 0,48 0,44 8,9 17,8 0,46 0,45 2,2 4,4

4 0,52 0,44 16,6 33,2 0,48 0,48 0 0
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Abstract. The study results of the possibilities of fulfilling the optimization
task of placing (packing) 3D-models of products in build space using a genetic
algorithm are presented. The proposed algorithm for the location of 3D models
of products in build space allows to reduce the time of technological preparation
and increase the productivity of the process and the efficiency of using the
additive machine. The efficiency of use can be ensured by reducing the relative
share of the unused volume of the layered build space, which is relevant for
SLA, SLM, SLS, and other methods of additive technologies. A step-by-step
determination of the free space for placing the next product is proposed, starting
from the lower level of the machine platform. An increase in the efficiency of the
proposed algorithm was provided by preliminary sorting of 3D models of
products according to specified criteria. The rational values of the genetic
algorithm parameters have been determined using the example of the placement
of a group of industrial products with a rather complex design. Evaluation of the
effectiveness of the proposed algorithm for placing 3D models was carried out
based on a comparative analysis of the number of layers and the efficiency of
filling the build space (relative volume of its use) for the manufacture of a group
of 3D models of industrial products. The study was carried out using the
developed system “Technological preparation of materialization of complex
products by additive technologies”.

Keywords: Additive manufacturing � Technology planning � Triangulated
model � Packing � Genetic algorithm

1 Introduction

One of the main tasks of technological preparation for the materialization of industrial
products by additive manufacturing (AM) is the rational placement (packing) of the
original or pre-oriented 3D models in build space [1]. The solution to this task instead
significantly determines the efficiency of using the AM machine [2]. For many AM, it
is essential to ensure the conditions for the rational use of the build space. For example,
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SLA (laser stereolithography), SLM (selective laser melting), SLS (selective laser
sintering), and others are among the most used in the industry [3].

The result of the placing procedure in build space is a 3D model, which includes a
geometric description of the products and their position in the AM-machine coordinate
system. In this case, several technological requirements must be satisfied. In practice, as
a rule, such main requirements are considered to be the correct mutual placement and
rational orientation of products, the minimum build height or production time, the
quality of the surfaces obtained, and their geometric characteristics.

The purpose of the article is to substantiate the possibility of effectively performing
the optimization task of the rational placement of 3D models of complex products in
the build space of AM machines using a genetic algorithm.

2 Literature Review

Rational placement of 3D models of products refers to tasks that are called dense
packing, 3D packing, loading, or a backpack problem [4]. Such tasks are characterized
by a rather significant complexity of the solution due to the low efficiency of existing
algorithms.

A distinctive feature of this task is the difficulty of determining the conditions for
mutual non-intersection of 3D models of products [5]. The use of the voxel model
eliminates this problem, but a drawback appears - it is an increase in the computation
time.

The computational complexity of solving this problem in the general formulation
makes it necessary to introduce several simplifications [6], but at the same time, it
allows finding the optimal placement of 3D models with acceptable time spent on
calculations. One of the most common simplifications is fixing the orientation of a 3D
model in space or using a set of fixed orientations for each of them [7]. As a rule, before
solving the problem of placing products in build space, their rational orientation is
usually determined [1].

The task of placing products can be solved for a single-build or multi-build of
single- or multi-machine [8].

In known works, the following approaches are used for the rational placement of a
group of products in the build space of an additive technology machine: Deepest
Bottom-Left technique [9]; Genetic Algorithms [10]; Machine Learning [11]; 2D-
method [12]; Placement Heuristic [13]; Genetic Algorithm and Placement Heuristic
[9]; Guided Local Search [13]; Mathematical Models [14]; Local Search [15]; Dis-
cretisation and Greedy Local Search [16]. In these works, Genetic Algorithms are
recognized as the most suitable for solving the 3D packing problem.

As an optimization criterion for solving this problem, the following is mainly
chosen: build time [10]; total cost, unprinted parts [14]; profit [17]; nesting rate [18]; a
number of product parts during their decomposition [10]. Of the listed criteria, the most
important for assessing the effectiveness of the AM-process are selected the build time
(determined by the number of layers) and nesting rate.

The main problem is that the current works do not create a methodological basis for
a comparative analysis of the effectiveness of algorithms for placing 3D models, taking
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into account the geometric features of products. Consideration of the possibilities of the
genetic algorithm for placing products of various designs will allow obtaining the
necessary fundamental indicators for further studying the influence of the geometry of
products on the possibility of increasing the efficiency of using the build space.

3 Research Methodology

The implementation of the optimization problem of placing 3D models of products was
carried out within the framework of the system “Technological preparation of mate-
rialization of complex products by additive technologies”, developed at NTU “KhPI”
Department of Integrated Technologies of Mechanical Engineering named after M.
F. Semko. This system makes it possible to assess the design’s manufacturability and
the effectiveness of solving the problems of technological preparation based on the
statistical analysis of the studied features of the polygonal, voxel, and layered 3D
model of products. A subsystem for the rational placement of products in build space
has been developed (the screen form is shown in Fig. 1).

The developed subsystem provides the user with the following basic capabilities:

– checking the correctness of 3D-models placement in build space;
– creating a set of layers with 2D intersections based on a polygonal 3D model of a

product composition (STL file of build space) according to a given building strategy
(with a constant or variable step);

Fig. 1. The subsystem of parts packing in build space.
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– visualization of the placed products behind the projections of build space;
– statistical analysis of product material distribution by subspaces;
– saving the build space with the placed 3D models in an STL file for practical use in

CAM software.

The transition from the initial triangulation 3D model to a set of layers was carried out
according to the procedure developed, considering the work [19], which implements
strategies with a constant and variable building step.

The solution to the optimization problem of product placement is performed using
the voxel model [20]. The voxel model consists of an ordered set of voxels, which are
presented by volume elements with a given location in space (coordinates xV(i), yV(i), zV
(i)). Therefore, the voxel model is a set of elementary volumes V = {v[0], v[1], …
v[nv]} = {v[i]}. Unlike triangulated models, voxel models offer a simpler and more
efficient way of data processing to packing products in build space.

The creation of a voxel 3D model of a product based on a triangulated model was
implemented according to known approaches [21].

In the developed subsystem, the following modes for placing 3D models of packing
in the build space of the AM machine are provided: manual; random search (Monte
Carlo method); using genetic algorithm.

The proposed placement procedure using a genetic algorithm was developed based
on works [8]. After considering existing approaches [6, 10], it is proposed to place 3D
models of products in the build space with a step-by-step check of free space.

When placing 3D models in build space, their orientation is fixed [1]. Therefore, the
placement task was performed for 3D models with given angles of rotation, determined
when solving the problem of the rational orientation of products.

Pre-sorting of 3D models (shown in Fig. 2) was performed with an increase or
decrease in the value of the selected criterion according to the following characteristics:
model volume; build space utilization coefficient; minimum, maximum overall
dimensions or their arithmetic mean.

Fig. 2. Test 3D models: a – shaft; b – auger; c – case; d – souvenir; e – container; f – lid.
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The following function is taken as an optimization criterion when forming a group
of placed 3D models in the build space:

f ðxÞ ¼ f MðpÞð Þ � Kf � Fp � Fcp;

where f(M(P)) - objective function to determine the building height HB or relative build
space-filling with 3D models KV; Kf - the gain coefficient of the objective function
allows eliminating the problem of correct placement in build space; Fp - penalty
function; Fcp - component, which is determined by the sum of the values of genes in
the genetic algorithm.

Penalty function introduced to ensure correct placement of 3D models and is
determined by the number of “conflicting” voxels, that is, having incorrect placement
(the distance between voxels of two checked 3D models is less than the minimum
permissible distance):

Fp ¼
Xn�m

i¼1;j¼1

nv; nv ¼ 1; if vi � x� vj � x
� �2 þ vi � y� vj � y

� �2 þ vi � z� vj � z
� �2 �D2

M min

0; otherwise

(
;

where n, m – the number of voxels of two checked 3D models; nv – number of
“conflicting” voxels; DMmin = 5 mm – the minimum permissible distance between
models.

The Fcp function component allows eliminating the problem of the absence of an
optimum in the function f(M(P)) or the presence of flat areas on the response surface,
with which the genetic algorithm “does not work well”. The introduction of this
component made it possible to significantly reduce the computation time (by a factor of
5 � 20) and to eliminate, in some cases, the impossibility of determining the optimal
values. This problem is especially evident for groups of 3D models that need to be
obtained in one machine load, with significant differences in overall dimensions. Fcp is
defined as follows:

Fcp ¼
XG
g¼1

value½g�;

where G – number of genes, G = 3; value[g] – an array of random variables generated
during the execution of the genetic algorithm, value[g] 2 [0, 1].

The study of the possibilities of the developed algorithm for placing 3D-models of
products was carried out by comparative analysis by the number of layers NL and the
coefficient of the relative use of the build space volume KV.

4 Results

Checking and researching the efficiency of the developed algorithm was carried out
using the example of placing a small group of products. In the beginning, a group of
three 3D product models was used (Fig. 2a−c):
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– shaft (dimensions 60 � 216 � 60 mm3, the number of faces Ntr = 147 610 pcs.
The number of voxels Nvox = 47 172 pcs. with a voxel size of 2 mm in all coor-
dinate axes);

– auger (40 � 144 � 40 mm3, Ntr = 10 366 pcs., Nvox = 7 978 pcs.);
– case (210 � 210 � 125 mm3, Ntr = 3 010 pcs., Nvox = 115 029 pcs.).

The algorithm approbation was tested for three variants of preliminary sorting of
3D models. The dimensions of the build space were set using the example of the
Vanguard Si2 SLS machine (made by 3D Systems). The number of building layers
considered evaluation of manufacturing productivity, and the relative use of build space
considered the machine’s efficiency. The cutting strategy with a constant building step
hi = 0.1 mm, and with a variable step was carried out with the following character-
istics: step hi�[0.1; 0.3] mm; the maximum permissible deviation from the correct shape
is ΔSmax = 0.1 mm (description of the cutting method in [25]). Parameters of the
genetic algorithm: the probability of crossing pc = 80%, probability of mutation pm =
0.5 � 3%, population size Np = 20–200 people, limiting the number of generations
Ng = 50 � 100, genome size ngenom = 3, optimization criterion of gain coefficient
Kop = {0.6; 1}.

Statistical characteristics (minimum, maximum, and mean value) of the studied
features for the obtained set of options for placing 3D-models in build space are given
in Table 1.

Analysis of the studied features, given in Table 1, shows the clear advantage of pre-
sorting 3D models with volume reduction.

Table 1. Statistical characteristics of the features under study, obtained by analyzing options for
placing 3D models in build space.

Pre-sorting type of
3D models

Statistical
characteristics

Number of build layers Build space utilization
factor, KVConstant

step
Variable
step

Without sorting {x}min,
{x}max,
x

1250
1909
1612

900
1172
1079

0.054
0.086
0.067

Sort ascending of
volume

{x}min,
{x}max,
x

1576
2990
2069

1133
1534
1278

0.036
0.066
0.054

Sort descending of
volume

{x}min,
{x}max,
x

1250
1658
1367

855
1074
951

0.058
0.082
0.074
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If the population size is set to Np = 50, the lack of sorting is leveled, and suffi-
ciently rational placement options are obtained, all three 3D models are placed directly
on the platform (in the minimum permissible position along the Z coordinate axis). The
optimal value of the limiting value of generations is Ng = 50. According to placement
options, an increase in value Ng does not give a noticeable effect (there are insignificant
changes in the studied features). In this case, the calculation time increases.

Increasing the mutation probability to pm = 2% increases the likelihood of getting
more rational options for placing 3D models in build space.

To assess the capabilities of this placement algorithm, an additional build space was
created for the machine for the manufacture of 6 items during preliminary sorting of 3D
models with a decrease in their volume. The following are added to the three 3D
models presented above (Fig. 2d−f):

– souvenir (73 � 51,3 � 70,1 mm3, Ntr = 8 090 pcs., Nvox = 19 847 pcs.);
– container (102 � 93,6 � 125,5 mm3, Ntr = 34 424 pcs., Nvox = 68 613 pcs.);
– lid (83,9 � 101,3 � 43,2 mm3, Ntr = 15 352 pcs., Nvox = 33 998 pcs.).

The studied features, obtained for several calculations with one variant of the
parameters, demonstrate the probabilistic nature of their description. Statistical analysis
of the values of the studied features for the set of the obtained options for placing 3D
models in build space is presented in the form of histograms in Fig. 3.

The studied features (grouped by the genetic algorithm parameters) are presented in
the form of histograms in Fig. 4. Some obvious conclusions can be drawn from the
histograms (Fig. 4).

Fig. 3. Distribution of the number of building layers histograms: a – constant build step, b –

variable build step.
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There is a clear improvement in the studied features with an increase in the pop-
ulation size Np and a decrease in the probability of mutation pm.

In some cases, the probability of crossing was corrected in the following range
pc = 70–90%, which ensured obtaining the correct placement.

Based on the results obtained, rational parameters of the proposed placement
algorithm are revealed. A small value of the pm mutation probability leads to a large
number of unsuccessful placement options, that is, those that do not ensure the correct
placement of 3D models. This is primarily a serious problem with a small population of
Np and a large number of generation Ng. The value Ng = 50 is considered rational.

An increase in the population size Np leads to a significant increase in the com-
putation time, while the expected improvement of the studied features is not demon-
strated. The number of generations Ng has an insignificant effect on the resulting
features but allows for greater efficiency of the genetic algorithm.

Statistical analysis to identify the optimal value of the crossover probability pc is
shown in Fig. 4a. Of the three considered values, pc = 80% provides the smallest
height for building a group of products. The analysis by the values of the mutation
probability pm is shown in Fig. 4b. The best values are pm = {1, 3} %. An analysis by
population size Np is shown in Fig. 4c. An increase in the population size makes it
possible to increase the efficiency of the genetic algorithm but also significantly
increase the time spent on calculations. Therefore, for small groups of products, the
rational value Np = {30, 40, 50}. For a group of products with complex surface
geometry, more than 5 pcs. you should set Np = 20. Analysis by the last parameter - the
number of generations Ng is shown in Fig. 4d. Naturally, an increase in the number of

Fig. 4. Comparative analysis of the studied features grouped by the genetic algorithm
parameters for the variable build step.
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generations Ng allows you to get better results for solving the problem, but the
downside is a significant increase in the consumption of time resources. After con-
sidering the insignificant change in the studied features, it is necessary to set Ng = 50
for large groups of products predominantly (more than 5 pcs). Moreover, perhaps
Ng � 200 is suitable for small groups or the absence of time constraints for techno-
logical preparation.

Large values of the coefficient Kf � (0; 1] allows to obtain the best values of the
studied features, but at the same time, the probability of obtaining incorrect placement
of 3D models significantly increases. In obtaining a variant with incorrect placement of
models, to minimize the cost of time resources, it is not recommended to recalculate but
use the manual mode to move or rotate one of the 3D models that fell into the conflict
group. At each step of changing the position or orientation of the selected 3D model,
the correctness of its placement is checked.

As a result of the study, the following recommendations were obtained regarding
the parameters of the genetic algorithm for small groups of complex products:

– crossing probability, pc = 80%;
– mutation probability, pm = 1 � 3%;
– population size, Np = 20 � 50 (Np = 30 is preferred);
– the number of generations, Ng = 50.

Approbation of the algorithm using the example of placing a small group of 3D models
of complex products showed some improvement in the features under study (in some
cases, it was possible to reduce the number of build layers by 4 � 6.3%) with
insignificantly high costs of time compared to the Monte Carlo method (the study
results are presented in [23]).

5 Conclusions

Studying the possibilities of the genetic algorithm for efficiently solving the problem of
placing a small group of 3D models of products in build space showed an improvement
in the studied features with an insignificantly large amount of time compared to the
Monte Carlo method.

Based on the analysis of the studied features of the placed 3D models in build
space, rational values of the genetic algorithm parameters were revealed. It was
revealed that a small value of the mutation probability leads to a large number of
unsuccessful placement options, that is, to those that do not provide the correct
placement of 3D models. This is primarily a serious problem with a small population
and a large number of generations. An increase in population size significantly
increases the calculation time, but the expected improvement in indicators is usually
not demonstrated. Also, the number of generations makes it possible to influence the
efficiency of the genetic algorithm slightly.

The obtained results allow us to formulate the basis for further consideration of
placing a large group of complex products in build space using a genetic algorithm to
expand the possibilities of technological preparation of additive manufacturing.

Packing 3D-Models of Products in Build Space 75



References

1. Zhang, Y., Bernard, A.: AM feature and knowledge based process planning for additive
manufacturing in multiple parts production context. In: Proceedings of 25th Annual
International Solid Freeform Fabrication Symposium, pp. 1259–1276 (2014)

2. Araújo, L.J.P., Özcan, E., Atkin, J.A.D., Baumers, M.: Analysis of irregular three-
dimensional packing problems in additive manufacturing: a new taxonomy and dataset. Int.
J. Prod. Res. 1–15 (2018)

3. Wohlers Report 2016: 3D Printing and additive manufacturing state of the industry. Annual
worldwide progress report. https://wohlersassociates.com. Accessed 19 Feb 2021

4. Psiola, V.V.: Approximate solution of a 3-dimensional packaging problem based on
heuristics. Intel. Syst. 1, 83–100 (2011)

5. Bezdek, K.: Classical Topics in Discrete Geometry. Springer, New York (2010)
6. Stoyan, Y., Gil, N., Scheithauer, G.: Packing of convex polytopes into a parallelepiped.

Optimization 54(2), 215–235 (2005)
7. Verkhoturov, M.A., Verkhoturova, G.N., Yagudin, R.R.: On a solution to the problem of

dense packing of convex polyhedrons based on the hodograph of the dense placement
function. Inf. Syst. Technol. Orel. 4, 31–39 (2012)

8. Oh, Y., Witherell, P., Lu, Y., Sprock, T.: Nesting and scheduling problems for additive
manufacturing: a taxonomy and review. Add. Manuf. 101492 (2020)

9. Hur, S.-M., Choi, K.-H., Lee, S.-H., Chang, P.-K.: Determination of fabricating orientation
and packing in SLS process. J. Mater. Process. Technol. 112(2–3), 236–243 (2001)

10. Oh, Y., Zhou, C., Behdad, S.: Part decomposition and 2D batch placement in single-machine
additive manufacturing systems. J. Manuf. Syst. 48, 131–139 (2018)

11. Baumung, W., Fomin, V.V.: Predicting production times through machine learning for
scheduling additive manufacturing orders in a PPC system. In: 2019 IEEE International
Conference of Intelligent Applied Systems on Engineering (ICIASE), pp. 47–50 (2019)

12. Zhang, Y., Gupta, R.K., Bernard, A.: Two-dimensional placement optimization for multi-
parts production in additive manufacturing. Robot. Comput. Integr. Manuf. 38, 102–117
(2016)

13. Egeblad, J., Nielsen, B.K., Brazil, M.: Translational packing of arbitrary polytopes. Comput.
Geom. 42(4), 269–288 (2009)

14. Ransikarbum, K., Ha, S., Ma, J., Kim, N.: Multi-objective optimization analysis for part-to-
printer assignment in a network of 3D fused deposition modeling. J. Manuf. Syst. 43, 35–46
(2017)

15. Xiao, L., Jia-min, L., An-xi, C., et al.: HAPE3D-a new constructive algorithm for the 3D
irregular packing problem. Front. Inf. Technol. Electron. Eng. 16(5), 380–390 (2015)

16. Verkhoturov, M., Petunin, A., Verkhoturova, G., Danilov, K., Kurennov, D.: The 3D object
packing problem into a parallelepiped container based on discrete-logical representation.
IFAC-PapersOnLine 49(12), 1–5 (2016)

17. Li, Q., Zhang, D., Wang, S., Kucukkoc, I.: A dynamic order acceptance and scheduling
approach for additive manufacturing on-demand production. Int. J. Adv. Manuf. Technol.
105(9), 3711–3729 (2019). https://doi.org/10.1007/s00170-019-03796-x

18. Wang, Y., Zheng, P., Xu, X., Yang, H., Zou, J.: Production planning for cloud-based
additive manufacturing – a computer vision-based approach. Robot. Comput. Integr. Manuf.
58, 145–157 (2019)

19. Pandey, P.M., Reddy, N.V., Dhande, S.G.: Slicing procedures in layered manufacturing: a
review. Rapid Prototyping J. 9(5), 274–288 (2003)

76 Y. Garashchenko et al.

https://wohlersassociates.com
https://doi.org/10.1007/s00170-019-03796-x


20. Bacciaglia, A., Ceruti, A., Liverani, A.: A systematic review of voxelization method in
additive manufacturing. Mech. Ind. 20(6), 630 (2019)

21. Gao, W., et al.: The status, challenges, and future of additive manufacturing in engineering.
Comput. Aided Des. 69, 65–89 (2015)

22. Garashchenko, Y., Zubkova, N.: Adaptive slicing in the additive manufacturing process
using the statistical layered analysis. In: Ivanov, V., Trojanowska, J., Pavlenko, I., Zajac, J.,
Peraković, D. (eds.) DSMIE 2020. LNME, pp. 253–263. Springer, Cham (2020). https://doi.
org/10.1007/978-3-030-50794-7_25

23. Garashchenko, Y., Zubkova, N.V.: Packing 3D models of products in the workspace of
layered building installation by the Monte-Carlo method. ZhSTU Bull. Appl. Mech. 1(85),
46–52 (2020)

Packing 3D-Models of Products in Build Space 77

https://doi.org/10.1007/978-3-030-50794-7_25
https://doi.org/10.1007/978-3-030-50794-7_25


Identification and Technological Impact
of Broadband Vibration on the Object
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Abstract. The research presents the approach consisting of resonant excitation
of objects – elements of technological systems, including the machine tool,
fixture, cutting tool, and part. Resonant Nano amplitude vibrations of the object
under the action of broadband perturbation, which has a spectrum characteristic
of “white noise”, are sources of information about the geometric characteristics
of objects and indicators of their physical and mechanical properties. The latter
is important for the materials of the workpieces. When a constant uniform field
of magnetic or thermal nature is applied to an object, the introduction of Nano
amplitude vibrations acquires the properties of technological influence, as a
result of which the properties of the material from which the object is made may
change. Experimental studies of resonant excitation of an object placed in a
strong constant, uniform magnetic field on the physical and mechanical prop-
erties of materials of objects, particularly on increasing their hardness, are
presented. The universality of this approach is shown under the condition of
application of neural network models, which allows establishing the relationship
between the parameters of the frequency spectra of resonant oscillations of
objects and their geometric and physic-mechanical properties. Based on the
presented materials, fundamentally new innovative technological processes can
be developed, which have the prospect of wide application in the conditions of
resource-saving highly automated production of products of various industries.

Keywords: Innovative technology � Resonant vibration � Broadband
influence � Technological system � Diagnostics � Neural network

1 Introduction

Object identification is a problem, the solution of which is actualized in the systems of
optimal management of these objects. Therefore, the requirements for such models are
regulated by their compliance with the criteria of reliability and accuracy for the
purposes of application [1]. Based on such models, reference models can be created,
used by automated control systems for corrective action on the control object [2].

The creation of identification models is based on the choice and justification of the
information source with the subsequent formation of an array of precedents. The
reliability of the identification model of the object depends on their volume and quality.
One of the features of such identification of objects is the statement about the
dependence of the object’s reaction on the complexity of the disturbing effect on this
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object [3]. The essence of this statement is that the amount of information about the
individual properties of the object is proportional to the complexity of the perturbing
function and can be identified as a response to this effect [4]. In the research studies [5,
6], it has been proved that the design of technological equipment should be based on
parameter identification for ensuring the reliability of manufacturing processes.

It is known from the theory of automatic control that step effects as an analog of
single ones allow revealing the transfer characteristics of the links of dynamic models
of objects. This example suggests that the natural oscillations of the object and its
elements contain information about the defining set of its properties and characteristics.

2 Literature Review

A promising direction in increasing production productivity due to the flexibility of
production is to equip it with equipment with mechanisms of parallel structure [7]. The
capabilities of such equipment are based on the modularity of such structures, on the
multiplicity and scaling of their configuration, on mechatronic nodes, and on adaptive
control algorithms. However, the mechanical part and drive system of actuators of such
equipment with mechanisms of a parallel structure requires systematic improvement of
the principles of design, control, and monitoring of objects due to the complex rela-
tionship of the trajectory of actuators with mechanisms of parallel structure and
dynamic processes accompanying work processes [8]. The conclusions of domestic and
foreign researchers in improving the accuracy of positioning, kinematics, and dynamics
of objects based on the mechanisms of parallel structure confirm the thesis of the
complex nature of control of the mechanism. However, the constant development of
production and technological systems continues to pose new challenges. Purely sys-
temic approaches based on the principles of synergy are inherent only in complex
systems’ integrity properties [9]. Therefore, further improvement of equipment systems
with parallel structure mechanisms can be achieved by developing and implementing
structural and parametric optimization of equipment with parallel structure mecha-
nisms. The control of this equipment is based on dynamic identification mathematical
models of positioning the executive unit of such equipment [10]. Principles of har-
monization of levels of improvement of structural components of equipment systems
with mechanisms of the parallel structure require the creation of appropriate means of
providing technological processes of manufacturing machine-building products with
technological tools with increased operational properties, corresponding principles of
complex active control of dimensional and separate physical and mechanical charac-
teristics of products mechanical assembly production [11].

The prospect of creating competitive technological equipment must be accompa-
nied by structural optimization to ensure structural and technological flexibility of
technological equipment [12]; creation of a system of normalized actuators based on
the minimum number of energy conversions to expand technological work areas;
creation of a system of normalized mechanisms for rapid change of technological tools
to increase technological flexibility [13]; creation of technological equipment for the
organization of the working space of technological operations based on equipment with
parallel kinematics [14]; creation of the reconfigured sites of machine-building
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production which are quickly adjusted, from the normalized knots of the equipment
with application of mechanisms of parallel structure [15]. According to the research
study [16], the design of the manufacturing system should be realized based on “The
Ontology on Flexibility”.

This development of technological equipment and systems based on it allows to
dramatically increasing the efficiency of multi-item production, including repair pro-
duction for various areas of economic activity. However, using such equipment and its
systems cannot but require intervention in the reliability of the technological processing
and diagnostic tools. Therefore, it is justified to use special processes to improve the
machining properties of metal-cutting and other technological tools, based on various
effects of power, electrical, magnetic, wave, pulse, chemical, nanoscale, and their
combinations.

3 Research Methodology

Based on such conclusions, we have developed and tested promising design solutions
according to the Research Program of the Problem Laboratory of Mobile Intelligent
Technological Machines of the Institute of Artificial Intelligence of the Academy of
Sciences of Ukraine and Donbas State Machine-Building Academy of the Ministry of
Education and Science of Ukraine.

The problem of dynamic identification of objects is to develop a mathematical
modeling apparatus that would have the capabilities to provide the necessary charac-
teristics of the accuracy of d (t) and the adequacy of A (t) of the dynamic model. The
authors [17] proposed methods for determining all sample sizes by an acoustic signal,
which is an amplitude-frequency characteristic of their own oscillations (frequency
spectrum or signature). The accuracy of such dimensional diagnostics reaches 0.1 mm.
The same estimates of the coordinates of the configuration of objects with mechanisms
of parallel structure [18]. To implement this approach, the following is adopted: W (f) –
excitation signal of the object “white noise”; R [W (f)] – the object’s response to
excitation by “white noise”; Xk, Xl…, Xr… – properties and parameters of the object
(configuration, speed, deformation, force, stress, velocity, acceleration, temperature,
etc.) R[W (f)] = F {Xk, Xl Xr …}.

The task of diagnostics and creation of a reference model of the object is to
determine the properties and parameters of the object Xk, Xi…Xr… by reaction R[W
(f)]R½W fð Þ�R½W fð Þ�. Information model for determining the properties and parameters
of the object Eq. (1):

WðfÞ � Object� R½WðfÞ� � Fy½AiðfiÞ� � Xk;Xl. . .Xr ð1Þ

The emitter and receiver of the diagnostic device are reversible piezoelectric elements,
which are fed (emitter) and from which are removed (sensor) signals. Since the
diagnostics of the object is performed relative to the reference signal “white noise”, this
approach allows you to normalize the output diagnostic signals relative to the reference
signal. Transformation solution Xk, Xl…, Xr… = F {Xk, Xl …Xr …} is recommended
to perform using neural network modeling. The solution is proposed based on the
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entropy index of the histogram that corresponds to the samples of Table 1 according to
Eqs. (2) and (3):

Ha xð Þ ¼ �
Xn
i¼1

pi xð Þ � logapi xð Þ ð2Þ

Hai xð Þ ¼ Ha xð Þ
n

ð3Þ

Where, Ha xð Þ – the index of entropy of the distribution of pixels of images of samples
on brightness;

pi xð Þ – probability of the i-th degree of the histogram of the distribution of pixels of
images of samples on brightness; n – the number of degrees of the histogram of the
pixel distribution of the images of the samples by brightness.

The construction of the model on a neural network basis was performed in
NeuroPro-0.25 using Microsoft Access to generate input and output data in *.dbf
format. When training and testing the model according to the structure of the metal at
different heating temperatures, the same exposure time, and cooling conditions of the
samples, it was found that a significant part of the signature is the seventh interval �7
(150 to 175 on the pixel brightness scale) for each image histogram. The verbal
description of the model is given as follows: Solving the inverse problem of the ability
to determine the structure (ferrite and perlite) from the values of the interval �7 of the
signature images of micro sections allows obtaining an expert assessment of the ele-
mentary heat treatment of samples. The paper formulates the hypothesis that the nor-
malized gradual effect on the controlled part is accompanied by its response, which has
specific characteristics. A combination can diagnose the size and accuracy of the size of
parts and other characteristics of their quality (Fig. 1).

Studies have shown that the smallest number of synapses is characteristic of a
single-layer network. The authors propose a method for assessing the quality of objects
based on the spectrum of the acoustic signal given in the cutting tool due to the

Fig. 1. Frequency spectra of samples.
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response to forced oscillations in the form of “white noise”. The authors performed
research, the objectives of which were working out of a technique of definition of the
spectral characteristic of own acoustic fluctuations of the cutting tool; assessment of the
quality of batches of cutting tools by the degree of similarity of their properties; the
formation of similar acoustic spectrum groups of cutting platinum, in a multi-blade
prefabricated tool. The method of determining the spectral characteristics of the
acoustic oscillations of the cutting tool is developed on the example of non-grinding
cutting plates, Pramet acoustic response signal, software package “spectrum analyzer”.
The normalized acoustic signal has an amplitude-frequency characteristic of the con-
stant amplitude of the signal in the frequency range 10–20000 Hz (Fig. 2).

For example, the results of processing the digitized spectra of a batch of cutting
inserts (30 pieces) in increments of 172.3 Hz, frequencies range 10–20000 Hz. using
the Detector Studio Academic package. Figure 3 shows the results of grouping the
cutting inserts into three groups formed on Kohonen maps.

Fig. 2. Samples of prefabricated cutters (a, b, c) and cutting inserts for their assembly
(d) Pramet.

Fig. 3. Grouping of non-grinding cutting inserts in the similarity of the spectra of acoustic
signals of the “white noise” response.
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The presented example illustrates the uneven distribution of the properties of the
cutting inserts of one batch. The plates in the batch are distributed according to the
numbers presented in Table 1.

Tests of stability of the final mills completed with plates from the 1st and 3rd
groups showed an increase in stability of combined mills by 31–35%. Plates of the 2nd
group were not used.

In the study [19], the possibility of using a broadband vibration flux to influence the
volume of the material of the magnetic field formed by powerful permanent magnets is
shown. The process of influencing the material volume of the experimental samples
was that the effect of a uniform magnetic flux permeating the sample was initiated by
resonant oscillations of the sample caused by a broadband effect of equal amplitude
using a white noise generator and a peso emitter [20]. The possibility of obtaining a
positive effect of a positive change in the physical and mechanical properties of the
material of the experimental samples is based on the following provisions [21].

It is well-known [22] that the modulus of elasticity E and the density of the material
of the sample q are associated with the resonant frequency f_0 of the sample by the
following dependence Eq. (4):

f 0 ¼ Kf �
ffiffiffiffi
E
q

s
ð4Þ

Where, Kf- coefficient depending on the size of the sample.
Here it is necessary to consider the three-dimensional nature of vibrations (defor-

mations) in the resonance of each element of the volume of the material. To do this, we
use the dependence Eq. (5):

E ¼ 1; 64 � m � L3 � f 2=d4 ð5Þ

Where: m is the mass of the sample, L is the length of the sample, d is the diameter of
the sample.

Based on these initial conditions, the determination of the resonant frequency of the
experimental sample placed in a uniform magnetic field and subjected to resonant
vibrations using a piezoelectric emitter and a piezoelectric sensor is made based on the
frequency spectrum of the sample in the magnetic field according to Eq. (6):

Table 1. The results of grouping cutting inserts on Kohonen maps.

Clusters of cutting inserts for complete sets of prefabricated cutters, identical in a
similarity of spectra of acoustic signals, the response of “white noise”
1 group 2 group 3 group

2,3,4,6,7,9,11,14,16,17,18,19,21,22,25,26,28,30 5,10,13,20,23 1,8,12,15,24,27,29
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f 0 ¼
Pn

i¼1 f i � A1iðf iÞPn
i¼1 Aiðf 1iÞ

ð6Þ

where: A1i ¼ Ai � A0i; A0i – amplitude i—the degree of the frequency spectrum of
the hardware of the experimental stand in the absence of the excitation signal of the
generator “white noise”; Ai - amplitudes of the i-th degree of the frequency spectrum of
the sample, installed in the zone of the uniform magnetic field of the experimental stand
and excited by the signal of the generator “white noise” using a piezoelectric element
that is part of the experimental stand; A1i - natural amplitudes of the i-th degree of the
frequency spectrum of the sample placed in a uniform magnetic field.

4 Results

Testing of duralumin sample: before vibration treatment in a uniform magnetic field,
the hardness of the sample with a diameter of 15 mm and a height of 8 mm is
60 � 80 HB; after vibration treatment for 20 min, the hardness of the sample was
208 � 212 HB: an increase in the sum of the individual sites of amplitudes indicates
that the sample becomes changing the viscosity of the material. The increase in the
resonant frequency, which indicates a change in the physical and mechanical proper-
ties, is Df 0 = 225 HB.

Copper sample test: before vibration treatment in a constant magnetic field, the
hardness of the sample with a diameter of 20 mm and a height of 5 mm is
60 � 100 HB: after vibration treatment for 20 min, the hardness of the sample was
220 � 222 HB. A change in the resonant frequency of the sample may indicate a
change in the density of the material, leading to an increase in hardness. The change in
the resonant frequency of the samples is Df 0 = 150 Hz, which indicates a change in the
physical and mechanical properties.

Testing of a non-grinding plate of a cutting tool made of hard alloy HS123:
increasing the resonant frequency of the sample (Df 0 = 120 Hz) may indicate an
increase in the material’s modulus of elasticity while increasing its viscosity. It is
typical for polycarbonates, polyamides, composite materials.

Tests of plates at turning a batch of parts ∅95,5 mm from steel 42Cr4 at giving of
0,5 mm/rev and cutting speed of 150 m/min dimensional wear of plates HS123
decreased by 40–42%. It is an argument in favor of vibration resonant processing of
cutting inserts in a uniform magnetic field.

Non-grinding test of the cutting tool plate made of hard alloy HG30: increasing the
resonant frequency of the sample ((Df 0= 70 Hz) may indicate an increase in the
material’s modulus of elasticity while increasing its viscosity.

Testing of gray cast iron with cutters made of hard alloy HG30 with a hardness of
200–220 HB when turning the sample with a cutting depth of 1.8 mm with a feed rate
of 0.2 mm/rev and a cutting speed of 114 m/min wear of plates with HG30 decreased
by 32–37% It is shown that with increasing duration of such processing the increase in
its efficiency decreases. In addition, the process of changing the properties of the
materials continues after vibration resonance treatment in a uniform magnetic field for
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the next 3–5 days. The change of these properties is subject to exponential nature and
for different materials has a different time constant. Then the indicators

Pn
i¼1 Aiðf 1iÞ

and f_0 are stabilized, which indicates the termination of the process of changing the
properties of the material of the samples.

Magnetic resonance treatment in a magnetic field of non-grinding cutting plates,
CNMA120408E-KD5ACK15A; WNMG080408E-MC3AP301M; WNMG080412E-
PD3AC250P, and SNGX1206ANN-MM3AP351U were accompanied by observa-
tions of the dynamics of changes in the indicators

Pn
i¼1 Aiðf 1iÞ and f_0. It is empha-

sized that the increase in hardness is inversely proportional to the decrease in the
resonant frequency of the cutting plate. For different types of cutting inserts, the cor-
respondence of hardness to resonant frequencies is different and depends on the design
features. Therefore, on average, the change in resonant frequency is determined by the
formula: D HB = –(0, 65…0, 75) ∙ Df0.

For plates of group SNGX 1206ANN-MM3 AP351U) the result is described by
formulas:

f0 = –1, 27 ⋅ HB + 11802;
HB = –0, 79 ⋅ f0 + 9317.

The generalized result can be described by the dependence:
f0 = –1, 53 ⋅ HB + 11981;
HB = –0, 66 ⋅ f0 + 7856.

5 Conclusions

Making samples of materials placed in a uniform magnetic field, resonant poly fre-
quency vibrations with Nano-dimensional amplitude in the range of 20–80 nm allow
changing the viscosity of the material, the modulus of elasticity of the material, and the
hardness of the material samples. Thus, nanoscale amplitudes of natural oscillations of
objects of complex shape in energy fields, which include uniform magnetic fields, can
correct the physical and mechanical properties of materials of such objects to achieve
their identity or add strictly defined properties. The study of this effect can be extended
to many materials, their atomic-crystalline structures, ranges of magnetic fluxes, fre-
quency ranges, and estimates of the materials’ obtained physical and mechanical
properties thus treated. It has been confirmed that image pixel signatures allow com-
munication with previous technological transformations. It allows you to examine the
technology by which the samples were machined or speed up the receipt of metallo-
graphic research data, and speed up the analysis of the material on the composition of
structures.

The proposed approach, which consists of the resonant excitation of objects, allows
abandoning the traditional schemes of equipping technological systems with many
sensors that read information about objects. The frequency spectra of objects can
perform this role. It is shown that the frequency spectra of resonantly excited objects
are sources of information about the macro geometric characteristics of objects and
indicators of their physical and mechanical properties. Experimental confirmation of
the influence of the resonant excitation of an object placed in a strong constant, uniform
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magnetic field on the physical and mechanical properties of the materials of objects, in
particular, on the increase of their hardness, is presented. The universality of the
approach to the resonant excitation of the object is shown, illustrated by pixel signa-
tures of images of micro sections of material structures. A special role in the infor-
mation support of the processes of diagnostics of objects and changes in their physical
and mechanical properties is given to intelligent computing and neural network models.
The materials of the article have the prospect of wide application in the conditions of
resource-saving highly automated production of products of various branches.
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Abstract. The article discusses in detail the concepts of optimizing the shape of
objects. A general approach to the creation, analysis, and use of an information
model (IM) to optimize the shape of an object was studied. The paper proposes
the use of an information model to optimize the object’s shape to accelerate the
design within the framework of theoretical research and practical use. All stages
and elements of the information model in the process of optimizing the object’s
shape are considered in detail. The study was carried out to optimize the shape
for a bracket-type part to test the proposed in-formation model. Optimization
was carried out in the “Shape Generator” module in CAD Autodesk Inventor.
All sets of necessary requirements and restrictions for the 3D model of the detail
were specified in the “Shape Generator” module. After optimization in the
“Shape Generator” module, a mesh model of the part was obtained in the form
of a conceptual model shape. Using the conceptual model shape, a new opti-
mized solid 3D model of the object was created. To verify the correctness of the
object shape optimization, simulations of the load actions on the original and
optimized model were carried out in the Stress Analysis Simulation CAD
module Autodesk Inventor. The weight of the optimized detail is 59% less than
the original. The conducted research has proved the expediency of using the
information model to optimize the object’s shape.

Keywords: Information model � Shape optimization � Mesh-model �
Generative design

1 Introduction

The information model (IM) includes all the information for each stage of creating and
optimizing the object’s shape [1]. In the modern world of technological progress,
situations constantly arise in which optimization of the object’s shape is the only way
to solve complex problems. The concept of optimizing the object’s shape can be used
in mechanical engineering [2, 3] (creation of a specific part), medicine [4, 5] (creation
of skeletal bones, surgical templates), in architecture [6] (building elements and dec-
oration), engine parts design [7], computer-aided fixture design [8], etc. In mechanical
engineering, optimization is often done through generative design. Simultaneously,
digital versions of the object model are generated in the process of searching for the
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shape of completely new products, during the development, modernization, and repair
of equipment, as well as in cases when the necessary part is impossible or very difficult
to obtain. Optimizing the object shape according to the specified criteria is a very
urgent task. There are various methods to optimize the part shape. One method is to use
an information model to optimize the object shape. The purpose of this work is to
consider such a method for optimizing the object shape. After optimizing the shape, it
is necessary to analyze the compliance of the created part with the specified design
requirements. Generative design software is not a CAD system but an add-on to it. The
generative design method makes it possible to obtain computer 3D models, according
to which a new part is quickly created using additive technologies [9–11].

2 Literature Review

Four groups of optimization methods are currently used depending on the method of
changing the object shape understudy.

The first group of methods is based on the “manual” analysis of the results of
modeling the stress-strain state of the part and the corresponding change in its design
[2, 3]. This approach is very flexible. It is extremely difficult to create an algorithm that
analyzes information in the same way as the human brain does. “Manual” analysis of
information and making changes to the design takes much time. Therefore, only a small
number of design options can be explored this way.

The second group of methods is based on parametric optimization [9–13]. The
object model which needs to be optimized is parameterized. That is, variable values are
assigned to some of its characteristic dimensions. By changing the values of these
variables, you can change the object’s shape. The combination of parameter values is
determined to provide the best solution to the optimization problem. Parametric opti-
mization allows you to explore a fairly large number of design options. However, the
shape of the resulting object will not radically differ from the original model because a
different set of dimensions describes geometry with a great number of differences.

The third group of optimization methods is topological optimization methods that
involve finding the optimal object shape in a certain permissible area [14–16]. As a
result of such optimization, an object of an absolutely unpredictable shape can be
obtained, which on the one hand, is an advantage since it allows you to find a new,
non-obvious solution. However, the resulting form may not be technologically
advanced and therefore requires additional analysis.

The fourth group of optimization techniques is generative design techniques. The
limiting conditions and the model’s description are set, and the process of “generation”
is carried out. As a result, we get several solutions. Based on the given conditions,
artificial intelligence chooses what it considers optimal. Studying a large set of
parameters, the software tries to identify what a person may miss when developing. It
remains for the engineer to choose which of the computer designs is the most optimal.
To control the correctness of choice, it is possible to conduct studies of the loads effect
on the optimized object [17, 18].

The study aims to develop an IM and its use in the process of optimizing the objects
shape, which significantly reduces the time for design, testing, and analysis of the
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model for the required loads [19]. Building an IM involves presenting information
describing the essential parameters and changes in the object, the relationship between
them, and allowing to simulate possible changes in the object’s state [20, 21]. Overall,
it can be reasonable to create a virtual prototype of a real object and design using up-to-
date technologies [22, 23].

3 Research Methodology

The optimization process can be represented as follows: for the optimized model, the
stress-strain state is set under the action of workloads. Based on the analysis results, the
finite element model of the object is modified by excluding a part of the structure. For
the new design obtained, the stress-strain state simulation is repeated, which makes it
possible to determine the workability of the object and the need for further optimiza-
tion. The target optimization function is the mass of the part. Therefore, the material of
the original model can be removed as long as the part remains functional. Those areas
that ensure the setting of boundary conditions and the interaction of the investigated
and associated parts remain unchanged. The optimization process can be iterative so
that material removal or addition cycles are repeated until the desired result is obtained.
When using generative design technology based on artificial intelligence, the system
allows you to create several options for optimizing the shape of a part. The designer
will have to choose the most suitable one, taking into account the manufacturing
technology.

Creating an IM requires the presentation of information describing the essential
parameters and changes in the object, the relationship between them and allows to
simulate possible changes in the state of the object [1, 2]. In this work, an IM of the
process of optimizing the object shape is proposed, which will later be used to develop
adaptive-parametric models. Studies of many works aim to develop the IM of an object,
but they lack accurate analytical solutions to problems to reduce the time spent on
design, testing, and load analysis. As a result of studying this problem, an IM was
developed and proposed (see Fig. 1) for optimizing the object shape, not only within
the framework of theoretical research but also for practical use.

The proposed IM can be used to optimize the shape in various modern CAD
systems, such as Autodesk Inventor Professional, Siemens Solid Edge, NX, Autodesk
Fusion 360, ANSYS Mechanical, Altair OptiStruct, Autodesk Within, Project
Dreamcatcher, or when creating separate specialized optimization modules. Let us
consider in more detail the structure of the proposed IM optimization of the object
shape.

The proposed MI consists of 5 stages of shape optimization and control of the
parameters of the optimized object.

Stage 1. Creation of a 3D solid model of a part using standard CAD tools. At this
stage, using standard creation and editing tools, a 3D solid model of the part is formed,
the shape of which must be optimized.
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Stage 2. Setting necessary requirements and constraints for a 3D model of an object
and then creating an object’s mesh model. At this stage, you need to perform two
consecutive steps. First, for the 3D model of the object, the material for analysis,
immutable regions in the object’s geometry, loads’ sets, boundary conditions, and
constraints are set. At the next step, optimization criteria are set, for example, weight
reduction, parameters of the mesh object being created. Then a mesh object based on a
solid model is created.

Stage 3. Conducting a shape optimization study and creating a 3D mesh optimized
object model. At this stage, two consecutive steps need to be performed. First, studies
are carried out to optimize the object shape based on a 3D mesh model of the part,
considering all the requirements and restrictions. Then the 3D mesh of the part as a
conceptual shape is saved. The concept shape can be added to the current part as a link
or saved to a new file.

Stage 4. Optimizing the shape of a solid model of a part. The saved conceptual
shape is overlaid on the 3D solid model. Using the boundaries of the conceptual shape
with the help of solid editing commands, an optimized 3D model of the object is
generated.

Stage 5. Research and analysis of the results under the load actions on the original
solid model and the model with shape optimization. At this stage, two consecutive

Creating a 3D solid model of a part with standard 
CAD tools

Setting for a 3D model of a part of a 
set of loads, boundary conditions, 

restrictions and an optimization criterion
Creating a 3D mesh model of a part

Carrying out a study to optimize the 
shape for a 3D mesh model of a part, for 

a given set of conditions

Saving a 3D mesh model of a part as a 
conceptual model shape

Editing a solid model of a part based on a 3D mesh 
conceptual shape of the model to optimize the shape 

with editing commands

Carrying out a study under the 
influence of loads on the original solid 

model and the model with shape 
optimization

Analysis of the study results under the 
action of loads on the original solid 

model and the model with shape 
optimization

Stage 1

Stage 2

Stage 3

Stage 4

Stage 5

Fig. 1. Information model of object shape optimization.
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steps need to be performed. First, studies are carried out under the influence of loads on
the original solid model, and the result is saved as a stress analysis report. Then studies
are carried out under the action of the same loads on the solid model with an optimized
shape, and then the result is saved as a stress analysis report. The results of studies are
analyzed under the load actions on the original solid model and the model with shape
optimization at the second step. If the results meet the requirements of the object under
study, then it is approved as a ready-made optimized model of the object. If the result
does not meet the requirements of the investigated part, then the value of the opti-
mization criterion changes, and stages 2–5 of the information model are repeated.

4 Results

Consider using the created IM to optimize the shape of a bracket-type part. Opti-
mization will be done in the Shape Generator module in Autodesk Inventor Profes-
sional. In this case, the levels of IM (see Fig. 1) will be adapted to the specifics of the
development and optimization process for CAD Autodesk Inventor Professional.

The Shapes Generator module in Autodesk Inventor Professional belongs to the
class of the simplest topology optimization tools. It is one of the world’s first part
topology optimization tools, directly integrated by the manufacturer into its CAD
system. Inventor Shape Generator is the easiest solution in Autodesk’s line of gener-
ative design tools that reduces the mass of existing parts with minimum expenses
without losing their strength under specified conditions.

At the stage of creating a 3D solid model of an object, we will use standard
Autodesk Inventor Professional CAD tools such as 2D Sketch, Extrude, Hole, etc.
A solid model of the bracket is shown in Fig. 2.

At the next stage of the IM, we set a set of requirements and restrictions for the 3D
model of the part, such as: assigning the model of material properties (Aluminum 6061
– AHC), Fixed Constraint, Pressure (10 MPa), Gravity (9810 mm/s2), Preserve Region

Fig. 2. Solid bracket model.
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(setting location and size of the area). We adjust the optimization criterion – weight
reduction by 60% (Fig. 3). A solid model with tuned requirements and constraints
looks like Fig. 4.

Then Mesh Settings are set up and a mesh model of the object is created (Fig. 5).

Fig. 3. Settings of Shape Generator.

Fig. 4. A solid model with customized requirements and constraints.

Fig. 5. Mesh model of the object.
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At the stage of research on shape optimization, we run Generate Shape. The pro-
gram calculates and creates a 3D mesh model of the object with an optimized shape
(Fig. 6). The 3D mesh of the object as a conceptual model shape is saved. The con-
ceptual form of the model can be saved in the current part file or as a separate STL file.
The conceptual form of the model in the current object file is saved. The Visual Style -
Wireframe is set up (Fig. 7). Setting the visual style will make it easier to edit the
original object model.

The next step is to edit the original solid model of the bracket part. Based on the 3D
mesh conceptual form of the model, editing with the CAD commands Autodesk
Inventor Professional is carried out. Part editing is carried out in several steps. The
results of editing and creating the optimal shape of the bracket part are shown in
Figs. 8, 9.

Fig. 6. Mesh model of the object with an optimized shape.

Fig. 7. Conceptual form of the optimized model.

Fig. 8. Model editing stage.
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The created model of the optimized object shape is saved as a new file. It will allow
load studies to be carried out separately from the original model.

We proceed to the final stage of IM - conducting research and analyzing the results
under the influence of loads on the original solid model and the model with shape
optimization. To do this, in the file with the original model of the bracket, go to the
Stress Analysis Simulation CAD module Autodesk Inventor Professional. All the
requirements and restrictions are adjusted in preparation for optimizing the form.
A study of the model is conducted. The study for a part with an optimized shape is
repeated. The main results of both studies are presented in Figs. 10 and 11. The mass of
the part is reduced by 59%, which is close to the original requirements. The offset
difference is 1.1 mm, which is satisfactory for the task. Other physical and static test
results are also within acceptable ranges.

Fig. 9. Optimized object model.

Fig. 10. Original model.

Fig. 11. Optimized model.
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5 Conclusions

The paper discusses in detail the concepts of optimizing the object’s shape. A general
approach was proposed for the creation, analysis, and use of an information model to
optimize the shape of an object. IM includes all information for each stage of object
shape optimization using generative design technology. The technology of optimizing
the shape for the solid model of the bracket part is described in detail. Optimization was
carried out to reduce the mass of the object. The weight of the optimized object is
reduced by 59%, which is close to the specified requirements. The original and opti-
mized objects were subjected to the same loads of 10 MPa. The difference in offset is
1.1 mm, which is satisfactory for the task. Other physical and static test results are also
within acceptable ranges. The studies carried out proved the expediency of using the
information model to optimize the object shape.

Using the created and validated information model, you can propose its use in other
areas of design. For example, it can be used in the development and optimization of an
implant for femoral reinforcement. In this case, the information model will be trans-
formed to solve a specific problem. After all, it is necessary to create a virtual prototype
of a real object and design the anatomical shape of the implant, which will fit snugly
against the complex surface of the bone. When simulating loads, the possible directions
of the force application (horizontal, vertical, and rotational) must be taken into account.
The use of an implant with an optimal shape significantly reduces the values of bone
overload, taking maximum stress on itself.

IM significantly reduces the time spent on designing, testing, and analyzing the
model for the required loads, not only within the framework of theoretical research but
also for practical use.

The development of the proposed IM will be used when creating objects of optimal
shape for various fields of application.
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Abstract. Coupled bending-torsional vibrations of boring cantilever bars were
studied in this work concerning the fine boring of small diameter deep holes. For
determining the influence of the torsional shape on the excitation of the rising
level oscillations, a number of experimental and theoretical studies were carried
out. As a result, the amplitudes and frequencies of flexural and torsional oscil-
lations were determined when changing the cantilever span and length, the ratio
of the amplitudes of the components of flexural and torsional oscillations.
A computational analysis of the dynamic system features has been carried out in
work, making it possible to assess the vibration resistance of the boring process.
A dynamic model has been developed, and motion equations have been com-
posed for stability study, which determines the processing system's perfor-
mance. The calculations used the algebraic Routh – Hurwitz stability criterion.
Experiments were performed using vibration cutting to reduce the oscillation
level when boring small diameter deep holes.

Keywords: Vibration � Vibration stability � Boring bar � Dynamic model �
Vibration cutting � Compliance

1 Introduction

Contemporary manufacturing engineering is characterized by a continuous increase in
the accuracy of products with a simultaneous increase in productive efficiency. New
technological research requires the solution of many issues related to studying dynamic
phenomena occurring in machining. Such tasks should include, for example, the
influence of dynamic interactions in the technological system on the accuracy of
machining or the influence of different modes of vibration in the cutting zone on the
vibration resistance of the machine. Fine boring is an advanced process method for
machining precise holes with an edge tool.

Cantilever boring bars are mounted on high-precision spindle heads, ensuring the
alignment of their longitudinal axis with the spindle axis. There is no “drill run-off”
when boring, and the straightness of the bore axis is ensured. The basic geometric
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parameters of the boring bars are cantilever part length (l) and diameter (d). The boring
cutters are fitted with either carbide inserts or industrial diamonds.

Features of boring bars vibrations:

1. flexural and torsional oscillations develop during cutting;
2. when a radial force is applied to the cutter, the form of static bending coincides with

the spatial form of flexural oscillations of rotating boring bars;
3. the use of boring cantilever bars is limited by low radial stiffness; for selected

cutting conditions and the material being processed, the ultimate compliance at the
cutter is determined, ensuring vibration resistance and tooling workability.

2 Literature Review

In this work, the review part includes the study results of cantilever boring bars
oscillations, in particular, boring small diameter (d = 10–20 mm; l/d > 3–8) deep
holes. The experiments aimed to study the features of joint flexural-torsional oscilla-
tions, the possibility of exciting an increasing level oscillation are presented; the
relationship between the components of the amplitudes and the frequency character-
istics of flexural and torsional oscillations are discussed.

It should be noted that the low process rigidity of boring cantilever bars does not
allow high-quality boring of deep holes with l/d > 4. Using such machining, a loss of
vibration resistance occurs, the cutter is damaged, and oscillations increase, while the
damping factors of oscillations decrease [1]. Therefore, many studies are associated
with the study of cantilever boring bar oscillations [2–4]. The number of publications
based on these works’ results occupies one of the top places in the dynamics of
machine tools [5, 6].

To increase the boring bars’ bending stiffness, they can be made of hard alloy, but
the cost of the tool increases dramatically [7, 8]. Vibration dampers are another
effective way to suppress oscillations of cantilever tools [9, 10]. Vibration dampers are
often used when a high-quality finishing operation of fine turning shall be performed,
let alone boring [11]. Vibration dampers are used significantly often when finishing fine
boring. Damping vibrations when using dynamic dampers leads to a decrease in static
and dynamic errors, a decrease in cutter wear, and a decrease in the roughness of the
machined surface. The use of vibration dampers is especially promising under difficult
machining conditions, particularly when boring deep holes of small diameter. In these
cases, the use of vibration dampers during cutting makes it possible to expand the
technological capabilities of the fine boring operation. At the same time, it is known
that the higher the added mass, the higher the efficiency of oscillation damping.
However, its value is limited by the dimensions of the boring bar structure [12].

In [13], the effective reduction of vibration was studied when using particular
boring bars with built-in cores made of carbon fiber, and the boring bars are charac-
terized by a ratio l/d > 5 � 10. In [14], the study of the flexural stiffness of a rotating
composite cantilever boring bar was carried out. The change in amplitudes, frequen-
cies, and damping are provided for different technologies of composite fabrication.
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The work [15] shows a vibration-resistant design of a boring unit for deep hole
machining. For the efficient use of such a unit, a monitoring system (sensors), a drive
system, and a control logic have been developed. Optimal actuators have been
developed that damp vibration in two respects: radially when changing the cutting
depth and speed direction.

In [16], theoretical and experimental studies of a boring unit designed for deep
holes were carried out. The tooling model was developed for deep hole machining.
Modal studies of the model and the real object were carried out in static and dynamic
loading conditions [17]. Natural frequencies of oscillations, damping coefficients [18],
and amplitudes in conditions of pulsed excitation, as well as dynamic stiffness, were
determined [19].

A review of literary sources allows us to conclude that the results of studies of
oscillations of boring cantilever rods have been widely published. However, in the
technical literature, the results of studies of coupled bending-torsional vibrations of
boring rods when machining deep holes of small diameter are insufficiently presented.
Also, the influence of connectivity on vibration resistance is not reflected, and the
characteristic frequencies and ratios of vibration levels have not been studied.

3 Research Methodology

A number of experiments were carried out to study joint bending-torsional vibrations.
Samples were processed from steel 45 and cast iron SCH-18. Boring bars with
diameters of 10, 12, 16, 20, 25 mm were tested with the ratio l/d = 3, 4, 6, 8. The
recommended geometry of the cutters was adopted. Cutting modes: when boring steel -
v = 120–150 m/min, S = 0.04 mm/rev, t = 0.05–0.1 mm; when boring cast iron
SCH18 - v = 100 m/min, S = 0.04 mm/rev, t = 0.05–0.1 mm. Cutting edge material:
T30K6 - for steel, VKZ - for cast iron. In each experiment, boring was carried out with
a set of 3 cutters with the same geometry. The criterion for regrinding with a cutter is
the relative radial wear and roughness of the machined surface.

In the experiments, the amplitudes of the vibrational displacements of the cutters
were measured. These displacements are caused by bending in the normal (Ay) and
tangential (Az) directions to the bored holes, as well as caused by the torsion of the
boring bar (Ators).

Generalization of experimental studies results led to the following ratios of the
components of flexural-and-torsional oscillations: Az = (1.1 – 1.6)Ay, Ators. = (0.2 –

0.5)Ay. The natural frequencies of torsional oscillations are 2–8 times higher than the
flexural ones, which are in the range of 0.4–2 kHz for boring bars with a diameter of
less than 20 mm. Torsional oscillations are characterized by small amplitude, and their
influence on flexural vibrations is manifested at small values of the boring bar diameter
(less than 12 mm).
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Since Ators characterizes the movement of the cutter in tangential tearing to the
surface of the hole being machined during torsion of the boring bar, to compare the
vibration intensity, we will also consider the tangential component Az, that is, char-
acterize these changes by the ratio Az/Ators (Fig. 1). Summarizing the results of the
experiments, we can conclude that with a decrease in the size of boring bars at
l/d = const, the increase in Az occurs less intensively than the increase in Ators. With a
decrease in d, the boring bars of the bending and torsional vibration amplitudes
increase, and the Az/Ators ratio decreases and is in the range of 4–6 when boring steel
and with d = 25 mm - 8–12.

Figure 2 shows typical oscillograms of flexural and torsional oscillations.

For calculating the amplitudes of flexural-torsional oscillations, a design scheme
was developed, and equations of motion were composed, which were studied for
stability.

Fig. 1. The ratio of the components of bending and torsional vibrations Az/Ators and the
direction of the components of vibrations.

Fig. 2. Oscillograms of flexural and torsional oscillations: v = 125 m/min, d = 12 mm, l/d = 8,
t = 0.15 mm, s = 0.03 mm/rev, steel 45 a) flexural vibrations (Ay) – natural frequency
Fben = 700 Hz; b) torsional vibrations (Ators) – natural frequency Ftor = 2200 Hz.
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The oscillating system diagram is provided in Fig. 3.

The oscillation system has two degrees of freedom: displacement along the u-axis
and rotation about the boring bar axis. The direction of the u-axis coincides with the
direction of the cutting force. The cutting force Pu is considered constant in the
direction and forms an angle uu with the z-axis, directed tangentially to the machined
surface at the cutter tip. The mass of the system is normalized to the location of the
cutter and is secured by springs. One of the springs with stiffness Cu acts along the u-
axis, and the other with stiffness Cu prevents turning. The damping coefficient of the
spring with Cu stiffness will be designated as bu, and the spring with the stiffness Cu

will be designated as bu.
Design analysis of the dynamic system features reflecting the interaction of joint

flexural and torsional oscillations makes it possible to evaluate the vibration resistance
of the boring process. A system of corresponding motion equations describes the
design model provided in Fig. 2:

m€uþ bu _uþ cuu ¼ cosuu þ l sinuuð Þ � Pz;
I €uþ bu _uþ cuu ¼ RPz;
TP _Pz þPz ¼ ð�kP sinuuÞuþ kS _uþ kSR _u;

ð1Þ

where m, I are the reduced mass and moment of inertia, R is the radius of the hole being
features, l is the coefficient of the chips friction on the cutter front plane, u is the
movement in the direction of the vibrations developing in the system, u is the
movement in the direction of torsional oscillations, Pz is the main component of the
cutting force.

The angle uu projects the direction of the oscillations to the direction of the main
movement. With V speed, TP is the time constant of chip formation, characterizing the
inertia of the cutting process, kS is the speed coefficient [7]. Further, we will pass to
variables:

W ¼ cu � u= cosuu þ l sinuuð Þ; s ¼ xu � t; a ¼ cu � u=R; and to dimensionless
parameters c1 ¼ kP cosuu þ l sinuuð Þ=cu; X ¼ xu

xu
,

Fig. 3. Flexural-bending oscillations at boring.
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b1 ¼ kSxu cosuu cosuu þ l sinuuð Þ=cu; b2 ¼ kSR
2xu=cu;

k1 ¼ bu mcuð Þ�1
2; k2 ¼ bu Icu

� ��1
2:

Considering new variables and dimensionless parameters, the equations system (1) will
take the form

€W þ k1 _W þW ¼ Pz;

X2€aþX � k2 _aþ a ¼ Pz;

h _Pz þPz ¼ �c1W þ b1 _W þ b2 _a:

ð2Þ

The system (2) solution shall be found as (p, ci – some constants):

W ¼ c1eps; a ¼ c2eps; Pz ¼ c3eps;
_W ¼ c1peps; _a ¼ c2peps; _Pz ¼ c3peps;
€W ¼ c1p2eps; €a ¼ c2p2eps:

ð3Þ

Substituting solution (3) in (2) after the transformations, we obtain:

c1p2 þ k1c1pþ c1 ¼ c3
c2 X2p2 þXk2pþ 1
� � ¼ c3

c3 hpþ 1ð Þ ¼ c1 b1p� c1ð Þþ c2b2p:

8
<

:

Then, we write nonzero solution condition

p2 þ k1pþ 1 0 �1
0 X2p2 þXk2p �1

c1 � b1p �p2p hpþ 1

������

������
¼ 0 ð4Þ

Expanding determinant (4), we obtain the characteristic equation of system (2), from
which, following the Routh-Hurwitz criterion, we obtain the values of the coefficients:

a0 ¼ hX2;
a1 ¼ hXk2 þX2 1þ hk1ð Þ;
a2 ¼ hþXk2 þ 1þ hk1ð ÞþX2 hþ k1ð Þ � b2 � b1X

2;
a3 ¼ 1þ hk1 þXk2 hþ k1ð ÞþX2 1þ c1ð Þ � b2k1 � b1k2X;
a4 ¼ k1 þ hþXk2 1þ c1ð Þ � b1 � b2;
a5 ¼ 1þ c1:

ð5Þ

Features of Flexural-Torsional Oscillations of Cantilever Boring Bars 103



The Routh-Hurwitz stability conditions have the form:

a0 � 0;
a1 � 0;
a1a2 � a0a3 � 0;
a1 ¼ a1 a2a3 � a1a4ð Þ � a0 a23 � a1a5

� � � 0;

a2 ¼ a4a1 � a5

a1a3a5
a0a2a4
0a0a2

�������

�������
� 0;

a5 � a2 � 0:

ð6Þ

Given the values of the coefficients, we finally obtain:

a1a2 � a0a3 � 0;
a1 a2a3 � a1a4ð Þ � a0 a23 � a1a5

� � � 0;
a4a1 � a5 a1 a22 � a0a4

� �� a0 a3a2 � a0a5ð Þ� � � 0:
ð7Þ

4 Results

A PC program has been developed to calculate vibration resistance by the Routh-
Hurwitz criterion. An example of calculation results using the Routh-Hurwitz criterion
is presented in Table 1.

In the program, the search for stable values of the dimensionless seven parameters
is based on: 1) the initial values of the parameters; 2) Routh-Hurwitz stability condi-
tions in the form of a system of three algebraic inequalities (7). If, after substituting the
initial values of the parameters, all the left-hand sides of the three inequalities are
positive, then the boring bar is stable. If at least one of the left-hand sides of the three
inequalities is negative, we conclude that there is instability at the initial values of the
parameters. Then, a search is carried out for such a value of one of the parameters (for
example) with fixed values of other parameters, which corresponds to the stability
conditions. Increasing or decreasing the parameter's value is performed with a certain
step to determine the sign of the results of calculations of the left sides of the three
inequalities.

Table 1 presents the initial design parameters of the boring bars. Lines 1–7 contain
the values of the parameters that ensure the position of the setpoint on the stability
boundary, and the calculations are presented sequentially, starting with the parameter h
(the first line), then the parameter X (the second line), up to the parameter c (the
seventh line).
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Thus, the first line contains the boundary value h, ensuring that the setpoint belongs
to the stability boundary with constant other parameters. Similarly, in the second line,
the boundary value is found X; the last column provides the values of all parameters
that ensure the stability region by the Routh-Hurwitz criterion.

The criterion does not allow us to delineate the mutual influence of oscillation
modes, although it gives an unambiguous answer concerning the stability of the
solutions. After studying the joint flexural-torsional oscillations, it can be concluded
that with an increase in the stability and diameter of the boring bars, the connection
between these oscillation modes is weak, and the amplitudes of flexural oscillations are
much greater than the torsional ones. The Az/Ator ratio grows with the increase in the
boring bar diameter. The results of experiments and calculations indicate that the
development of intense oscillation levels in the course of boring does not depend on the
coincidence of the natural frequencies of the flexural and torsion forms and their
multiplicity. Torsional oscillations on flexural ones occur at small diameters of boring
cantilever bars, less than 12 mm. This influence is determined by the fact that with a
decrease in the diameter of the boring bar, the coefficients of flexural oscillations
coupling with PR (c) significantly decrease, while the coefficients of torsional oscil-
lations coupling (b2) with PR increase.

Using the coupling of oscillation modes, the effect of forced oscillations in the axial
direction on oscillations normal to the work surface was studied in this work. Methods
of vibration cutting have been studied in a number of works based on the possibility of
oscillations damping of one form by superimposing oscillating vibrations with specific
parameters of another form [6].

To carry out experiments to determine the parameters of forced oscillations and the
interaction of oscillation modes, a vibration stand [1] was developed. In the experi-
ments, vibration processing modes were revealed that provide a significant decrease in
the amplitudes of flexural oscillations under the action of periodic axial disturbances
(Fig. 3), and the oscillation amplitudes decrease by 2–3 times (Fig. 4).

Table 1. Calculations of vibration resistance for boring bar d = 12 mm, l/d = 3 (t = 0.1 mm,
n = 2.500 min−1, s = 0.03 mm/rev, steel 45).

` h X k1 k2 b1 b2 c Areas of stable solutions for:

Source data 0.5 0.125 0.1 0.08 0.05 0.56 0.035 Not stable

Setpoints numbers 1 1.362 0.125 0.1 0.08 0.05 0.56 0.035 h ≻ 1,362
2 1.362 0.126 0.1 0.08 0.05 0.56 0.035 X ≺ 0,124

3 1.362 0.126 0.11 0.08 0.05 0.56 0.035 k1 ≻ 0,11
4 1.362 0.126 0.11 0.085 0.05 0.56 0.035 k2 ≻ 0,8

5 1.362 0.126 0.11 0.085 0.051 0.56 0.035 b1 ≻ 0,051
6 1.362 0.126 0.11 0.085 0.051 0.55 0.035 b2 ≺ 0,56
7 1.362 0.126 0.11 0.085 0.051 0.55 0.034 c ≺ 0,034
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5 Conclusions

In the experiments, the relationships between the components of the vibration ampli-
tudes were established: Az = (1.1–1.6)Ay, Ators = (0.2–0.5) Ay, and Az/Ay changes
little, and Ators/Ay decreases noticeably with an increase the diameter of the boring bar.
The calculation results show that with a decrease in the diameter of the boring bar, the
coefficients of connectivity of bending displacements with the cutting process (c)
become significantly less than their boundary values, and the coefficients of connec-
tivity of angular displacements (b2) increase, reaching their boundary values.

A dynamic model has been developed that describes coupled flexural-torsional
oscillations to calculate oscillations amplitudes. A PC program was developed to solve
the equations system, and the vibration resistance of a closed dynamic system was
calculated under the Routh-Hurwitz criterion. The results of experiments and calcu-
lations indicate that the development of intense oscillation levels does not depend on
the coincidence of the natural frequencies of flexural and torsional forms and their
multiplicity. The influence of torsional oscillations on flexural ones is manifested for
boring bars with a diameter of less than 12 mm. Using the ultimate compliance cri-
terion, vibration resistance during cutting for boring bars with d > 12 mm without
considering the coupling of flexural and torsional oscillations can be predicted.

An effective reduction in the oscillation level (by 2–3 times) when boring deep
holes with l/d > 3 was achieved by imposing additional oscillating vibrations with
specific parameters on flexural ones.

Further, studies of errors in fine boring will be carried out based on the obtained
experimental and theoretical results.
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objectives of the perspective development plan within the scientific direction “Technical Sci-
ences” at Sumy State University.

а) steel 45   b) cast iron СЧ18. 

Fig. 4. Flexural oscillations oscillograms for axial vibrations application: fax = 22 Hz,
fvibm = 20 Hz, d = 12 mm, l/d = 8, t = 0.1 mm, s = 0.03 mm/rev, axial amplitude
Aax = 0.2 mm.
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Abstract. A theoretical model of the operation of the electromechanical
mechanism for clamping cylindrical workpieces and tools on the spindle of
metalworking machines during backlash elimination is considered. The con-
sidered design of the clamping mechanism is driven by an electric motor and has
many advantages. Based on the model, analytical dependencies are proposed
that describe the relationship between the movements of the elements of the
mechanism during the first stage of the clamping process. The proposed ana-
lytical dependencies allow taking into account stages of the mechanism's
functioning when the forces of dissipative characters prevail in its work. The
presented dependencies describe the position of the elements of the machine
depending on the generalized coordinate, which is the angle of rotation of the
electric motor rotor. It allows determining the position of the elements of the
mechanism depending on time. The obtained dependencies are a precondition
for developing methods for optimizing the design of mechanisms of this type.

Keywords: Clamping mechanism � Kinematic parameters � Model

1 Introduction

As is known, the machining of workpieces requires relative motion between the
workpiece and the tool and their force interaction. To transfer the shape-forming
movements to workpieces or tools, it is necessary to fix them in a spindle assembly of
the machine. Clamping mechanisms (CM) are used for this purpose. The characteristics
of CM determine the possibility of using the maximum cutting speed and feed rate and
consequently determine productivity and quality of the machining [1]. The magnitude
of clamping forces determines the maximum value of the cutting forces that occur
during machining. CM of the machines are located on the spindle and are part of the
spindle assembly. Hence, requirements for CM are concerning possibilities of creating
the required amount of clamping force for a minimum time, ensuring its stability in
different modes of operation of the spindle assembly. Therefore, the design features of
the CM have a significant impact on the characteristics of the whole spindle assembly
as well. That determines the value of resonance (critical) frequency rotation, the pos-
sibility of accurate balancing [2] and keeping a balanced state during a given period of
operation, etc.
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2 Literature Review

There are several types of CM with mechanical and hydraulic converters of supplied
energy. All the types have many disadvantages, including those caused by the presence
of movable elements or working medium that can move in the radial direction under
the action of centrifugal forces. It leads to a deterioration in the performance of the CM
and the spindle assembly as a whole. Modern CM are subject to a number of
requirements related to the possibility of their operation in the automatic machining
cycle on CNC machines, the efficiency of control and regulation of the clamping force
in real-time, reliability, energy efficiency, etc. To eliminate the above shortcomings, the
design of the electromechanical clamping mechanism with collet chuck has been
created (UA Patent No. 95323). The design does not contain elements that are movable
in the radial direction. The use of an electric drive expands the possibilities for creating
an effective control system of the new CM. Moreover, since it does not require creating
special mechanical (hydraulic) subsystems in the machine for powering the new CM, it
provides additional opportunities to design machines. It makes it especially easier to
implement the new electromechanical CM into structures of new and existing
machines.

The characteristics of CM determine the work characteristics of spindle assemblies
and consequently productivity and quality of the machining. There are several studies
related to the modeling of the processes of spindle assemblies as a whole without
separation the dependencies that describe the operation characteristic of the clamping
mechanism. There are studies concerning the operation of the clamping chuck [3]. The
paper [4] targets a new design of a spindle system with an additional electromagnetic
bearing. The paper [5] proposes modeling of spindle-holder assembly and investigates
the contact characteristic under clamping and centrifugal forces. Thermal influence on
spindle efficiency is considered in [6]. Influences of the axial depth of cut, the
machining toolpath, and the initial clamping force on part distortion are shown in [7].
In [8], the method which allows knowing the clamping force from the torque applied
by a dynamometric wrench is developed. In the research work [9], the method of
cooling can be improved significantly by employing a model-based control strategy on
a recirculation cooler unit. The paper [10] points out potential directions to consider
when optimizing optimal sustainability performance. In [11], the research of charac-
teristics of the electric motor operates as a part of the clamping mechanism with the
corresponding type of load and the locking (stop-braking) mode of operation has been
conducted. In the paper [12], a thermal compensation model is developed in a linear
regression framework. A mathematical model of the genetic algorithm optimization
design of the spindle is established in [13] according to the actual use of the spindle.
The influence of the tool's characteristics [14] and the workpiece [15] on the quality of
processing is also considered. In the study [16], variations of the mode shapes of the
tool-spindle assembly at high spindle speeds are examined using numerical models,
and hypotheses are formulated. Identification of interdependences of movement of the
elements of the proposed CM is a prerequisite for optimizing its characteristics and
consequently for improving the machining.
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3 Research Methodology

The operation of the CM is based on the work of an electric motor (see Fig. 1) whose
stator is attached to the body of the machine, and the rotor is located on the threaded
surface of the spindle. The rotor and spindle form a screw-type transmission, and
during the rotor rotation, its axial movement is used to tighten the collet chuck for
clamping the workpiece. The rotor (nut) rotation with an angular velocity xд provides
its axial motion with speed Vm transmitted to the tie-rod of the collet.

The clamping process can be conditionally divided into two stages according to the
type of forces (dissipative or potential) acting in this CM at a certain stage of the
clamping process:

– backlash elimination in the CM – only active dissipative forces act;
– creation of mechanical stress (tension) – the action of potential forces prevails due

to significant deformation of an elastic system of the mechanism with insignificant
forces of dissipative character.

The relationships among the kinematic parameters of the proposed CM design can be
identified based on the equality between the ratio of the angle uд of the engine rotor
rotation and the axial movement xm of the tie-rod connected to the collet.

xm ¼ /@ � h
2P

ð1Þ

where h – the pitch of the thread. After differentiation of Eq. (1) regarding time t, we
obtain @xm

@t ¼ @/@

@t � h
2P and

Vm ¼ x@ � h
2P

¼ 0; 5x@
h
P

¼ x@ � 0; 5d1 � tgw ð2Þ

Fig. 1. Constructive scheme of CM (a) and scheme for the calculation of parameters (b).
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where d1 – the diameter of the thread, W – the angle of rising of the thread. After
representing 0; 5d1 � tgw ¼ iz and putting into (2), we get Vm ¼ x@ � iz or

Vm ¼ /
�

@
�iz: ð3Þ

The movement of the collet in the axial direction with speed Vm provides radial
movement of its clamping segments with speed Vзe. The correlation between Vm and
V3e can be found based on the equality between the ratios of the axial displacement xm
of the tie-rod with collet and the radial displacement yзe of the clamping segments
xm ¼ y3e � ctga. From this dependence, it follows that

y3e ¼ xm
ctga

; ð4Þ

@xm
@t ¼ @y3e

@t � ctga, Vm ¼ V3e � ctga, a- half the angle of a collet cone, ctga ¼ iu then

V3e ¼ Vm

iu
: ð5Þ

After we put (3) in (5).

V3e ¼ /@

�
�iz

iu
¼ /@

� iz
iu

ð6Þ

The frictional torque MT
z in the screw transmission appears from the tangential com-

ponent Ft of the friction forces with the arm 0; 5d1. The force Ft depends on the axial
load SP acting from the clamping chuck Ft ¼ SP � tg/T , where /T

– the angle of

friction in the threaded connection.

MT
z ¼ 0; 5 � d1 � SP � tg/T ð7Þ

The friction force STu in the conical coupling of the collet and the spindle with angle 2a
is determined from the expression

STu ¼
z � SP

cos aþ sin að Þ=fu ð8Þ

where z – the number of collet clamping segments; fu – coefficient of friction in the
conical coupling of the collet and the spindle.

The friction force STm in the coupling of the tie-rod and the spindle is determined
from the expression
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STm ¼ g � m2 � fm ð9Þ

where g – free-fall acceleration; m2 ¼ mm þmn – mass equal to the sum of the masses
of the tie-rod and object of clamping; fm – coefficient of friction in the coupling of the
tie-rod with the spindle.

The considered mechanism has one degree of freedom /@ – the angle of rotation of
the rotor on which the position of the elements of the CM depends. The angle /@ is
taken as a generalized coordinate relative to which the differential equation of motion
of the system – the Lagrange's equations of the 2nd kind is composed

d
dt

@E

@ /@

�

0
@

1
A� @E

@/@

¼ MP ð10Þ

E – is the kinetic energy of the mechanism; MP – generalized force, which in this case
is equal to the main torque of external forces relative to the axis of the rotor rotation; t –
time.

At both stages of working the CM, its kinetic energy E does not depend on the
angle /@ of the rotor rotation, so the partial derivative of the kinetic energy E on the
angle /@ is

@E
@/@

¼ 0: ð11Þ

For the conditionally selected first stage of operation of the CM, when at the stage of
backlash elimination there are only non-conservative (non-potential) forces, the
Lagrange Eq. (10) considering (11) takes the form.

d
dt

@E

@ /@

�

0
@

1
A ¼ MP ð12Þ

The kinetic energy E of the CM is equal to the sum of the kinetic energies of its
elements and is determined by the expression

E ¼ J@
/�2
@

2
þm1

V2
m

2
þm3e

V2
3e

2
ð13Þ

where m1 = mp + mm + mu +mn, Jд – the moment of the rotor inertia relative to the
axis of rotation; /@ – the rotation angle of the rotor; Vm;V3e – linear velocity of the tie-
rod (and other elements with which it has the possibility of direct force interaction), the
movement of the clamping segments in the radial direction; mp, mm, mu, mn –

respectively, the mass of the rotor, tie-rod, collet and clamping object (assumed that the
clamping object at the time of the clamping moves with the collet); m3e – the mass of
the clamping jaws, which move radially during clamping.

After (3) and (6) put in (13) E ¼ J@
/�2
@

2 þm1
/�2
@

2 i2z þm3e
/�2
@

2
iz
iu

� �2
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E ¼ /� 2
@

2
J@ þm1i2z þm3e

iz
iu

� �2
" #

¼ /� 2
@

2
JP: ð14Þ

In Eq. (14), the value in square brackets is the moment of inertia JP of the CM reduced
to the motor rotor.

JP ¼ J@ þm1i
2
z þm3e

iz
iu

� �2
" #

ð15Þ

Therefore (13) takes the form.

E ¼ /� 2
@

2
JP ð16Þ

The partial derivative of the kinetic energy E (16) expression at the generalized velocity

/@

�
has the form @E

@ /@

� ¼ /@

�
JP. Since in the previous expression, when changing the

time t changes only the angle /@ , the time derivative of the partial derivative of the
previous expression will be equal to

d
dt

@E

@ /@

�

0
@

1
A ¼ /@

��
JP: ð17Þ

According to (17), expression (12) can be written in the following form.

/@

��
JP ¼ MP ð18Þ

The generalized force MP (as the reduced moment) can be determined, taking into
account the friction in the CM on the condition of equality of elementary works of
forces acting in the mechanism as virtual works of active forces on small displacements

MPd/@ ¼ M@d/@ �MT
z d/@ � dxm STm þ STu þ Snu

� �� TP 1
3
dy3e ð19Þ

where MT
z and STm; STu , S

T
nu – the torque of friction forces in the screw transmission and

the friction forces in the couplings respectively: the tie-rod with the spindle; the cone of
the collet with the cone of the spindle; a clamping object with the feed collet; TP–

clamping force; d/@ and, dxm, dy3e – the elementary angle of rotation in the direction of
action MT

z and movement in the direction of action, respectively STm,T
P.

In dependencies (19), to simplify the calculations, the following assumptions are
made. Due to the insignificant value of the angle a, the value of the relative dis-
placement of the cone surfaces of the collet and the spindle is equal to the magnitude of
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the stroke of the tie-rod dxm. The part of the radial displacement of the clamping
segment, which determines the effective work on the clamping of the workpiece (de-
formations in contacts of adjoining the surfaces of a clamping segment and an object of
clamping) with force TR is less than the total value of the radial displacement y3e of the
clamping segment during the clamping process. It depends on conditions of adjoining
the surfaces of a clamping segment and an object of clamping. Therefore, in (19), the
value of the radial displacement of the clamping segment during the action of force TR
and increasing mechanical tension in the coupling of a clamping segment and an object
of clamping is conditionally assumed to be equal 0:3y3e. Some possible exaggeration of
the value of work from the action of the force TR, which resulting from this assumption,
is partially offset in the overall balance of elementary works (8) by the presence of
other elementary works (energy losses) that inevitably exist during the operation of the
real CM.

4 Results

The relationship between the elementary angle d/@ of rotation of the rotor and the
displacements dxm ¼ d/@

h
2P is represented by analogy with (1) (4) dy3e ¼ d/@

h
2P � tga.

The forces included in (19) are presented in (7) (8) (9). The force of pushing the
workpiece through the feed collet is determined from the expression
Snu ¼ Pnuð1þKDdÞ, where Pnu – the pushing force of the workpiece with a diameter
equal to the diameter of the hole in the feed collet; K ¼ A=Pnu – coefficient of pro-
portionality; A – change of force of pushing of a workpiece at the change of its
diameter on each 0.2 -mm. After putting (7), (8), and (9) into (19), we get

MP ¼ M@ � 0; 5d1SPtg/T � h
2P

gm2fm þ
zSP

cos aþ sin a=fu
þPnuð1þKDdÞ

 !

� TP 1
3

h
2P

tga

� �
ð20Þ

where SP ¼ 2M
@

d1tgw
, h
P ¼ d1tgw.

Dependence (10) describes the system of non-conservative forces of the CM
because of the absence of elastic forces at the stage of backlash elimination, and it
makes it possible to make assumptions that before the appearance of tension, the
dependence TR ¼ T0

R ¼ k � y3e is linear. There is a slight increase of T0
R with magni-

fication y3e (small angle of the graph of the function), where k – a constant value that
reflects the intensity of increasing the clamping force from the radial movement of a
clamping segment and can be selected following the operating conditions of the CM.

MP ¼ M@ 1� tg/T

tgw
� z
cos aþ sin a=f u

� �
� h
2P

gm2fm þPnuð1þKDdÞð Þ � T0
R

h
6P

tga

ð21Þ
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Considering (4) T0
R ¼ /@

k�h
2P tga and h

P ¼ d1tgw are put into (21) and two first sum-
mands that do not contain variables are denoted by symbols b1.

h1 ¼ M@ 1� tg/T

tgw
� z
cos aþ sin a=fu

� �
� h
2P

gm2fm þPnuð1þKDdÞð Þ ð22Þ

b1 ¼ � k � h2
12p2

tg2a ¼ � k
12

d21 tg
2w � tg2a ð23Þ

MP ¼ h1 þ b1/@ ð24Þ

Substituting (24) for (18), we obtain a differential equation of the following form.

/@

��
JP ¼ h1 þ b1/@ ð25Þ

Reassignment in (25) h ¼ h1
JP

and b ¼ b1
JP
.

/@

��
¼ hþ b/@ ð26Þ

When d/@

dt ¼ x then d2/@

dt2 ¼ dx
dt ¼ dx

d/@
� d/@

dt ¼ dx
d/@

x and consequently dx
d/@

x ¼ hþ b/@ ;R
xdx ¼ R hþ b/@ð Þd/@ ;

x2

2 ¼ h/@ þ b /2
@

2 þC1. The constant of integration C1 is
defined from initial conditions. At the initial moment of time, the speed of the rotor
relative to the spindle is equal to zero (but the rotor relative to the stator can rotate with the

velocity of the spindle) /@ ¼ 0 x ¼ 0, C1 ¼ 0 consequently d/@

dt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b/2

@ þ 2h/@

q
orR d/@ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

b/2
@ þ 2h/@

p ¼ R dtþC=
2 and

R d/@ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b/2

@ þ 2h/@

p ¼ 1ffiffi
b

p ln 2b/@ þ 2hþ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hb/@ þ b2/2

@

q	 

.

The solution of the previous equation can be written as follows

ln 2b/@ þ 2hþ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2hb/@ þ b2/2

@

q	 

¼ ffiffiffi

b
p � tþC2. The constant C2 can be found from

the initial condition when t ¼ 0, /@ ¼ 0. Consequently ln 2h ¼ C2. Substitute in the

previous expression b
h /@ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 b
h /@ þ b2

h2
/2
@

q
¼ e

ffiffi
b

p
�t � 1.

/@ ¼
e
ffiffi
b

p
�t � 1

� �2
2 b
h e

ffiffi
b

p
�t

ð27Þ

The value b is characteristic because its positive values determine the monotonic
increase of the function (27) and in the case of negative values – local declines and
rises (fluctuations) are possible. Equation (27) describes the dependence of the gen-
eralized coordinate /@ on time at the stage of elimination of backlashes (under the
action of non-conservative forces) in the CM, which makes it possible to determine
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motion characteristics of the CM elements through dependences describing their
position depending on /@ .

5 Conclusions

The presented researches are a part of researches on a new patented design of the
clamping mechanism. The received mathematical dependencies reflect the influence on
the operation of the mechanism of forces of friction, mass, and geometrical charac-
teristics of its elements at the stage of backlash elimination. Obtained formula (27)
describes the dependence of the generalized coordinate /@on-time t and shows, for
example, that the decrease in mass m2, friction force fm, and angle a causes an increase
in value h1 and, as a result, increase values h and /@ . It means increasing the movement
speed of the elements and reducing the time on the backlash elimination process. The
mathematical model can be used to calculate parameters of the mechanism's elements
to provide performance characteristics and is a prerequisite for the possibility of design
optimizing.
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Modeling Parametric Failures
of Woodworking Machines According
to the Technological Precision Criterion
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Abstract. A radial model of parametric failure of a woodworking machine
according to the precision criterion based on the truncated normal distribution of
a machine’s disadjustment speed caused by the wear processes in the mating of
parts and components of the structure has been developed. It has been found that
the density of parametric failures of woodworking machines according to the
precision criterion corresponds to alpha distribution. Based on the operational
observations, the alpha distribution parameters of operating time to parametric
failure for band saw, circular saw, and milling machines have been established.
It has been determined that the durations of inter-adjustment periods for band
saw, circular saw, and milling machines coincide with the operational data of the
duration of these inter-adjustment periods for these machines with an accuracy
of seven percent, which proves the adequacy of the mathematical model. The
proposed model of parametric failures of woodworking machines based on the
processing precision criterion allows determining the durations of inter-
adjustment periods of machine operation, during which the precision of pro-
cessing is ensured in compliance with the current standards.

Keywords: Alpha distribution � Operating time � Machine � Parametric
failure � Precision of processing � Inter-adjustment period

1 Introduction

The quality of finished products and the efficiency of using wood depend on the
precision of sawing timber in modern woodworking production. In the dynamic system
“machine – tool – workpiece” (MTW), the most complex and constant source of
processing errors is a machine, the service life of which equals decades.

During the operation of woodworking machines, different types of energy apply:
mechanical, thermal, physical, which lead to changing the parameters of individual
elements, units, and a machine as a whole. Such processes are reversible or irreversible.
Reversible processes, such as elastic and thermal deformations of parts and units,
temporarily change the parameters of machine parts and units within certain limits.
Irreversible degradation processes, such as aging, corrosion, wear, lead to the signifi-
cant deterioration of a machine's technical condition over time and significantly affect
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the precision of wood cutting. Therefore, the maintenance of a woodworking machine
should ensure the reliability and prevention of deviations of its parameters, which lead
to the loss of technological precision.

This paper aims to model the parametric failures of woodworking machines based
on the criterion of technological precision using a - distribution of operating time,
enabling us to determine the duration of inter-adjustment periods of machine operation.

2 Literature Review

The processes of changing parameters in woodworking machines differ in speed [1].
Periodic short-lived processes continue within the machine’s operation and wood
cutting tool units [2, 3]. These include vibrations of a woodworking machine and tool
units; changes of friction forces in kinematic pairs; fluctuations in the workload due to
the heterogeneity of the processed wood; parametric oscillations of the wood cutting
tool [3], and other processes that affect the mutual placement of the tool and the
workpiece at any time, reducing the precision of wood sawing [4].

Slow (degradation) processes occur within the entire period of a machine’s oper-
ation and are manifested between its regular repairs [5, 6]. Such processes include
stress redistribution in parts, material fatigue, corrosion, wear of machine parts, and
units in friction pairs [7]. As a result of wear and tear, parametric failures of a
woodworking machine periodically occur according to the precision criterion. Partial
restoration of the technological precision of a machine is carried out by its regular
adjustment and repair [8, 9]. In the works [1], parametric failures are described using a
linear model with a scattering of the initial parameter by the normal distribution law.
Random processes with a normal distribution law are considered in the works [10, 11].
Published experimental failure distributions of parts and components of structures
working to the point of exhaustion are usually asymmetric and modal [2, 8]. The work
[12] notes that it is reasonable to use the asymmetric Weibull distribution law to study
the reliability indicators and describe the failure models. In work [13], to study the
reliability of mechanical equipment, the features of the processing process are used
instead of the traditional description of degradation processes. However, these studies
do not consider the possibility of estimating the duration of operation between
equipment failures, which would allow determining the inter-adjustment periods for
equipment. In [14], it is indicated that parametric failures resulting from wear do not
correspond to the normal law of failure distribution. Therefore, to describe the oper-
ating time until the parametric failure of the woodworking machine, it is reasonable to
use an asymmetric a - distribution [14], which allows estimating the duration of
operation between failures according to the processing precision criterion.

3 Research Methodology

During machine adjustment, the size adjustment at the time t1 is set to a particular
nominal value X0. In the course of further operation of the machine, the value X0 is
randomly changed. Therefore, size X is a polar random function of operating time XðtÞ.
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All implementations of random function XðtÞ pass through one non-random stationary
point – pole ðX0; t1Þ.

For finding the failure distribution of a woodworking machine by the precision
criterion according to the characteristics of the disadjustment process, it is convenient
to approximate the random value of X size of the manufactured part by a random radial
function [14] as follows:

X tð Þ ¼ X0 þB � t; ð1Þ

where B is the speed of the machine disadjustment process, which is a random variable,
and the operating time t is calculated from the moment of arising need for adjustment.
To find the numerical characteristics – mathematical expectation mb and mean-square
deviation rb, which roughly describe the machine disadjustment process, one should
know the X0 variable and operating time t0 before pre-adjustment. The speed variable B
of changing size X is limited by the lower b1 and upper b2 margins. Therefore,
according to [14], it is reasonable to consider the truncated normal distribution of the
size X change speed, provided that the speed of machine disadjustment is limited, i.e.:
b1 � b� b2:

f bð Þ ¼ cf bð Þ ¼ c

rb
ffiffiffiffiffiffi
2p

p exp �ðb� mbÞ2
2r2b

" #
; ð2Þ

where ; ; ;  – Laplace's function. As a

result of disadjustment, the X parameter can reach a critical value Xmax, at which a
parametric failure of the woodworking machine occurs according to the precision
criterion. Therefore, we further consider B as the absolute value of a woodworking
machine's disadjustment speed.

The time T ¼ Xmax�X0j j
B to parametric failure according to the precision criterion is a

function of a random variable B distributed according to the truncated normal law (2).
According to the rule of finding the distribution law of random arguments’ functions

[14] provided that X�X0j j
b2

� t� X�X0j j
b1

distribution density for T variable has the form of
three-parametric a - distribution [14]:

f tð Þ ¼ b � c
t2
ffiffiffiffiffiffi
2p

p exp � 1
2

b
t
� a

� �2
" #

; ð3Þ

where b, a, c – distribution parameters, b ¼ X�X0j j
rb

, a ¼ mbj j
rb
. Parameter b has the

dimensionality of failure time (time) and is the relative margin of a machine’s durability
according to the precision criterion. The parameters a and c are dimensionless values.
We consider the value of a parameter to be the average speed of the machine disad-
justment, i.e., the relative average speed of a change of the random variable X. As a
rule, when the parameter a ¼ 2 and may take larger values, the parameter c ¼ 1 [14].
Typical density curves of a - distribution for different parameters of the relative
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durability of a woodworking machine and the relative average speed of its disadjust-
ment are shown in Fig. 1.

The operating time of a woodworking machine before the beginning of mass
failures according to parametric precision is equal to the time when the acceleration of a
distribution density change is maximum. The value of this operating time is calculated
according to the recommendations [14] as the time when the third derivative of the
distribution density function is zero. Then the value of the operating time before the
start of mass failures is obtained as the smallest positive root of the equation

bffiffiffiffiffiffi
2p

p d3

dt3
1
t2
exp � 1

2
b
t
� a

� �2
 ! !

¼ 0: ð4Þ

Having found the third-density derivative of a -distribution of a random variable X,
Eq. (4) is reduced to an algebraic sextic equation:

� 1
t11

10�10b exp
0:5ðat � bÞ2

t2

 ! !
� ð9:6 � 1010t6 þ 1:4 � 1011abt5

þ t4 4:8 � 1010b2 � 1:9 � 1011b2� �þ 4 � 109a3b3 � 1011ab3
� �

t3

þ 6 � 1010b4 � 1:2 � 1010a2b4� �
t2 þ 1:2 � 1010ab5t � 4 � 109b6Þ ¼ 0:

ð5Þ

The smallest positive root of the solution (5) is the operating time's value, which equals
the duration of the inter-adjustment period for the machine. For example, with the
distribution parameters a ¼ 2, b ¼ 850 h, we have six roots: 179.5; 266.2; 482.1;
−384.5; −760.7; −2332.5, first of which determines the inter-adjustment period for a
wood-working machine according to the precision criterion.

Fig. 1. Charts of a - distribution density functions at different values of parameters: a – for the
conditional durability of a machine b ¼ 800 hours; b – for distribution parameter a ¼ 2.
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4 Results

The parameters of a -distribution for woodworking machines are calculated according
to characteristics of the wear and degradation process:

b � b ¼ X � X0j j
rb

; a � a ¼ mbj j
rb

¼ 1
mb

ð6Þ

where vb – the variation coefficient of the random disadjustment speed process ranges
within 0.25–0.50 for the degradation process of mechanical wear [1]. Variation coef-
ficients obtained from the research results on the technological precision of machines
also fall within these limits. Assuming that the disadjustment speed of a woodworking
machine is associated with the processes of wear in the mating of components and parts
of the construction, according to formulas (6), the a - distribution parameter of the
random process of the precision loss will adopt values within a ¼ 2� 4. With mean-
square deviations of the random machine disadjustment speed process due to wear
rb ¼ 0:0008� 0:002mm/h, the value of b -distribution parameter for woodworking
machines will vary from 450 h for band saw machines to 9000 h for milling machines.
Taking rb ¼ 0:002� 0:004mm/h for the band saw machine of the SKTP505–2 brand,
we have the value b ¼ 920� 450 h; for Barakuda-2 circular saw machine rb ¼
0:0008� 0:003mm/h - b ¼ 2200� 600 h; for the jointer-planer AD741 –

rb ¼ 0:0002� 0:0004mm/h- b ¼ 8200� 4100 h; for four-side milling Unimat-17A -
rb ¼ 0:0005� 0:0008 mm/h - b ¼ 4000� 2000 h. After considering the dependence
(4) and the parametric failure formation, the model of parametric failure of a wood-
working machine may be presented in the form of a chart (Fig. 2). In Fig. 2, the
following notations are adopted: T ð1Þ, Tð2Þ – durations of the first and second inter-
adjustment periods, B1, B2 – value of disadjustment speed during the respective period,

Fig. 2. The scheme of parametric failure formation according to the processing precision
criterion in the inter-inspection period of a machine.
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f 1ðtÞ, f 2ðtÞ – a - distribution density functions in the respective inter-adjustment period,
tP1; tP2 – the smallest positive roots of Eq. (5). X0 is the determining parameter as the
initial error value of processing the nominal size of the part, which is the mode of the
Hnidenko-Weibull distribution.

Mathematical modelling of the duration of inter-adjustment periods for wood-
working machines has been performed using the scheme shown in Fig. 2. Solving
Eq. (5) for specific values of a - distribution parameters, the durations of inter-
adjustment periods for SKTP505-2 band saw machine, Barakuda-2 circular saw
machine, and milling machines: jointer-planer AD741(Felder) and four-side longitu-
dinal milling machine Unimat-17A, have been obtained. It has been established that the
duration of inter-adjustment periods for woodworking machines increases with the
increase of conditional durability of a machine b. However, logically, with the increase
of relative disadjustment speed, which we consider to be the a -distribution parameter,
the duration of inter-adjustment periods decreases. There is a linear relationship
between a -distribution parameters and the duration of the inter-adjustment period. For
example, for the SKTP505-2 band saw machine, with a reduction of the relative
durability of the machine, i.e., b parameter ranging from 850 h up to 450 h (by 47%),
the duration of the inter-adjustment period also decreases by 47%. With a decrease in
the relative disadjustment speed (a -distribution parameter) by 11.7%, the duration of
the inter-adjustment period increases by 17.5%. This increase in the duration of the
inter-adjustment period does not depend on b parameter value. Similar linear depen-
dences of the duration of the inter-adjustment period on the distribution parameters
apply to Barakuda-2 circular saw machines and Unimat-17A four-side milling
machines. The b distribution parameters for the new jointer-planer AD741 and the used
four-side milling machine Unimat-17A are significantly different. For the used
machine, the relative durability is 40% lower compared to a new machine.

Estimated durations T ð1Þ, T ð2Þ and T ð3Þ of the first three inter-adjustment periods for
the following machines: SKTP505-2 band saw machine, Barakuda-2 circular saw
machine and milling machines: new jointer-planer AD741 and used four-side milling
machine Unimat-17A, are shown in the chart in Fig. 3. Operational values of machi-
nes’ operating time in the first inter-adjustment period of operation are adopted con-
sidering the duration of an interrepair cycle. The standard interrepair cycle for machines
of the II category (weighing 1–5 tons) is equal to 11200 h of operation [8]. The
structure of the interrepair cycle for category II machines consists of 15 periods (in-
spections, regular, medium, and capital repairs) lasting 746 h. Taking into account the
durability coefficient of a machine, the values of the periods may vary.

For the SKTP505-2 band saw machine, the estimated duration of the first disad-
justment period differs from operational duration by 5% with distribution parameters
a ¼ 2 and b = 850 h; duration of the second period of disadjustment – by 2.7% with
parameters of distribution a ¼ 3:2 and b ¼ 850 h or by 7.4% with distribution
parameters a ¼ 2 and b ¼ 650 h, the duration of the third period of disadjustment – by
3.6% with distribution parameters a ¼ 3:2 and b ¼ 850 h.
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Thus, in each period of disadjustment, a - distribution parameters take on different
values. Each subsequent disadjustment of the machine occurs either at a higher relative
speed of disadjustment, or with a lower value of the conditional durability of the
machine. The differences between the operational and calculated values of the duration
of inter-adjustment periods are the following: for “Barakuda -2” circular saw machine
in the first period – 2.1%, in the second period – 7%, in the third period – 6.8%; for the
new jointer-planer AD741 in the first period – 0.5%, in the second period – 0.6%, in the
third period – 5.6%; and for the used Unimat – 17A in the first period – 0.3%, in the
second period – 5.5%, in the third period – 1.4%. Therefore, the proposed model of
parametric failures of woodworking machines allows determining the durations of
inter-adjustment periods with accuracy sufficient for engineering calculations.

5 Conclusions

According to the precision criterion based on the truncated normal distribution of a
machine’s disadjustment speed, a radial model of parametric failure of a woodworking
machine has been developed. It has been established that the density of parametric
failures of woodworking machines according to the precision criterion corresponds to a
- distribution. Based on a - distribution of parametric failures, the durations of inter-
adjustment periods have been determined for a range of woodworking machines:
SKTP505–2 band saw machine, Barakuda-2 circular saw, and AD741 and Unimat-17A
milling machines, which coincide with the operational data with an accuracy of 7%.

The proposed model of parametric failures of woodworking machines based on the
processing precision criterion, with accuracy sufficient for engineering calculations,
allows determining the durations of inter-adjustment periods of machine operation. The
precision of processing is ensured in compliance with the current standards.

In further studies, the developed methodology can be used to determine the
duration of inter-adjustment periods of other woodworking machines and any

Fig. 3. Diagram for experimental and theoretical results of the duration of inter-adjustment
periods of machines’ operation.
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mechanical equipment that has been under operation for a long time and requires
developing the optimal structure of repair cycles.
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Abstract. The lifecycle management issues of modular equipment, which
mainly uses unified units and assemblies, are considered. The study touches
upon modern trends in industrial production, which are associated with a
reduction in the lifecycle of manufactured products due to the acceleration of its
obsolescence and physical depreciation from the point of view of the modern
competitive strategy of industrial enterprises. In the research process, the
existing practice of design, production, and operation of modular machine tools
was used to study the technical re-equipment of industrial enterprises in
Ukraine. Based on modern information technology methods and CALS con-
cepts, an enlarged model of the lifecycle of complex, knowledge-intensive
technical systems has been developed to manage the lifecycle for such systems
to establish the maximum period of use of unified units (modules). A new
modular machine tools design model, which allows extending the lifecycle of
machines, reducing the cost and timing of equipment design and manufacture, is
proposed based on CALS technologies, the modular principle, and equipment
certification. The model is based on using the modular principle and certification
of equipment elements on the step-by-step information support of the techno-
logical system at all stages of the lifecycle. Particular attention is paid to
reengineering and related processes during restoration work and machine tools
modernization.

Keywords: Lifecycle � CALS technologies � Modular equipment � Power
units � Unified elements � Multi-tool machining � Flexible production systems

1 Introduction

According to [1], world production of metal-cutting machine tools amounted to 34.5
million pieces in 2019, which exceeded the value of 2015 by 10.3% (Fig. 1). This
indicator grew annually relative to previous years, and the largest increase occurred in
2017 and amounted to 3.0%. In this volume, the portion of special machine tools built
according to the modular principle is 4–6% for industrially developed countries. This
indicator grew annually relative to previous years, and the largest increase occurred in
2017 and amounted to 3.0%.

For the shutdown of many industries in 2020 due to the coronavirus pandemic and
a general failure in the global economy and trade, it is expected that the worldwide

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
V. Tonkonogyi et al. (Eds.): InterPartner 2021, LNME, pp. 127–137, 2022.
https://doi.org/10.1007/978-3-030-91327-4_13

http://orcid.org/0000-0001-8344-996X
http://orcid.org/0000-0002-9589-0194
http://orcid.org/0000-0002-0848-6805
http://orcid.org/0000-0002-8549-4788
http://orcid.org/0000-0001-9494-7892
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91327-4_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91327-4_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91327-4_13&amp;domain=pdf
https://doi.org/10.1007/978-3-030-91327-4_13


production of metalworking machine tools decreases 15.9% compared to the previous
year. The production of machine tools will begin to grow following the recovery of
economic activity in subsequent years, and it will reach the pre-crisis level to the
2024 year.

However, the growth in the production of metal-cutting machine tools must be
viewed from the standpoint of the lifecycle of this equipment. Today, machine tools
and systems of mechanical engineering manufacturing have a service life of 7–12 years
depends on the level of automation and the intensity of technological impact [2]. On
the other hand, the main trend of modern machinery production is to reduce the
lifecycle of products and increase the requirements for their ergonomic characteristics
and quality.

High-performance modular equipment can undoubtedly be attributed to the class of
rather expensive, constructively complex knowledge-intensive technical systems.
Therefore, consumers strive to extend the life of equipment as long as possible and
sometimes go to significant additional costs to upgrade it. The new generation of
products that must be manufactured on outdated machine tools may exceed the
capabilities of the obsolete machines. In turn, the shortening of the lifecycle of man-
ufactured products increasingly requires flexibility and diversification from the modular
equipment.

The paper aims to search possibilities to increase the technical and economic
efficiency and increase the lifecycle of special machine tools designed according to the
modular principle by optimizing the structure [3] and layout decisions taken when
creating a new and modernizing existing engineering manufacturing, based on modern
advances in information technology in the field of research and lifecycle management
of such equipment.

Fig. 1. Production of metalworking machine tools in the world by years, mln. pcs [1].
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2 Literature Review

According to [4], shortly, the total costs of the equipment lifecycle will come to the
foreground and will be of more and more significant importance. More and more
modular machine tools are being created in the world machine tool industry, combining
the advantages of fast readjustment of CNC machines and a high concentration of
operations typical for modular machines and automatic lines [4, 5].

The work [6] is devoted to the analysis of the modern methodology for lifecycle
analysis and design of modular machine tools, based on the clustering method and the
similarity matrix. However, the issues related to the possibility of reengineering and
reuse of unified units are practically not touched upon.

The design of modern modular machine tools allows multiple uses of unified units
(modules) in the production process (Fig. 2).

The general approach to the design of modular machine tools of varying levels of
flexibility is considered in [7, 8]. But in these works, research and optimization of
machine tools layouts affected only the design stage and did not consider the rest of the
lifecycle of equipment and its elements. Moreover, the design of modern machining
centers is formed by a set of specific aggregates as well they could be equipped with
additional modular equipment, which is associated with the principle of technological
operations concentration at one workplace [9]. In [10], an original approach to the
synthesis of layouts of reconfigurable lathe machines was considered, but the issues of
multi-tool hole machining were also not considered. A modular approach is used in
different areas, particularly in fixture design [11, 12]. The level of flexibility is the main
criteria, which allows designing based on modular adjustable units instead of single
modular components [13]. The economic efficiency of flexible systems against con-
ventional systems has been proved [14].

The issues of lifecycle stages for mechanical engineering products and the
methodology for calculating the “economically justified product service life” are

Fig. 2. Elements of modular machine tool [7]: 1 – column base; 2 – power headstock; 3 – multi-
spindle head; 4 – wing base; 5 – feed table; 6 – single spindle boring head; 7 – center base; 8 –

rotary dividing table; 9 – support base.
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considered in [15], based on which a design methodology is proposed that takes into
account the operational characteristics of the manufactured product and the calculation
of the optimal program for its release, however, the studies related only to the lifecycle
of the manufactured product, and the production stage with the characteristics of the
equipment was not considered in work.

Reconfigurable Machine Systems have found widespread use in machine tool
building recently [8, 16]. Authors [17] have developed a machine tool concept fea-
turing a modular machine tool frame using microsystem technology for communication
within the frame, which allows for a high level of flexibility. Researchers [18, 19]
performed deep analyzes of existing methods for RMS design with further recom-
mendations to design develop modular machine tools. A method [20] for the design of
modular, reconfigurable machine tools consists of three steps: module identification,
module determination, layout synthesis, and a software package. The authors [21]
proposed an improved method to choose the optimal RMS structure based on the
preference ranking of key characteristics.

Moreover, a method to control RMS, considering the data obtained by the business
processes of production subsystems in different geographic locations when simulating
the process, product management, machines, and devices, was proposed [22]. In
addition, CALS technologies are widely used to support the lifecycle of products [23].
Based on the computer simulation, the method of selecting the RMS structure that
considers changing machine reliability [24–26] to maintain the stability of the pro-
duction process is developed [27]. A flexible manufacturing system simulation model
applying the ontology on flexibility was developed in the research work [28]. Also,
novel techniques in lean manufacturing [29], computer-aided fixture design [30], and
up-to-date engineering trends [31] are proposed.

Despite the existence of various methods of RMS design, considering many
parameters of the processing object and factors affecting the possibility of using such
systems, the issues of the possibility of using unified units of already operating
equipment from the point of view of further use to ensure the flexibility of production
while executing the production program were not considered.

Earlier, a parametric synthesis methodology was proposed for the most rational
option of the modular machine tool technological layout, considering structural and
parametric characteristics of tool blocks, as well as the possibility of their optimization
based on the quantitative relationship between the parameters of the cutting process, the
output cycle of the product and the durability of the cutting tool with different methods
of replacing the tool [32].

3 Research Methodology

To achieve this purpose, the next tasks were solved:

– to analyze the existing methods of assessment, forecasting, and management of the
lifecycle of products in general and metal-cutting machine tools in particular;

– to establish the main features of the lifecycle of special machine tools to other
products of engineering manufacturing;
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– to develop an enlarged methodology for analyzing the lifecycle and creating new
modular machine tools, and reengineering the existing one.

The lifecycle of any mechanical engineering product is largely determined by two
main components: obsolescence and physical depreciation.

The lifecycle of any mechanical engineering product is largely determined by two
main components: obsolescence and physical depreciation.

Economic depreciation of equipment means the loss of the value of an object
during its use. If the cost has decreased due to the aging of the object and the partial
loss of its performance, then they speak of physical depreciation. If the cost has
decreased because the object has lost its competitiveness in the market in comparison
with other similar objects and began to be in less demand, then they talk about
obsolescence.

Both types of wear develop independently of each other. It means that a completely
new product can lose value before its use due to obsolescence. Even when calculating
the full replacement cost by direct comparison with an analog, such adjustments are
made to the price of an analog, which in one way or another take into account
obsolescence.

Recently, more issues of obsolescence of manufactured products have come to the
foreground. Based on these data, after performing marketing research, manufacturers
concluded that it is possible to reduce the duration of the predicted operation and,
accordingly, to make changes in the technical characteristics of products. To a lesser
extent, this applies to metal-cutting machine tools since their rapid depreciation and,
therefore, loss of accuracy leads to additional costs for repairs since the requirements
for processing accuracy are constantly increasing. The growth of requirements for
processing accuracy is explained by the fact that consumers of ultimate products are
constantly growing requirements for noiselessness, smoothness, and other quality
characteristics of the manufactured products.

Despite the apparent advantages of introducing advanced technologies and
inventions, these trends also carry a number of negative factors. So, at a certain stage of
reducing the lifecycle of products: general-purpose machine tools will not be able to
provide the required volumes of output in a short time, specialized and special machine
tools will not have time to pay off, it will be necessary to put into operation new
methods of metal processing in conditions of severe time pressure, possibly to the
detriment of sufficiently deep research and testing new technology.

The most effective technological equipment used in modern production is universal
and multipurpose machine tools operating in automatic mode; the main advantages are
a high level of flexibility and full automation of the working cycle. However, such
equipment also has a significant drawback - these machine tools are quite expensive. It
is necessary to organize parallel production and use many expensive CNC machine
tools for large batches and limited production times. It dramatically increases expenses
and, accordingly, the technological cost of products.

In the process of creating highly efficient machine tools for specific production
conditions, machine tool plants have to solve the difficult problem of resolving the
contradiction between the high performance of special multi-position multi-tool
equipment and its low readjustment and flexibility, on the one hand, and the relatively
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low productivity and quick readjustment of multifunctional machine tools. In designing
modular machine tools, it is necessary to consider the lifecycle of processing objects on
the one hand and the possibility of readjustment or reuse of normalized units and
assemblies conceptually.

Speaking about creating highly efficient production in general, the resolution of the
contradictions between flexibility and equipment performance goes in several ways:

– designing of re-adjustable machine tools and automatic lines, based on the existing
principles of modular machine tool construction;

– designing of modular systems of traditional layout based on a certain model range
of basic components equipped with CNC systems to ensure uniformity of design
solutions and quick readjustment for new processing objects;

– reconfiguration of machine tools based on previously used modules (units).

The level of flexibility for the readjustment of such equipment can be quite high.
Moreover, the options for this readjustment are quite diverse, from the readjustment of
fixtures (replacement of base elements and clamping units) and spindle units (use of
spindle equipment with an adjustable spindle position) to their complete replacement.

4 Results

A statistical analysis of the cost of individual modules in the total cost of a medium-
sized modular machine tool is shown in Fig. 3. In the general case, the portion of
standardized units reaches 80–90% for such equipment. Only the elements directly
connected with the part (mounting and clamping device, multi-spindle nozzles, and
boxes) are original.

Currently, the obsolescence of a manufactured product and its removal from pro-
duction occurs earlier than the physical depreciation of the machine tools on which this
product was produced. Therefore, with tendencies to reduce the lifecycle of the pro-
cessing object, it is advisable to use the reengineering of the existing modular machine
tools and their rearrangement since the operational characteristics of the units

Fig. 3. Portions of the cost of various groups of modules (units and elements) in the total cost of
a medium-sized modular machine tool.
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(modules) used have not fully used their resource. The modular principle implies the
interchangeability and recoverability of the technical system. Therefore, we offer a
model of the lifecycle of modular machine tools with end-to-end support for the
information model of the processing object and all elements of the modular machine
tool throughout the entire lifecycle.

Usually, when designing equipment, the classic linear lifecycle process is mainly
used (Table 1). This process is the most generalized. In reality, a situation may arise
when new generations of products, which must be manufactured on old equipment,
exceed the capabilities of old machines in the face of increasing competition in the
market, and there will be a need to purchase modern, even more, expensive equipment.

At present, most machine tools and technical systems of machinery production
have a service life of 7–12 years, although, in reality, the equipment is used much
longer, especially in countries with low gross income per capita and low industrial
production efficiency. On the other hand, a situation may arise when resolving the
technical and technological preparation of production at an enterprise is enough to
reengineer the existing modular machines and solve the problem. Such machine tools
are the most promising type of metal-cutting equipment in terms of productivity,
distinguished by the highest possible level of concentration of technological steps and
providing a significant superiority in productivity. However, this equipment has a very
low level of flexibility. Therefore, in this case, it is necessary to slightly change the
traditional scheme of the lifecycle of modular equipment aimed at the reuse of unified
machine units (Fig. 4).

Table 1. Linear lifecycle process.

Lifecycle stage Tasks to be solved

Research Market research
Patent research
Generation of ideas

Machine tool design Scientific research development
Development of design and technological documentation
Simulation and testing

Preparation of manufacturing Design preparation
Technological preparation
Technical preparation (selection of equipment)
Organizational preparation

Production and market entry Advertising
Primary production
Auxiliary production

Using Warranty support
Maintenance
Repair and restoration work

Recycling Dismantling equipment
Scrapping
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As follows from Fig. 4, in contrast to the classical scheme, the modular machine
tools do not end their lifecycle at the end of the release of a certain product but are used
later to design new machine tools. The basis for such use is the certification of nor-
malized units both at the stage of their initial manufacture and after operation and
restoration of technical characteristics. There are two options for the further use of the
units (modules).

The first one is typical for small manufacturing enterprises with a small number of
modular machine tools. It is not advisable for these enterprises to independently
reengineer the machine tools because there is no experience in operating and designing
such equipment. It is advisable to send the restored units (modules) to specialized
enterprises that manufacture such equipment.

The second one is typical for large mass-production enterprises with a sufficient
number of equipment of this class, a significant base of passports of normalized units
(modules), and the technical capabilities of reconfiguring such machine tools.

Fig. 4. Lifecycle diagram of the modular machine tool.
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The industry of Ukraine has a fairly large fleet of aggregate equipment. Therefore,
this approach can ensure the effectiveness of the technical preparation of production
during its modernization.

5 Conclusions

An analysis of the use, development, and improvement of modular machine tools
primarily points to two factors:

– the machine tool industry, based on the application of the modular principle of
equipment construction, is still insufficient demand on the market;

– the use of modern approaches in the context of the intensifying competition
between manufacturers and the “race” for productivity and a decrease in the cost of
goods indicates the need to use CALS technologies and analyze the lifecycle of
equipment and products in the modernization of production.

An enlarged model of the lifecycle of complex, science-intensive technical systems
has been developed to manage the lifecycle of such systems to establish their maximum
duration based on modern information technology methods and CALS concepts. The
model is based on the step-by-step information support of the product at all stages of
the lifecycle. Particular attention is paid to the issues of reengineering when carrying
out modernization and restoration work.

The proposed model for managing the lifecycle of equipment will increase the
efficiency of its use in an existing production system, reduce the cost of manufacturing
“new” machines built based on the modular principle, and increase the lifecycle of
existing modular machine tools, as well as significantly increase flexibility through the
use of “replaceable” Certified modules.
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Abstract. The temperature in the zone of contact between the wheel and the
part is an essential characteristic of the grinding process. Under the influence of
the grinding temperature, phase and structural transformations occur in the
surface layer of the latter, which reduces the reliability and durability of oper-
ation by 2–3 times. It should be noted that any temperature value causes the
appearance of some residual stresses, then phase and structural transformations
occur when the temperature reaches the Ac1 and Ac3 points. This paper
describes methods for measuring temperature on samples with micro-
thermocouples in the form of wires, the diameter of which is 20–100 lm.
Mainly, there is less than the distance between the grains of the grinding wheel,
which eliminates cutting the micro-thermocouple with several grains at once,
which significantly improves the reliability of the results. In addition, the
method of measuring temperatures when grinding non-conductive materials
described. The article describes a temperature sensor built into the wheel, which
directly measures the grinding temperature at the workplace. In the article,
mathematical calculations allow getting the actual values of grinding tempera-
tures depending on thermocouple materials and parts materials.

Keywords: Contact temperature � Instantaneous temperature � Pulse
temperature � Micro-thermocouple � Thermal sensor

1 Introduction

The temperature in the contact zone of the wheel with the part is an essential char-
acteristic of the grinding process. Under the influence of the grinding temperature,
which can reach the melting temperature of the part's material in the surface layer of the
latter, phase and structural transformations occur, which reduce the reliability and
durability of operation by 2 to 3 times.

Essentially, the grinding temperature produces additional heat treatment of the
surface layer of the part, which is not provided for by the technology of its manu-
facture. It should be noted that any temperature value causes the appearance of some
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residual stresses, then phase and structural transformations occur when the temperature
reaches the points Ac1 and Ac3 [1].

Since the temperatures of these points vary depending on the chemical composition
of the steel being ground and the processing conditions [2], establishing the laws of a
temperature change as a function of the processing conditions and the characteristics of
the wheel is of fundamental importance.

Analytical analysis [1, 2] makes it possible to establish general patterns that need
experimental verification, which direct measurements of the grinding temperature can
do. First, we need to determine what we will measure since the concepts of “tem-
perature grinding method” includes the following components – contact temperature or
temperature averaged over the contact spot of a wheel with a part, instantaneous
temperature or temperature from a single grain and pulse temperature, which is equal to
the sum of the two mentioned [3]. It should be noted that measurements can be carried
out on samples and specific details during their processing on the machine.

At present, measuring the temperature of grinding on samples with foil embedded
micro-thermocouples is widely used. The thickness of the foil is 20–30 microns.
During grinding, when cutting the foil, a micro junction is formed. Such a micro-
thermocouple has low inertia and confidently registers the contact temperature and the
instantaneous temperature from the grains. However, because the width of the foil
micro-thermocouple is several millimeters, it can be simultaneously cut by several
grains, as a result of which an incorrect result will be obtained when measuring
instantaneous temperature. For avoiding this effect, the width of the thermo-electrode
or its diameter should be less than the distance between the cutting grains if a wire is
used. In this case, impulses from grains following strictly one after another will be
obtained. This will allow to determine the instantaneous temperature correctly and
determine the number of really cutting grains, the average thickness of the chips
removed by the grain, and, by some calculations, the conditional radius of curvature of
the cutting tip of the grain. In addition, the heat flux of the grinding temperature can
cause different heating temperatures of the thermal junction and the surface to be
ground. An electrical signal from a thermocouple characterizes the thermal junction
temperature, which must be brought to surface temperature. There are no such calcu-
lations in works devoted to measuring grinding temperatures.

Measuring the grinding temperature of machined parts is carried out by various
temperature sensors and infrared radiation detectors, which are built into the wheel or
trap infrared radiation through the hole in the circle. This work is devoted to some
features of temperature measurement both on samples and on real details.

2 Literature Review

At present, there is extensive literature on measuring the grinding temperature. How-
ever, the relationship between the signal and the surface temperature, rather than a
thermal junction, has not been sufficiently considered yet. In addition, the issues of
measuring the grinding temperature directly during grinding of a particular part are not
described fully enough and rely mainly on rather complicated and expensive
equipment.
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So in [4], temperature measurement was described using foil thermocouples to
consider the energy distribution in the workpiece. However, the ratio of the temperature
of the thermal junction to the surface temperature has not been considered.

In [5], a technique is described for measuring the grinding temperature with ther-
mocouples. Descriptions of the temperature distribution in the grinding part are pre-
sented. The question of possible measurement errors when cutting a foil thermocouple
with several grains at the same time was not considered. The relationships between the
temperature of the thermal junction and the surface temperature are not considered.

In [6], issues of monitoring the grinding temperature during processing were
considered. The dependences of the grinding temperature on the processing parameters
are considered. The temperature ratios of the thermal junction and the surface of the
part are not considered.

In [7], using foil thermocouples, the distribution of thermal energy between a wheel
and a part is studied. It is concluded that the most reliable results were obtained only in
the cooling phase. Foil thermocouples were used with the inherent disadvantages
indicated above.

In [8], the temperature field was studied during grinding with a small “creeping”
feed of the root of a turbine blade. Used digital modeling and experiment showed good
convergence of the results was noted. The method is not specified how the power of a
heat source is determined theoretically during modeling. There are no correlations
between the temperatures of the thermal junction and the measurement surface.

The work [9] describes the operation of an integrated platform for measuring the
grinding temperature. Good agreement between the results of theoretical calculations
and experimental measurements is shown. The issue of measurement errors is not
adequately covered.

In [10], the measurement of the surface grinding temperature by an infrared sensor
is described. The method involves measuring only the contact surface temperature and
in the phase of the onset of cooling. The measurement scheme is quite complex but can
be used when grinding a specific part.

In [11], the process of controlling the grinding temperature by a high-speed airflow,
which is fed into the contact zone, is considered. There is a decrease in temperature
measured by foil thermocouples, which are characterized by the above disadvantages.

In [14], a method of measuring temperature with an infrared sensor is considered,
which does not make it possible to measure the grinding temperature when using a
cooling lubricant.

The paper [15] describes a method of measuring the temperature of glass grinding
with foil thermocouples. This does not make it possible to separate the temperatures -
contact, instant, and pulse, and besides, there is a high probability of cutting foil sheets
by several grains at once.

As can be seen in all cases, it is not determined by the ratio between the received
signal from the thermocouple and the actual surface temperature.
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3 Research Methodology

The purpose of this work is:

– a statement of the method for measuring grinding temperatures by microthermo-
couples, which excludes the cutting of the thermoelectrode by several grains at the
same time, which eliminates the error in measuring the instantaneous temperature
and which contains a method for linking the temperature of the thermal junction to
the surface temperature;

– a description of the method for measuring temperature by micro-thermocouples
when grinding samples from non-conductive materials;

– a statement of the method of measuring surface temperature when grinding a real
part using a temperature sensor built into the wheel.

Of the currently developed methods for measuring grinding temperatures, the method
of sheared semi-artificial micro-thermocouple, consisting of the metal being processed
and the thermoelectrode placed in the ground part, is the most affordable and conve-
nient, giving a visual distribution of the temperature in the cutting zone and allows
recording and measuring the cutting temperatures of individual abrasive grains directly
in the grinding zone. One of the electrodes of such a micro-thermocouple is the
workpiece, and the second thermoelectrode is a constantan wire with a diameter of
20 lm. The wire diameter is much smaller than the distance between the cutting grains
of almost any grain size, which excludes cutting it with several grains at once.

After installing the thermoelectrode in the sample (Fig. 1), the end of the latter is
displayed on the surface of the sample and polished. During the experiment, contact,
instantaneous, and pulsed temperatures are measured simultaneously; therefore, it is
necessary to calculate the time and frequency characteristics of the measuring paths
(Fig. 3).

Fig. 1. Sample with thermocouple “thermoelectrode – part”.
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The characteristic pulse recorded by the storage oscilloscope has the form Fig. 2.

Since the formation of a thermocouple “thermoelectrode-part” occurs, the signal of
such a thermocouple will correspond to the temperature of the thermocouple, while it is
necessary to determine the surface temperature of the part. The surface and the end face
temperatures of the thermoelectrode can be described by the expression (3):

TS ¼ 1; 12Q
ffiffiffi
s

p
F � e

; ð1Þ

where: Q – the power of a heat source, W;
s – the duration of the contact, s;
F – is the area of the contact spot of the wheel with the part, m2;
Ts – surface temperature, ºC;
e – is the coefficient of thermal activity J/(m2�K�s1/2); moreover,

e ¼
ffiffiffiffiffiffiffiffiffi
kCq

p

Fig. 2. A typical thermal impulse. Horizontal scale sweep speed 3 ms per 1 cm, vertical scale
250 °C per 1 cm.

Fig. 3. Block diagram for measuring grinding temperature. 1 – signal amplifier, 2 – sweep
trigger amplifier, 3 – amplitude recording oscilloscope, 4 – pulse duration recording oscilloscope.
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where: k – is the thermal conductivity coefficient J/(m�s�K);
C – is the specific heat J/(kg�K);
q – is the density kg/m3.
Using the dependences of contact heat transfer [12], we obtain the expression for

the surface temperature:

TS ¼ Tth
eS þ eth
2eS

ð2Þ

or

TS ¼ Tth
eS þ eth
2eS

� E � j ¼ k1 � k2 � E ð3Þ

Where

k1 ¼ Tth
eS þ eth
2eS

� j; ð4Þ

and E – is the value of thermoelectric power, j – is the coupling coefficient between the
temperature of the thermal junction and thermo-electromotive force current (thermos-e.
f.c), k2 – is the gain of the circuit, Ts – temperature of the surface being ground, Tth –
temperature of the micro-thermocouple joint. es – the coefficient of thermal activity of
the surface being ground, eth – the coefficient of thermal activity of the micro-
thermocouple joint.

Fig. 4. Sample for measuring the grinding temperature of non-conductive materials.
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If it is necessary to measure the temperature during grinding of non-conductive
materials, a sample of the following design is proposed for this (see Fig. 4).

The sample shown in Fig. 4 is used to measure the grinding temperature of a non-
conductive ceramic layer sprayed onto a steel base. During grinding, a constantan-steel
thermocouple is created, which temperature is reduced to the temperature of the ground
ceramic according to formula (2).

To measure the temperature during grinding of a particular part, we used a tem-
perature sensor built into the wheel. The sensor meets the following requirements: –
high measurement accuracy, low inertia, constancy of properties when editing a wheel,
the invariance of the roughness of the ground surface, the ability to work with
lubricating-cooling process media (LCPM), low cost (see Fig. 5).

The temperature sensor consists of two copper-constantan foil plates between
which a gasket of non-conductive material is placed. Foil plates and gasket are glued
together with an epoxy adhesive under the press. The shape of the sensor corresponds
to the shape of the cross-section of the circle. The total thickness of the sensor is 1.0–
1.5 mm. For installing the sensor in an abrasive tool, a groove along the radius is cut in
the last:

K ¼ Dmax�Dmin

2
ð5Þ

where: K is the length of the groove, mm, Dmax and Dmin is the largest and smallest
wheel diameter after editing. For ease of measurement, two sensors are installed in a
wheel along the radius and are fixed with epoxy glue. Sensors are thus the organic parts
of the wheel. When editing, they are easily cut with ruling diamonds. After installing
the sensors, the wheel's strength does not decrease, as the verification of the wheel
shows at a speed of 1.5 of working (50 m/s). When grinding, the wheel works as
follows – the temperature sensors touch the surface to be treated, the foil petals are

Fig. 5. Wheel sensor. 1 – wheel; 2 – sensor.
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closed by this surface, forming a copper-constantan thermocouple whose electrical
signal is proportional to the surface temperature, the temperature of which is related to
the sensor temperature by the ratio:

Tsurf ¼ Tsen
esurf þ esen

esen
ð6Þ

where: esurf and esen coefficients of thermal activity of the surface and the sensor. If
grinding is carried out using coolant, the latter shunts the temperature sensor signal,
introducing a particular error (7). To estimate this error, we consider the equivalent
circuit of Fig. 6.

The measurement error will be:

d ¼ Ir

I Rrd�Rsh
Rrd þRsh

þ r
� � ð7Þ

Where I-amperage, A.
Considering that the electrical resistance of almost all coolants is greater than

1 kOh�m, it can be argued that the measurement error is negligible. However, the
measurement error is not limited to this.

The electrical signal of the sensor is proportional to a specific temperature, the
following relation can express the value of which is a general form:

Usen ¼ j Tsurf � DT1 þDT2 þDT3 þDTfr
� �� �

; ð8Þ

where Usen – sensor voltage V; Tsurf – surface temperature of the ground metal, °C;
DT1 – temperature drop due to the delay of the measurement moment, °C; DT2 –

temperature drop due to the short measurement period, °C; DT3 – temperature drop due
to thermal resistance, °C; DTfr – the friction temperature of the sensor of metal, °C.

Fig. 6. The equivalent circuit of the electric circuit of a temperature sensor–collector device –

coolant: r – is the internal resistance of the temperature sensor, Rsh is the shunt resistance of the
coolant, Rrd is the input resistance of the recording device.
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Experiments show that the sum of errors 1–3 is always negative, and the error of
friction DTfr is always positive. These errors are about the same value and therefore
cancel each other out. Therefore, the surface temperature through the sensor's tem-
perature is determined by the formula (6).

4 Results

Studies have shown that the use of wire thermoelectrodes with a diameter of 20–100
microns makes it possible to create “semi-artificial” thermoelectrode-part micro-
thermocouples when grinding, which have very low inertia, which makes it possible to
measure temperatures from a single grain during grinding. These thermocouples make
it possible to obtain visual thermal pulses and evaluate the relationships between
contact temperature, instantaneous temperature, and pulse grinding temperature. The
latter is very important since thermal defects of the polished surface can occur not only
under the influence of contact temperatures but also under the influence of pulsed
temperatures, the duration of which is several microseconds. The microthermocouple
has a low electrical resistance, making it possible to measure the grinding temperature
when using coolants.

The electrical insulation between the thermoelectrode and the part should be no
thicker than 20 µm to ensure the stable formation of micro-fusion during grinding. The
measurement error corresponds to the error of devices providing signal processing and
does not exceed 10%.

The temperature sensor built into the wheel makes it possible to measure the
contact temperature of grinding directly when grinding a particular part at a particular
workplace. The electrical signal from the temperature sensor is a sequence of П-shaped
pulses that can be easily digitalized and can be used to measure the contact temperature
of grinding, not only when grinding “dry”, but also when grinding using any coolant. If
necessary, the sensor signal can be used for controlling the grinding temperature
process.

Thermal sensor plates must be made of carefully annealed copper and constantan
foil sheets. The insulating pad can be made of textolite or getinax with a thickness of
0.5–1.0 mm, to ensure a stable closure of the plates by the part's material during
grinding.

5 Conclusions

The proposed measurement procedure makes it possible to measure grinding temper-
atures on samples with high accuracy, eliminating errors in measuring instantaneous
temperatures when the foil thermocouple is cut by several grains at once. The proposed
methodology makes it possible to determine during grinding the temperature of the
thermal junction and the temperatures of the surface being ground, whose thermo-
physical characteristics may differ from the thermophysical characteristics of the
thermal junction.
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The proposed technique makes it possible to measure the grinding temperature of a
particular part at the workplace, and, if necessary, adaptive control of the grinding
process can be based on it.
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Abstract. The article presents theoretical studies using finite element modeling,
which made it possible to determine the rational characteristics of diamond
grinding wheels based on polymer and ceramic bonds. The effect of the
parameters of the diamond-bearing layer on the change in the stress-strain state
(SSS) of the diamond-bearing layer in the process of microcutting of hard alloys
and superhard materials (SHM) has been studied. A scientific hypothesis was
put forward and proved the need for an integrated approach when choosing the
concentration and grain size of diamond in the diamond-bearing layer of the
grinding wheel. Based on the limiting values of equivalent stress req in the
grinding zone, it has been established that the concentration of grains in the
working layer of the wheel must be selected, taking into account their grain size,
as well as the group of the processed material. The data on the stress-strain state
of the diamond-bearing layer during grinding of hard alloys and superhard
materials were obtained by the calculation method using the analysis by the
finite element method.

Keywords: Diamond grinding � Finite element � Concentration � Grain size �
Superhard materials

1 Introduction

Traditional studies of diamond grinding processes are mainly based on costly and time-
consuming experiments. Since the quality of the diamond-abrasive tool largely pre-
determines the efficiency of the diamond grinding process, then already at the stages of
its design and manufacture, it is necessary to theoretically substantiate a rational choice
of the structure and physical and mechanical properties of the components of the
diamond-bearing layer. Doing this experimentally is very laborious and expensive. At
the present stage of the development of computer technology and the appearance of a
large number of software products based on the finite element method, it has become
possible to increase the efficiency of such studies significantly. The use of computa-
tional methods to determine the rational characteristics of diamond wheels at the stage
of their design and manufacture will significantly expand the technological capabilities
of the diamond grinding process.
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2 Literature Review

Along with the choice of the bond grade, grain, and grinding modes, the choice of the
relative concentration of diamond grains and their grain size is of great importance [1–
3]. A significant number of studies are devoted to studying the effect of concentration
on the specific consumption of diamond, grinding performance, and roughness of the
processed surface [4–8]. Most of the recommendations for choosing the concentration
of diamond grains in polymer and ceramic bonds apply to the processing of carbide
materials, high-speed steels, titanium alloys. Model studies carried out by the authors of
[9] indicate that a complex choice of grain size and relative concentration of grains can
lead to a significant reduction in stresses at the stage of sintering of the diamond layer.
By the calculation method, it is possible to determine the stress-strain state of the
diamond-bearing layer not only in the manufacture of diamond-abrasive tools but also
at the stage of grinding various groups of materials [10].

Modeling the limiting stress values by the computer-aided design and the finite
element method [11–13] will allow avoiding expensive experimental studies and, in the
future, create a number of recommendations for a wide range of grinded materials.

The diamond content in the amount of 4.4 carats per 1 cm3 of the diamond layer is
taken as 100% concentration. The actual amount of diamonds in the diamond-bearing
layer N0 is determined not only by the concentration but also by the grain size [9]. So,
for example, at a concentration of 100%, 1 cm3 contains 1522 grains AC6 (State
Standard of Ukraine 3292–95) 63/50, 440 grains AC6 100/80, 68 grains AC6 200/160.

N0 ¼ 0; 878K=ð100caVzÞ; ð1Þ

where: K – relative concentration of the diamonds, %; ca – diamond density,
g/mm3; Vz – average volume of one grain, mm3.

It can be affirmed that the number of cutting edges that actually take part in the
grinding process also changes along with the number of grains. Despite this, the
existing recommendations are not differentiated for different grain sizes and are focused
on the used bond type and operation. Most often, reference manuals indicate the
recommended concentration of 100, 150% both in the processing of hard alloy as well
as in the processing of SHM [14, 15].

This choice of concentration is explained by the fact that with an increase in the
number of working grains, the heat removal from the grinding zone improves [16].
However, it remains unclear how, in wheels on polymer and ceramic bonds, the picture
of heat removal changes with a change in the concentration of grains. Considering the
structural features of the diamond-bearing layer of this type of wheel, there is a direct
relationship between the volumetric content of diamond grains and a filler. Their ratio
is constant, and with a decrease in the content of grains, the volumetric content of the
filler in the bond increases [17, 18].

Based on the abovementioned, a hypothesis was put forward that it is possible to
calculate the optimal ratio of the volumes of diamond grains and the filler in a polymer
and ceramic bond using three-dimensional modeling. The choice of a rational con-
centration of diamond, depending on the grain size, will significantly reduce the
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number of prematurely destroyed grains and increase the durability of the diamond tool
during its operation.

3 Research Methodology

The finite element method's modeling of the diamond grinding process was carried out
according to the methodology [19, 20] on a specially supplemented three-dimensional
model (Fig. 1). The diamond-bearing layer included the elements “grain” and “filler”,
and their ratio varied depending on the chosen concentration.

As a diamond grain, the “grain” element of AC6 grade 63/50, 100/80, 200/160 was
modeled, which contained the inclusion of a Co – Cr-based metal phase. The material
to be processed was represented by a hard alloy of the T15K6 grade [11] and a
superhard material (synthetic polycrystalline diamond carbonado) of the SPDC grade
[6]. Modeling of the grinding process of T15K6 was carried out with the speed of
movement of the element “bond–grain” equal to Vwh = 25 m/s. When processing the
SPDC, the movement of the “bond–grain” element was carried out at a speed of
Vwh = 30 m/s. The clamping pressure of the wheel was set by the normal load on the
“bond–grain” element. When processing alloy T15K6, the normal pressure was 1 MPa,
when processing superhard material SPDC – 2 MPa.

In the model study, the physical properties of the polymer bond corresponded to the
B2–01 grade, and the K1–01 bond was considered as a ceramic-based bond. Boron
carbide is a filler for such bonds [21]. When modeling the volume of diamond grains,
the content of the filler was considered. When the proportion of the components was
changed, the physical and mechanical property of a diamond or filler was assigned to a
solid body in the form of an octahedron [22].

The physical and mechanical properties of the components of the diamond wheel
are given in the table (Table 1).

Fig. 1. 3D model of the system “bond–grain–filler–processed material (PM)”, developed to
study the effect of grain concentration on the stress-strain state of the system.
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The physical characteristics of the filler were also incorporated into the model
properties, which made it possible to realistically display the physical properties of the
diamond-bearing layer [25].

4 Results

At the first stage of the research, the effect of the relative concentration on the stress-
strain state of the “grain” and “bond” element during grinding of the T15K6 hard alloy
was studied. The grain concentration in the model varied from 25% to 200%.

As the calculations shown, when modeling grain grade AC6 63/50 in a bond B2–01
(Fig. 2), the limiting value of req in the grain at the selected grinding modes slightly
exceeded the permissible stress only in the range from 25 to 50%.

Thus, the stress req at 25 and 50% was 0.7 GPa and exceeded rp = 0.67 GPa only
by 20%. With an increase in concentration to 75%, the req value increased to 0.74 GPa,
and at the maximum relative concentration, the req value was 1.19 GPa.

Table 1. Accepted physical and mechanical properties of the modeled materials [23, 24].

Used properties Bond Boron
carbideB2–01 B1–10 B1–13 К1–01 К2–01

Mass density of the material q, g/cm3 1.67 2.95 3.24 2.62 3.6 2.48
Hardness, HRB 50 53 54 ± 3 95 110 –

Ultimate compressive strength rcomp,
MPa

78 ± 10 136 ± 14 213.0 – – 1800

Impact strength, kJ/m2 1.0 ± 0.2 2.5 ± 0.3 2.0 ± 0.2 1.96 1.96 –

Ultimate tensile strength rtens, MPa 2.60 2.99 2.8 – – –

Thermal conductivity, W/m۰K 0.55 2.09 2.01 1.4 1.4 11.5
Elastic modulus, GPa 20.3 20.8 16.2 63 63 296

TCLE a, � 10−6 К−1 5.3 20.6 16.5 3.75 6.41 4.5

Fig. 2. Calculated limit values of req when grinding hard alloy T15K6. Bond grade – B2–01,
К1–01; grain – AC6 63/50. Permissible value rp = 0.67 GPa.
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The data are consistent with the theoretical calculation of the stress-strain state of
the system when modeling the process of hot pressing of polymer bonds, where the
calculated permissible concentration for diamonds of this grain size was also 50%.
Considering the small mass of a single grain of this fraction and the average number of
grains in 1 cm3, the following can be assumed. At a 25–50% concentration in the
diamond-bearing layer, there is an optimal ratio of diamond and filler. In this case, the
composition's overall thermal conductivity and rigidity lead to minimizing stresses in
the diamond. The calculation for the grade of the bond K1–01 and grain AC6 63/50
showed a similar range of the most effective concentration, which should not exceed
50%.

Comparing the values of the obtained stresses, it can be noted that when using a
bond based on ceramics, the values of the excited stresses are *1.5 times lower.
Presumably, this dependence may be associated with the fact that a wheel on a polymer
bond has a relatively low thermal conductivity (k = 0.55 W/m�К), but a relatively high
value of the thermal expansion coefficient a = 5.3 � 10−6�К−1. Such a ratio of ther-
momechanical characteristics can lead to the “clamping” of the diamond grain, which
leads to the formation of critical values of req. In addition, the elastic modulus of the
ceramic bond is 3 times higher than that of the polymer bond, which is also reflected in
the tensile and compressive loads of the diamond composition.

Further studies of the stress fields with a change in the grain concentration in the
wheel on the B2–01 and K1–01 bonds showed that for the average fraction AC6
100/80 the range of the smallest values of req is achieved when modeling the relative
concentration from 25 to 75% (Fig. 3, a).

In this concentration range, the given values are minimal and do not exceed the
value req = 0.29 GPa, and with a change in the concentration upward, it only
increased. In the case of modeling, the concentration of 200% in the B2–01 bond req

reached the value of 0.52 GPa, which is 1,9 times higher than the permissible value
rp = 0.27 GPa. When grinding with grains of grade AC6 200/160, the range of

а) АC 100/80                                      b) АC 200/160 

Fig. 3. Calculated limit values of req when grinding hard alloy T15K6. Bond grade – B2–01,
К1–01. Permissible value a) rp = 0,27 GPa, b) rp = 0,1 GPa.
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permissible concentrations has expanded from 25 to 100%. When using a 125%
concentration in the B2–01 bond, breaking stresses req of more than 1.5 GPa arose,
and when the maximum concentration value of 200% was selected, req reached 0.22
GPa (Fig. 3, b). For a bond based on ceramics, the permissible concentration was in the
range 25–100%, in which the value of req did not exceed 0.08 GPa.

Analysis of stress distribution in the system (Fig. 4) suggests that the probable
reason for exceeding the permissible limit rp when choosing an increased concen-
tration is a sharp change in the thermal conductivity of the diamond-bearing layer and
especially the working surface of the wheel.

In the case of the value of the volumetric content of the filler, corresponding to the
range from 43.75 to 25% of the volume of the diamond-bearing layer, the filler serves
as a “separator” of diamond grains and prevents the imposition of temperature and
contact stresses. With an increase in the concentration, and hence an increase in the
volume of diamond grains contained in the wheel, which replace the filler material, an
overlap of stress fields appears.

At the second stage of the research, the effect of the relative concentration on the
stress-strain state of the “grain” and “bond” element when grinding a superhard
material of the SPDC grade was studied. Calculations have shown that when grinding
superhard materials, a different range of permissible concentrations appears.

Modeling the dimensional and volumetric ratios of the diamond layer for the grain
gradeAC6 63/50 showed that when using polymer and ceramic bonds, it is possible to use
concentrations up to 125%. For example, in wheels on the B2–01 bond, the calculated
value ofreq = 0.34GPa did not change in the range from 25 to 100% concentration. Only

Fig. 4. Stress distribution in the cross-section of the 3D model “bond–grain–filler” when
modeling the properties of the concentration: a) 50%; b) 200%; (1 – “bond” element, 2 – “grain”
element, 3 – “filler” element); a) req = 0.12 GPa, b) req = 0.22 GPa; processed material –
T15К6; bond – B2–01; grain – AC6 200/160.
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at a concentration of 150–200%, this value increased 1.2 times. A similar dependencewas
observed for the K1–01 bond based on silicate glass (Fig. 5, a).

In grinding with medium and coarse grains, a more comprehensive range of per-
missible concentrations was also observed. For AC6 100/80 grain (Fig. 5, b) in B2–01
bond, the limiting value increased only at a concentration of 150%, and in the case of
200% it was req = 0.41 GPa. Under similar conditions in a ceramic bond, the req value
was 0.37 GPa. The use of larger grains allows the use of concentrations up to 150%.
So, for the interval 25–150%, the value of req did not change and amounted to 0.14
GPa (for the B2–01 bond). As soon as the diamond content was increased to 175%, the
stress in the system increased to 0.17 GPa. This value was critical in the case of the
value of the maximum safe load (p = 0.1 GPa, which was critical (Fig. 5, c).

The thermal conductivity coefficient of SHM is 10 times higher than the thermal
conductivity of the hard alloy, and it can be assumed that a significant part of the heat
flux leaves the surface of the processed material. This phenomenon makes it possible to
put into operation a more significant number of diamond grains in contact with the
SPDC, and the resulting stresses in the grain contact area exceed the permissible values
only at a concentration of 150–175%.

Fig. 5. Calculated limit values of req when grinding SPDC with wheels on polymer and ceramic
bond. Permissable values: a) rp = 0.67 GPa; b) rp = 0.27 GPa; c) rp = 0.1 GPa.
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5 Conclusions

Thus, it can be argued that the decisive factor in maintaining the integrity of the
diamond-bearing layer and the bond as a whole is a comprehensive choice of the
concentration and grain size of the diamond grinding wheel. For the first time, the data
on the stress-strain state of the diamond-bearing layer during grinding of hard alloys
and superhard materials were obtained by the computational method using the analysis
by the finite element method. For wheels based on polymer and ceramic bonds, the
same tendency of stress changes in the system is observed with varying the relative
concentration of diamond grains. Calculations have shown that when processing a hard
alloy, the recommended range is a concentration of 25–50% for a grain size of less than
100/80, a concentration of 25–75% for a grain size of 100/80 to 160/125, and a
concentration of 25–100% for grains of a coarse fraction 200/160 and more. If these
values are exceeded, critical stresses appear in the system, which can prematurely
destroy diamond grains. When processing superhard materials, an increased concen-
tration of diamonds is allowed: a concentration of 25–100% for a grain size of less than
100/80, a concentration of 25–125% for a grain size of 100/80 to 160/125, and a
concentration of 25–150% for grains of a coarse fraction 200/160 and more.
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Abstract. During the crankshaft machining process, its axis of rotation does
not coincide with the axis of rotation of the connecting rod neck. Therefore, the
depth of a cut is always greater than the value of the allowable removed. It leads
to uneven removal of allowance, reduces productivity and the quality of
machining. The paper proposes a modular spatial model of removing the
allowance and shaping of the root and connecting rod necks of the crankshafts
during milling with crossed axes of the tool and part for one institution. Based
on the developed model, the research of the formation of radical and connecting
rod necks of a cranked shaft has been carried out. A method of milling the root
and connecting rod necks of the crankshaft with crossed tool axes and parts has
been presented, where the angle of rotation of the tool is selected from the
condition of ensuring the straightness of the forming neck. In this case, the
rough allowance is removed at the end, and the final allowance and calibration -
the periphery of the cutter plate, which rotates and simultaneously performs the
vertical and transverse movement, and the shaft performs a uniform rotation.
The proposed method of milling provides stabilization of the depth of a cut
along with the profile of the connecting rod necks, the area of the removed
allowance, and the feed rate along the contour of the part.

Keywords: Milling � Crankshaft milling � Crossed axes � Root necks �
Modular modeling

1 Introduction

Automotive, tractor, shipbuilding, and other machine-building industries are charac-
terized by extensive use of parts with complex profile surfaces. Such surfaces include,
for example, crankshaft necks, camshaft cams, and the like. It is necessary to ensure
high productivity of their machining with high manufacturing accuracy in manufac-
turing such parts.

The necks of the crankshaft are processed at the machine-tool plant “Shlif-verst” on
machines of models 3411, 3D4230, 3D4231, 3DB23, LT-235. All root necks of a shaft
are ground for one establishment. During the machining of each connecting rod neck to
align its axis of rotation with the axis of rotation of the machine spindle, the crankshaft
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is reinstalled, which causes an imbalance. It reduces the productivity and accuracy of
machining.

For the first time, root and connecting rod necks were machined by Junker (Ger-
many) on a circular grinder in one place. The contact of the neck with the circle is due
to the reciprocating motion of the tool, which provides a running-in of the neck for one
revolution of the shaft.

One of the productive ways to process complex profile parts is milling. In [1], the
influence of high-speed milling on pre-matured tool life is investigated. Paper [2]
performs an overview of cutting characteristics of high speed and CNC milling with
potentials and applicability for high-performance material. In [3] presents a review of
the research work published over the past decade considering five main domains in the
free-form surface milling process, which enhance accuracy, machinability, productiv-
ity, and machining economy. From the perspective of complex parts robotic milling,
this paper [4] focuses on machining process planning and control techniques. There-
fore, the development and study of spatial modular models of the removal of allowance
and shaping the necks of the crankshafts in milling with crossed axes of the tool and
part for one institution is an urgent task. The solution of this task will increase the
accuracy of the root and support necks of the crankshafts and the productivity of their
machining.

2 Literature Review

Studies of the accuracy of crankshaft machining processes are given in [1, 5–7]. Thus,
in [5], an approach to determining the cutting force during machining of crankshafts
has been presented, which allows determining the influence of technological parame-
ters on the power characteristics of the cutting process accurately. In [6], researched
how to avoid chatter in crankshaft Tangential Point Tracing grinding, Stability lobe
diagram has been developed based on the dynamic model to predict chatter. In [7], to
improve the crankshaft's accuracy of the crankshaft an automatic alignment approach
and apparatus have been proposed and integrated into the non-circular grinder. In [8],
the design of a lunette for CNC grinding machines, on which the machining of the
crankshaft root and connecting rod necks is carried out, has been proposed. The
construction design of the device allows for compensating the influence of the cutting
force on the elastic strain of the part, depending on the change in its rigidity. In [9], for
the mass production of vehicle-engine crankshafts, a new in-situ roundness measure-
ment strategy has been proposed with high scanning speed. In [10], the process of
milling the connecting rod necks of the crankshaft based on the machine's power
consumption has been optimized. In [11], a series of experiments were performed to
investigate the machinability in crankshaft pin journal path-controlled grinding of 40Cr
using vitrified bonded cubic boron nitride (CBN) abrasive. However, the works do not
consider methods of single-pass machining of crankshafts.

In [12], the models of milling the support necks and camshaft cams for one
institution have been developed. The disadvantage of this method when machining the
necks of the crankshaft is the uneven rotation of the part, which will cause the for-
mation error.
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In works [13–15] to increase the efficiency of machining and manufacturing
crankshafts, their optimization has been carried out. In [13], computer-aided modeling
using CATIA and optimization analysis of crankshaft is used to evaluate and compare
the fatigue performance of different materials of automotive crankshafts. For the
crankshaft system of a four-cylinder in-line gasoline engine, a procedure to build the
finite element model is presented [14]. Paper [15] presents the stochastic process for
reliability assessment based on the fatigue life data under random loading for structural
health monitoring of an automobile crankshaft due to fatigue failure. However, the
presented models do not consider the processes of removal of the allowance and the
movement of the formation of the crankshafts.

There are no spatial modular models of the processes of removal of allowance and
shaping in one-pass milling of the root and connecting rod necks of crankshafts with
crossed tool axes and parts in the known works.

3 Research Methodology

The scheme of the process of milling the crankshaft 1 for one institution with crossed
axes of it and the cutter 2 is presented in Fig. 1.

When machining the root 3 and connecting rod 4 necks of the shaft 1 (Fig. 1),
cutter 2 is rotated around the OMYM axis at an angle a, which is selected from the
condition of ensuring the required accuracy of the end surfaces of the neck flanges:

a ¼ arctg
2d

�2rp
; ð1Þ

where d – is the permissible deviation from the perpendicularity of the end surface
of the crankshaft neck; H – the difference between the diameters, which determines the
height of the flange; rp – is the radius of curvature of the radius edge of the cutter blade.

Milling of the crankshaft 1 is carried out by a cutter 2, which in the middle of the
root neck 3 cuts into the entire depth of cut t (Fig. 1) and moves along the axis OCrZCr
coordinate system of the part with the supply sz. Cutting of a mill in the middle of a

Fig. 1. Crankshaft milling scheme with crossed tool axes and parts.

162 V. Kalchenko et al.



neck is carried out to uniform wear of plates of the tool. The rough allowance is
removed by the end face of plate 5 (Fig. 1), and the periphery of the plate performs
finishing and calibration.

When machining the neck, due to the crossing of the axes OMZM1 cutter 2 and
OCrZCr crankshaft 1 (Fig. 1), there is a deviation from the straightness of the forming
neck. The point of intersection D (Fig. 2) of the axes of cutter 2 and part 1 is at a
distance (B-h). To ensure the straightness of the forming neck, the axis of rotation of
the cutter is shifted in the direction of the axis OCrZCr due to the vertical movement of
the tool in the direction opposite to the axis OCrXCr. In position II (Fig. 2), the distance
from the point D1 of crossing the axes to the end of the tool decreases and is (B-h1).
Consequently, the error of shaping is reduced. Therefore, to ensure the straightness of
the generating necks of the crankshaft, the point of intersection of the D axes (Fig. 2) is
moved to the extreme position to the end of the tool in the direction of the axis OCrZCr.

When machining the root neck 3 of the crankshaft (Fig. 3), cutter 2 is given rotation
nM. To ensure the straightness of the neck profile, the point of intersection of the axes
during machining is shifted to the extreme position in the direction of the end face of
the flange of the part (Fig. 2).

Fig. 2. The scheme of displacement of the cutter to ensure the straightness of the generating
neck of the crankshaft.

Fig. 3. The scheme of milling of radical necks of a cranked shaft.
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When machining the end surface of the neck, the shaft must make at least one turn.
After machining the root neck 3, the cutter is moved in the vertical direction of the
OCrYCr axis to the height of the location of the connecting rod neck 4 (Fig. 1). In the
middle of the connecting rod neck, the cutter cuts into the value of the allowance t, and
the process of its machining begins (Fig. 4).

Since the axis of rotation of the connecting rod neck 4 and the axis of rotation of the
crankshaft 1 (Fig. 1) are in different planes, with uniform rotation of the crankshaft, the
point of contact a (Fig. 4, I) of the cutter plate 2 with the part moves relative to the
horizontal plane of the connecting rod neck. And due to the transverse movement sx of
the cutter (position 2’) occupies the position a1 (Fig. 4, II). It ensures the running-in of
the neck profile 4.

Synchronous vertical movement sy of the cutter 2 (Fig. 4, II) ensures the constancy
of the location of the contact point a3 in the plane passing through the axis of rotation
of the connecting rod neck and the cutter. Due to this, the cutting depth t (equal to the
value of the allowance), the feed rate along the contour, and the area of the removed
allowance remain unchanged during machining.

After machining the connecting rod neck 4 of the crankshaft (Fig. 1), the halves of
other root and connecting rod necks are milled according to the described method.
After finishing the machining of the half of the root neck 7, the cutter is rotated to the
opposite angle −a and the other halves of the root and connecting rod necks of the
crankshaft are machined in the feed direction opposite to sz.

Uniform circular crankshaft feed with simultaneous vertical and transverse tool
movements when milling connecting rod necks ensures constant cutting depth and feed
rate along the contour. It increases the accuracy of machining of the connecting rod
necks of the crankshafts and the possibility of increasing the productivity of their
machining by increasing the frequency of rotation of the part.

Set the tool surface with the radius vector rM of the cutter as the product of the
matrices M2, M3 (movement along the OMYM and OMZM axes, respectively), and M6
(on the rotation around the OMZM axis (Fig. 1)):

Fig. 4. The scheme of milling of connecting rod necks of a cranked shaft.
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rM ¼ M3 ZMð Þ �M6 bð Þ �M2 rMð Þ � e4; ð2Þ

where ZM ¼ 0:::B – the linear coordinate of the cutting plate of the cutter, varies
from 0 to the width B of the plate; rM – radius of a mill; b = 0…360° – angular
coordinate, which sets the profile of the cutter; e4 – radius-vector of the beginning of
the coordinate system of the cutter.

The nominal surface rCr of the crankshaft is given by the product of the radius
vector r of the cutter and single-coordinate displacement matrices M1 (movement
along the OMXM axis), M2, M3, and turns M5 (rotation around the OMYM axis), M6:

rCr ¼ M3 ZCrð Þ �M6 dCrð Þ �M1 X0ð Þ �M5 að Þ �M2 Y0ð Þ � rM ; ð3Þ

where X0; Y0 – is the wheelbase of the cutter and the part in the horizontal and
vertical planes, respectively; dCr – angular coordinate, which sets the profile of the
shaft; ZCr – coordinate, which describes the movement of the cutter along the axis
OCrZCr relative to the part (feed).

Since the machined surface depends on six parameters (2), we connect the feed
ZCr, wheelbase X0 dCrð Þ,Y0 dCrð Þ cutters, and parts in the horizontal and vertical planes
using Eqs. (3)–(6):

ZCr ¼ dCr � Sz
2 � p ; ð4Þ

Y0 dCrð Þ ¼ rec � sin dCr; ð5Þ

X0 dCrð Þ ¼ rM þ rCr2 þ rec � cos dCr; ð6Þ

V � n ¼ 0; ð7Þ

where rec – eccentricity (distance between the axes of rotation of the connecting rod
and the root neck of the crankshaft); rCr2 – the radius of the connecting rod neck of the
crankshaft; n – is the unit vector of the normal to the tool surface; V– is the vector of
the speed of relative movement of the tool in the coordinate system of the crankshaft.

The crossing of the axes of the cutter and the crankshaft causes a deviation from
the perpendicularity of the end surface of the workpiece. To determine the end profile,
find the line of intersection of the part with the coordinate plane ZCrOCrYCr using the
equations:

BCrðx; dCrÞ ¼: rootðDetðdCr; xÞ3; dCrÞ; ð8Þ

Pr
Cr
ðxÞ ¼: DetðdCrði; 5 � �Þ; iÞ: ð9Þ

Specific productivity of milling Q, which determines the volume of metal cut by the
tooth within the point x:
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Q xð Þ ¼
Zb2ðxÞ

b1ðxÞ

Vnðb; xÞ � yvð Þ � rMðxÞ � db; ð10Þ

where b1ðxÞ; b2ðxÞ – the angles of entry and exit of the cutter's tooth from the
workpiece on its radius rMðxÞ; yv – system flexibility.

4 Results

Calculations and construction of models have been performed using the mathematical
package Mathcad.

Using Eqs. (1)–(6), the contact line of the cutter and the neck of the crankshaft have
been obtained (Fig. 5). It starts from some point xrk at the end of the plate 5 of the cutter
2 (Fig. 1), passes through the radius of its rounding (coordinate from xrk to xr0), and
ends at the periphery at the point of intersection of the axes of the cutter and the neck of
the crankshaft.

The contact spot 3 (Fig. 6) of the cutting edge of cutter 2 and the neck of the
crankshaft 1 is formed by the intersection of lines 4, 5, 6. Where 4 – is the contact line
of the cutting edge of the cutter and the shaft neck (Fig. 5), 5 – is the line of intersection
of the tooth cutter and end face of the machined surface, 6 – line of intersection of the
outer cylindrical surface of the neck of the shaft and the cutter.

Fig. 5. Contact line of the cutter tooth and parts along with the tool profile.

Fig. 6. Contact spot of the cutter tooth and the crankshaft neck.
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Using Eqs. (7)–(8), the profile of the treated end surface of the crankshaft collar
(Fig. 7) has been obtained.

Synchronous vertical and transverse movement of the cutter, described by Eqs. (5),
(6) of the movement of the center of the cutter, ensure the constancy of the point of
contact a3 (Fig. 4) in the plane passing through the axis of rotation of the connecting
rod neck and cutter. Due to this, the depth of cut t (equal to the allowance value)
(Fig. 8, a), the area of the removed allowance, and the feed rate along the contour of the
part remain unchanged during the machining process. And, consequently, the accuracy
of shaping the connecting rod necks of the crankshaft increases.

The graph of the distribution of specific productivity Q of machining (Fig. 9) at
machining of a cranked shaft with an angle of the crossing of axes of the tool and a
detail a = 1°, a mill with a diameter of 80 mm and height of a cutting plate of 8,3 mm
is received for (9). From the point xr0, the graph is developed on the axis coincides
with the periphery of a mill's cutting plate.

Fig. 7. The profile of the end face of the crankshaft neck.

Fig. 8. Graph of distribution of depth of cutting along a contour of a connecting rod neck of a
cranked shaft: a – milling with the crossed axes of a mill and details; b – grinding by Junker.
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The largest values of the specific productivity Q of milling (Fig. 9) fall on the area
after the coordinate xrк (end of the cutting plate of the cutter), the smallest - the area to
the coordinate jr0 (periphery of the cutting plate of the cutter) and almost evenly
distributed from the coordinate xr0 to xrк radial edge of the cutting plate) which is the
finishing and calibration area. Removal of the main allowance by an end face of a plate
and finishing – by the unloaded periphery of a cutting edge provides an increase of
machining accuracy.

For the purpose of uniform wear of quadrilateral plates of a mill at first removal of
an allowance from one half of radical and connecting rod necks of a cranked shaft has
been carried out, and at the return course of the tool – final machining of necks.

5 Conclusions

Spatial modular models of the tool surface and surface parts have been developed,
which give the possibility to analyze the processes of allowance removal and shaping
during the milling of a crankshaft root and connecting rod necks.

Based on the developed models, the way of milling of radical and basic necks of
crankshafts for one institution where rough milling is carried out by an end face of a
quadrilateral plate, and finishing - its unloaded periphery has been offered. The recti-
linearity of the shaft necks has been ensured by the displacement of the point of
intersection of the tool axes and the part due to the movement of the cutter. The
presented method of milling provides stabilization of the depth of cut along with the
profile of the connecting rod necks due to synchronous vertical and transverse
movement of the cutter with uniform rotation of the crankshaft. The constancy of the
depth of cut and reducing the amount of allowance from the end of the plate to its
periphery increases the accuracy of shaping the treated surfaces. And milling at the
uniform rotation of part gives the chance to increase machining productivity at the
expense of increasing the frequency of rotation of a shaft. Milling for the first pass of
some halves of necks of a cranked shaft, and for the second – other halves provide
uniform wear of plates of the tool.

The proposed method of milling the root and connecting rod necks of the crankshafts
can be used to machining various cylindrical surfaces of complex profiles with crossed
tool axes and parts on universal sharpening machines with CNC, particular on VZ208F3.

Fig. 9. Distribution of specific productivity Q of milling along with the profile of the cutter
tooth.
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Abstract. Grinding complex-shaped parts is one of the labor-intensive opera-
tions due to the lower stock removal rate and high temperature in the grinding
zone at which grinding defects are formed. To reduce the grinding stock
unevenness, it is necessary to position the complex-shaped part workpiece on a
grinding machine so that the part contour according to the drawing (set by the
control program) with the least grinding stock unevenness was inscribed into the
contour of this workpiece. The position of the workpiece contour is monitored
using an onboard measuring system embedded in a CNC grinding machine. On
the example of profile gear grinding, the analysis of three methods of gear
positioning is carried out. By the first method, the gear is ground in a single
setup on a CNC gear grinding machine, and the gear bore is ground with a
preliminary calculation of its axis position based on the results of measuring the
toothed surface. By the second method, the bore is ground according to the
traditional technology on an internal grinder. An adjustment is made to the gear
angular position on a gear grinding CNC machine with an onboard measuring
system. A virtual recalculation is performed by the third method for the primary
stock measurement data obtained by the second method. The position of the
setting tooth space is determined and marked for the gear grinding, which is
started from this space on another gear grinding machine, including a machine
without both CNC and onboard measuring system.

Keywords: Complex-shaped parts � Profile grinding � Measuring system �
Initial space � Setting space � Freeform surface � Digitized surface � Testing gear

1 Introduction

In the last 5–10 years, high productivity profile gear grinding was demonstrated under
controlled conditions, i.e., using an onboard or embedded measurement system to
determine the grinding stock removed and the grinding machine setting based on the
grinding stock measurements results. Onboard grinding stock measurement was
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introduced to shorten setup time, in-process and post-process control. In addition and
most importantly, onboard measurement is used for the initial grinding machine setup
in advance of grinding. Information about the actual location of the grinding stock to be
removed on a complex-shaped workpiece allows not only correctly positioning the
workpiece relative to the profile grinding wheel but also making a preliminary
adjustment to this position. It becomes possible to most successfully position the future
part body relative to the actual configuration of the part workpiece using, e.g., a tactile
measuring system in advance of grinding.

In general, onboard measurement on CNC gear grinding machines was introduced
to shorten grinding machines setting up time (pre-process) and in-process and post-
process control based on the CNC intelligent software. Such a grinding machine setting
up includes measuring the workpiece’s actual grinding stock and orientation in advance
of grinding to eliminate uneven stock placement, i.e., such a setup is associated with
the automation of locating and clamping the workpiece in advance of grinding.

The task of complex-shaped part location in advance of grinding, e.g., gear
grinding, is to a certain extent similar to the task of balancing a manufactured part such
as a solid of revolution, for example, balancing a “rotor” type part. The general consists
of preliminary measurement of the parameters characterizing each testing part and in
the subsequent adjustment of the mass or spatial position of the part, respectively, when
balancing and locating the part.

The appearance of practically functioning onboard measuring systems does not
mean that their work is effective. Therefore, the development of new methods and
algorithms for the effective use of the onboard measuring system is one of the urgent
tasks in automated grinding technology. At the same time, this is the aim of this paper.
To achieve the aim, the paper discusses three methods of correcting the spatial position
of the workpiece (when setting up the machine) based on preliminary measurements:
(1) relocating the position of the gear bore datum, (2) correcting the angular position of
the gear workpiece relative to the machined bore and (3) calculating and marking the
so-called “setting tooth space” position from which gear grinding begins not only on
this but also on any other gear grinding machine, including one without both onboard
measuring system and CNC.

2 Literature Review

The use of online measurements in mechanical engineering technology is a charac-
teristic trend in its development [1]. Onboard measuring systems built into the process
equipment allow considering the individual characteristics of the complex-shaped parts
being machined and optimizing their machining [2].

According to the so-called minimax criterion, there is a known method of the
preliminary orientation of the complex-shaped part workpiece [3]. If a workpiece of
part is installed on a CNC machine tool without aligning its position and without a
special fixture, it may turn out that its actual position does not ensure milling contour
since the control program corresponds to a position of the part that may extend beyond
the workpiece. To allow machining of the part contour specified by the program and
fulfill the requirement of preserving the originally designed distribution of milling
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stock, it is necessary to set the offset coordinates for the control program along two
coordinate axes and the rotation angle. The problem is to find a location of the part in
the workpiece with its actual position, where the maximum distance between the
contours of the part and workpiece will be minimal. In this case, it is necessary to fulfill
the following constraint: the entire part is located in the workpiece and does not go
anywhere beyond it.

When machining complex-shaped parts with symmetric shape (gears, impellers,
etc.), the task of the initial orientation of these parts is somewhat simplified. For
example, grinding a gear in a single setup is proposed: grinding the bore, face, and
toothed surface of gear on a single grinding machine [4]. When the stock condition
around the circumference and across the gear face is known, grinding strokes can be
minimized. There considered not only the radial runout but also the helix distortion and
axial runout. During the measurement, the intelligent software finds the best possible
alignment between the grinding wheel and teeth to minimize stock removal and ensure
that all teeth are completely ground. The software also identifies flanks of tooth spaces
that may not be fully ground. It allows the operator to change the grinding parameters
before the grinding begins to eliminate grinding strokes with little or no contact. That is
why the teeth, bore, and face is to be ground in a single setup. With complete
machining of both the bore and teeth on a single machine, the workpiece can be aligned
to the unground teeth by the onboard measuring unit and a quick runout alignment
device. This technology is the following. Firstly, by aligning the teeth first, the amount
of excess stock created by using the conventional method can be removed, resulting in
productivity improvements and a shorter carburizing cycle for the same hardness and
case hardening depth. Secondly, the bore datum is ground with slightly higher stock
removal, still yielding a net benefit. Positive results include: (1) the difference between
the maximum and minimum grinding stock is less (more uniform hardening depth);
(2) the quality of concentricity of teeth to bore is higher; (3) the quality of the bore is
improved, especially if compared to the quality after turning. However, in the con-
sidered gear grinding strategy, the following issues are not disclosed: (1) how are
related the bore eccentricity and the grinding stock on the tooth flanks; (2) how to grind
in a single setup both the bore and the teeth, if a mandrel occupies the bore.

The most common method for aligning the grinding stock in advance of gear
grinding is the angular gear adjustment relative to the bore axis, which (axis) is the bore
datum [5]. A method of the initial orientation of the workpiece in advance of gear
grinding is to align the minimum values of the stock on the left and right flanks of tooth
spaces by the following steps. Firstly, one of the gear tooth spaces, moreover random
(hereinafter the initial space), is placed in the measurement zone, and the gear is
preliminarily fixed on the faceplate. Secondly, the gear is aligned in the radial direction
by radial runout decreasing with an unlocked dividing disc. Thirdly, the dividing disc is
fixed, the measuring tips are inserted into the tooth space in the measurement zone, and
the grinding stock is leveled on both tooth flanks of this gear initial space by turning the
faceplate relative to the dividing disc through the faceplate turning mechanism. The
setting of the reading device of the measuring system to the zero position had been
carried out in advance of measurement according to the reference gear, which is ground
to the lower limit size of the tooth thickness. Fourthly, grinding stock is measured on
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the left and right flanks of all gear spaces, and the measurement results are recorded,
and then a combined diagram of the grinding stock is represented. According to the
stock diagram, the difference of the minimum stocks on the left and right flanks of the
spaces is determined and the faceplate with the gear under test is rotated relative to the
dividing disc in the direction of the flank with the largest minimum stock of the two
minimum ones. For example, this difference is equal to 0.09 mm [5]. The correction
value to be entered to reposition the gear to be ground equals the half difference of the
minimum stocks, i.e., 0.045 mm. The turn value of 0.045 mm is recorded either
manually using the reading device of the measuring system or automatically, i.e., in the
computer memory through a digital encoder (angle sensor). To make the found cor-
rection, the testing gear is additionally rotated in the required direction by the value of
0.045 mm. After correcting the testing gear angular position, the new grinding stock
may be remeasured and recorded on both flanks of tooth spaces, and a new combined
stock distribution diagram may be plotted or saved in computer memory.

There is a study on adaptive machining or adaptive repairing other complex-shaped
symmetrical parts, such as impeller and blisk (a portmanteau of the bladed disk) with
construction and investigation of the machining allowance optimization model and
model alignment [6] but without expansion on gears.

There are also solutions related to this subject for grinding of biomedical implants
[7, 8] and grinding of riblets on compressor blades [9]. Besides, measurement of the
position of the workpiece is performed on 3- and 5-axis CNC machines to align the
allowance in advance of machining and to detect the current inconsistency by com-
paring the digitized manufactured surface with the design surface [10, 11]. There is a
generalizing study on the so-called cyber-physical systems [12], whereas there is no
recommendation for gear grinding.

Of particular interest are new methods for obtaining information on the topography
of surfaces of complex-shaped parts: coordinate-measuring machine (CMM) inspection
[6], laser scanning [8], and the acoustic emission (AE) signal use [13]. All this is
especially important in connection with expanding the profile gear grinding application
field [14].

Grinding wheel specification selection [15] and control of grinding accuracy [16]
have also to be considered, but this is not directly related to the topic of this paper.

3 Research Methodology

Manufacturing a gear includes many metal cutting operations and abrasive machining
(including grinding), between which a chemical-heat treatment is performed, for
example, carburizing and hardening. It is known that gear hardening leads to unpre-
dictable deformations and distortions of a complex-shaped gear to be ground. The
result is the gear runout and its eccentricity.

According to traditional technology, its bore is ground first on an internal grinding
machine after gear hardening. The reference surface for grinding the bore is the toothed
surface of the gear or its outer cylindrical surface. Further, the bore datum is used as the
processed datum for profile gear grinding. The gear workpiece bore is pushed onto the
mandrel with a minimum clearance between the bore and mandrel. After that, the gear

Gear Grinding Stock Alignment in Advance of Grinding 173



radial runout is eliminated manually by checking mandrel position or gear special
reference surface. The grinding stock is measured, e.g., on CNC machine Höfler
RAPID 1250 with a Renishaw tactile probe (Fig. 1).

Instead of a tactile probe, a grinding wheel is often used to measure the topography
of the grinding stock when the contact between the grinding wheel and the workpiece is
monitored by an AE signal (Fig. 2).

The maximum stock values on the left and right flanks of each tooth space are
determined. Further, there are two possible options for using the obtained stock data.
According to the first option, the gear angular adjustment’s magnitude and direction are
calculated according to the method described above [5] to enter the gear position
angular correction value. According to the second option (considered below by an
example), a “virtual aligning algorithm” is applied to the obtained data, according to
which the obtained “digital topography of the grinding stock” is virtually (i.e.,
repeatedly, over and over again) recalculated as many times as there are experimental
points of the stock measurement except for one – the very first or initial tooth space.

Fig. 1. Tactile measurement made by a special probe (a) and the same after zooming (b).

Fig. 2. Centering a grinding wheel to the tooth space (a) and AE signals when one (b) and other
(c) flanks of the space are touched with the wheel.
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From now on, according to the “virtual aligning algorithm” (or “virtual centering
algorithm”), the location of the so-called “setting tooth space” is determined and
marked, starting from which this gear can be ground not only on this CNC grinding
machine but also on any other gear grinding machine, including an outdated machine,
i.e., the machine having neither CNC nor onboard measurement system. This method
of redistributing functions between interacting gear grinding machines allows creating
a group of gear grinding machines based on one leading (main) gear grinding machine,
which has a CNC and an onboard or built-in measuring system, e.g., CNC machine
Höfler RAPID 1250, and several driven outdated machines (auxiliary, additional, etc.)
that have neither a CNC nor onboard measuring system.

4 Results

To increase the throughput of the group of gear grinding machines mentioned above, a
method for centering (aligning, leveling) the grinding stock to be removed without
correcting the angular position of the gear to be ground (a patent of Ukraine
No. 119835) has been developed.

The method consists of determining the setting tooth space by measuring the gear
workpiece’s actual topography around the gear’s circumference, e.g., on a Höfler
RAPID 1250 CNC gear grinding machine. The gear grinding machine group, in
addition to machine Höfler RAPID 1250, includes domestic gear grinding machines
5A841 and 5843E, which have neither a CNC nor onboard measuring system. The
method includes the following sequence of actions to execute the “virtual aligning
algorithm” mentioned before.

1. Centering of the measuring instrument (tactile probe or grinding wheel) relative to
the random initial space (i = 1, j = 1) is performed. Grinding stock readings are
formed for all tooth spaces’ left and right flanks except the initial space (Fig. 3).

2. The data obtained is represented in the form of two original row matrices, which are
the first main rows of two N x N matrices for the left and right flanks of the tooth
spaces, i.e.

ZL
1j ¼ zL11 zL12 ::: zL1j ::: zL1n

h i
; ZR

1j ¼ zR11 zR12 ::: zR1j ::: zR1n
h i

; ð1Þ

where 1� j� n is the ordinal number of the tooth space, in which the grinding stock
readings are obtained and memorized after centering the measuring tool in the initial
(i = 1) tooth space; n is the number of tooth spaces (equal to the number of teeth).

3. The “virtual centering” of the measuring instrument is performed in the second
(i = 2) tooth space by converting the original matrices according to the formulas
(1). For this, it is necessary to ensure the fulfillment of the condition zL22=z

R
22 by

primary recalculation readings, i.e., zL22 ¼ zL12 � d2 and zR22 ¼ zR12 � d2, where d2 is
the correction value that ensures the fulfillment of the condition zL22 ¼ zR22. The rule
of signs is as follows: we put a sign “plus” in front of the number d2 if the condition
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zL12\zR12 is met and – sign “minus” if this condition is violated, and
d2 ¼ ð0; 5Þ � zL12 � zR12

�� ��.
4. Row matrices are formed, similar to the previous matrices, but differ in that the

centering of the measuring instrument is done in the second tooth space (i = 2) by
recalculating the readings in the rows of matrices according to formulas (1),
changing all the components of these matrices by the same value, taking into
account the rule of signs. The following row matrices are obtained for i = 2, i.e.

ZL
2j ¼ zL11 � d2 zL12 � d2 :::z

L
1j � d2:::z

L
1n � d2

h i
¼ zL21 zL22 ::: z

L
2j:::z

L
2n

h i
; ð2Þ

ZR
2j ¼ zR11 � d2 zR12 � d2 :::zR1j � d2:::zR1n � d2

h i
¼ zR21 zR22 ::: z

R
2j:::z

R
2n

h i
: ð3Þ

5. After the “virtual centering” of the measuring instrument in the last n-th tooth space,
two square matrices ZL and ZR are formed for the left and right gear flanks of the
tooth spaces, respectively, i.e.

ð4Þ

Fig. 3. Grinding stock topography centered on the initial tooth space located in a random place.
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Thus, to obtain all 1� i� n rows of matrices (4), it is necessary to add to the
components of their 1-st main row, if zL1i\zR1i. Or subtract, if the condition zL1i\zR1i
is violated, the correction value di, where di ¼ 0; 5 zL1i � zR1i

�� ��. After that, the fixed
matrices (4) are subjected to analysis.

6. A database management system is used to find the data row in matrices (4) with the
corresponding row number is, 1� is � n for which zLmin [ 0, zRmin [ 0 i
zLmin � zRmin

�� �� ¼ min. This row is taken as the number of the desired “setting tooth
space” which must be marked, and in which a gear grinding machine setting will be
made in advance of gear grinding (Fig. 4).

For this case, we have zLmin � zRmin
�� �� ¼ 0.0024 mm (Fig. 4), i.e., the smallest of all

possible. Thus, the gear tooth space number three (i.e., is ¼ 3) has been calculated,
which will provide the specified minimum difference of 0.0024 mm if the initial
centering of the grinding wheel is performed in this tooth space, i.e., in the third tooth
space.

5 Conclusions

With complete machining of both the gear bore and teeth on a single machine, the
workpiece can be aligned to the unground teeth by the onboard measuring unit and a
quick runout alignment device. However, this requires an algorithm for recalculating
the position of the bore center from the results of measuring the teeth. This method is
based on the functional relationship between the displacement of the bore datum with a
corresponding change in the grinding stock on the flanks of the tooth spaces and the
radial runout of the toothed surface relative to the bore.

Fig. 4. Grinding stock topography centered on the third tooth space that has been calculated.

Gear Grinding Stock Alignment in Advance of Grinding 177



The method of grinding the gear bore, end face, and toothed surface in a single
setup allows reducing both the grinding stock and its unevenness but has the following
disadvantages: a complication of the gear grinding machine design which must have an
additional grinding head for grinding the gear bore and end face; there are difficulties
with the gear installation for grinding the bore which is occupied by the mandrel for the
gear locating.

A method for aligning the gear grinding stock has been developed, which consists
of finding the “setting tooth space”, into which the grinding wheel is centered at the
stage of setting up this or another gear grinding machine, to ensure the alignment of the
grinding stock around the circumference of the gear without correcting the angular gear
position relative to the gear axis. The method allows replacing the precision angular
adjustment of the gear (relative to its axis) by searching for the gear “setting tooth
space”. Starting from this “setting tooth space”, it is possible to grind the gear on any
other gear grinding machine that does not have an onboard measuring system, and even
more, does not have a CNC system.

When the stock location around the circumference and across the gear face is
known, as a result of measurement and calculation, grinding passes can be minimized
to reduce the grinding time, including eliminating the phenomenon of “air grinding”.

The performed analysis and developed method are shown to profile gear grinding
on CNC machines; however, they can be applied to grinding other complex-shaped
parts (both symmetrical and non-symmetrical) made of difficult-to-machine materials.
For example, these can be gears, lead screws, turbine impellers, cams, biomedical
implants (in dentistry and orthopedics), etc.

Acknowledgment. This work was carried out within the State (Ukraine) budget theme of the
Odessa National Polytechnic University (2018–2021, registration number: 0118U004400).
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Abstract. High heating rates generally characterize the thermal grinding pro-
cess. Thus, during grinding, secondary surface heat treatment is observed.
Notably, that the technology does not provide for this secondary heat treatment,
and its modes in most cases are such that they lead to violations of the phase and
structural composition of the surface layer or the so-called grinding burns of
hardening and tempering. Burns lead to cracks in the surface layer of the part
and reduce the reliability and durability by 3–4 times. Tempering burns occur at
lower temperatures than hardening burns. Therefore they are more common. It is
shown that the temperature of tempering burns is the temperature of the third
transformation of tempering, and the value of this temperature depends on the
chemical composition of the ground steel and the heating rate. The study made it
possible to obtain mathematical dependences for determining the temperature of
the tempering burns (the temperature of the third transformation of the tem-
pering). In this work, tables of temperatures of tempering burns have been
created for hypoeutectoid, eutectoid, and hypereutectoid steels at different
heating rates. It is shown that the grinding modes should provide lower tem-
peratures. The presented material shows that the temperatures of the third
transformation of tempering strongly depend on the content of carbide-forming
elements, particularly on the concentration of chromium.

Keywords: Burns � Hardening � Tempering � Heating rate � Critical
temperature � Martensite � Pearlite � Grinding temperature � Grinding

1 Introduction

The thermal grinding process is generally characterized by high heating rates, short
holding times, and high cooling rates. Maximum temperatures can be both above
critical points and below critical ones. Thus, during grinding, secondary surface heat
treatment is observed.

Remarkably, the technology does not provide for this secondary heat treatment, and
its modes in most cases are such that they lead to violations of the phase and structural
composition of the surface layer or the so-called grinding burns of hardening and
tempering. Tempering burns occur most often since they are formed at relatively low
grinding temperatures.
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To have the necessary clarity, it is necessary to clearly understand which trans-
formations occur in hardened steel during heating [1, 2].

Martensite of hardening is a non-equilibrium structure that remains due to the low
mobility of atoms at room temperature. When this structure is heated (if we are talking
about carbon steel), four transformations occur in the metal, the essence of which is
briefly reduced to the following [3, 4].

1. In the temperature range 150–200 °C, two-phase or heterogeneous decomposition
of martensite occurs. As a result of the first transformation of tempering, tetragonal
martensite turns into cubic, which is called as tempered.

2. In the temperature range 200–300 °C, the second transformation occurs, which is
characterized by the fact that retained austenite is transformed into tempered
martensite.

3. In the temperature range of 300… 400 °C, the third transformation of tempering
occurs. As a result of this transformation, a highly dispersed ferrite-cementite
mixture is formed, called temper troostite.

4. In the temperature range 400… 600 °C, the fourth transformation occurs, consisting
of the growth of carbide particles and their coagulation. The result is a temper sorbit
or temper perlite structure.

If the tempering temperature during grinding is considered the temperature at which
the martensitic structure of the surface layer completely decomposes, then this will be
the temperature of the third tempering transformation. Therefore, in the future, when
we study the influence of heating rates and the chemical composition of steel on this
temperature, we will mean this temperature.

When studying the tempering process during grinding, it is also necessary to
consider the initial structure of the workpiece being ground. In most cases, hardening is
accompanied by low tempering, and then the initial structure will be tempered
martensite. In some cases, during HFC hardening, tempering is not done, and the
surface layer structure is untempered martensite.

2 Literature Review

Numerous works have been devoted to the transformations of tempering during
grinding, for example [5–9], which link tempering temperatures with the rates of
heating and cooling. However, these works mainly deal with the heating of HFC, the
rates of which are several orders of magnitude lower than the heating rates during
grinding. In addition, in these works, the effect of the chemical composition of hard-
ened steel on temperature transformations during tempering is not considered, but only
the tempering temperature is mentioned, and nowhere is it specified what this means.
So in work [10] phase-structural transformations and changes in microhardness of steel
20CrMnTi were studied in detail. The burns of hardening and tempering are shown.
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However, grinding temperatures are not given, which reduces the value of the work. In
[11], the relationship between steel hardenability and cracking was investigated.
However, the heating rates correspond to induction hardening, which is several orders
of magnitude lower than during grinding. In work [12], a study was carried out using a
statistically planned experiment to link the parameters of the grinding mode with
grinding burns. There are no data on heating rates, and changes in the value of the
phase transformation temperature depending on the heating rate are not considered.

The work [13] considers the metallurgical reasons for the formation of burns and
cracks. However, the dependence of the formation of burns on the heating rates during
grinding is not considered.

In [16], the dependence of burns on the state of the wheel is considered –

straightening, ligament, graininess. Heating rates are not considered.
In [17], an analysis is presented to predict the distribution of hardness in the surface

layer of hardened steel due to tempering and re-hardening associated with high tem-
peratures occurring during grinding. Grinding temperatures are simulated with a tri-
angular heat source in the grinding zone, taking into account the temperature-
dependent thermal properties. Heating rates and variations of the chemical compounds
were not observed.

3 Research Methodology

Of most significant interest is the study of the third tempering transformation. In
particular, the temperature of this transformation depends on the rate of heating,
cooling, and the chemical composition of the material.

During the third tempering transformation, carbon leaves the martensite lattice
completely. On the one hand, pure ferrite is formed, and on the other, the reaction of
the released carbon with ferrite proceeds simultaneously, resulting in cementite. As a
result, a ferrite-cementite mixture is formed (see Fig. 1), which is called as perlite.

Fig. 1. Scheme of pearlite grain.
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The formation of pearlite from martensite can be considered the process of
nucleation of pearlite centers with their subsequent growth.

Pearlite grain can be represented as a system consisting of alternating plates of
ferrite and cementite (Fig. 1) [4]. It can be assumed that the process begins with the
nucleation of a carbide center. As the carbide center grows in the volumes of martensite
immediately adjacent to the carbide center, the carbon content decreases, and a ferrite
center arises near the carbide center. Further, a new carbide center appears near the
ferrite center. Near the carbide center - again ferrite. As the edges of the ferrite and
cementite plates grow, they move into the martensite. To determine the transforma-
tion’s completeness or determine the grain size after a certain time, it is necessary to
determine the growth rate of the pearlite grain [13].

Since pearlite formation is accompanied by a change in the carbon concentration in
martensite, the change in this concentration can be determined using Fick’s second law.

@2C
@x2

þ @2C
@y2

¼ 1
D
@C
@s

ð1Þ

Under boundary conditions

Cðx[ 0; 0Þ ¼ 0

Cð0; s� 0Þ ¼ C0
@2C
@x2

þ @2C
@y2

þ m@C
D@x

¼ 0 ð2Þ

where C is the current concentration;
D – is the diffusion coefficient;
C0 – is the initial concentration;
s – current time.
If we denote the speed of advancement of the edges of the pearlite plate into

martensite through v and go to a moving coordinate system uniformly moving at a
given speed, we can consider the change in the carbon concentration regardless of time.

XI ¼ X � sv

Then the change in the length of the pearlite plate X can be described as:

@2C
@x2

þ @2C
@y2

þ v@C
D@x

¼ 0 ð3Þ
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As a result of solving this equation by the Laplace transform method, we have for
the structure tempered martensite

Ttempering ¼ Q

Rln 2Rg�v s3 þ s2ð Þ
GA s3 þ s2�s1ð Þ
h i ð4Þ

And for the structure of untempered martensite

Ttempering ¼ Q

Rln 2Rg�v s3 þ s2�s1ð Þ
GA s3 þ s2�s1ð Þ

h i ð5Þ

Where,

G ¼ 698132 996� Thð Þ
1; 4þ ln 0:015 997�Qð Þ

6;67

Rg – pearlite grain size;
s3 – time of contact of a given point of metal with a wheel, s;
s2 – cooling time of a given point of the metal, s;
s1 – the time required for transformation, s;
A – coefficient characterizing the metal or alloy;
v – is the unsteady growth rate of the pearlite plate, m / s;
R – universal gas constant, J / (mol K);
Q – is the activation energy characteristic of a given metal or alloy J;
Th – is the temperature of full hardening for hypoeutectoid steels or the temperature of
incomplete hardening for hypereutectoid steels, ºC;
A1 – is the temperature of the Ac1 point in the ‘iron-carbon’ diagram [4].

Knowing the tempering temperature, it is possible to determine the specific power
spent on transformation when the mass of the material being converted is 1 g:

Nsp ¼ c� m� DT
sh

ð6Þ

where c – is the specific heat capacity of the metal, J / kg ºC;
m – mass, kg;
DT – is the difference between the alloy temperature and the ambient temperature;
sh – holding time, s.
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The tempering temperatures and specific power of transformation for steels DIN
C45, C80W1, 100Cr6, 90CrSi, 12Cr2Ni4 were calculated from the given dependences.
The steels are selected so that they correspond to hypoeutectoid steels, eutectoid,
hypereutectoid, cemented (12Cr2Ni4), and high-carbon alloyed. The tempering tem-
peratures and specific transformation power depending on the speed of part’s move-
ment are shown in Table 1.

Based on the data in Table 1, the dependences (Fig. 2) of the temperature of
pearlite formation on the rate of the heat source and the chemical composition are
plotted.

Table 1. Tempering temperature and specific power transformation.

Speed of a spacement VS,
m / mm

5 10 15 20 25

VS, m / s 0,083 0,166 0,25 0,33 0,416

Holding time s*10–3, s 56,5 24,8 15,65 11,6 9
C45 Ttemp °C 385

385
415
414

432
431

445
454

455
454

NSP, W 4,28
4,29

10,51
10,5

17,31
17,3

24,52
24,5

32,1
32

C80W1 Ttemp, °C 418
417,8

450
148

469
467

482
479

494
490

NSP, W 4,64
4,64

11,4
11,36

18,78
18,69

26,13
25,96

34,28
34

12Cr2Ni4 Ttemp, °C 471
466

513
500

546
520

579
535

626
547

NSP, W 5,03
5

12,37
12,1

20,36
20,12

28,36
27,89

37,22
36,12

90CrSi Ttemp, °C 530
524

578
563

615
598

652
603

707
616

NSP, W 5,67
5,63

13,94
13,64

22,94
22,68

31,96
31,43

41,95
40,71

100Cr6 Ttemp, °C 556
550

607
591

645
628

684
633

742
646

NSP, W 5,95
5,91

14,6
14,32

24
23,8

33,5
33

44
42,7

Note. In the numerator – the original structure – untempered martensite,
in the denominator – the original structure – tempered martensite
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4 Results

The material presented shows that the temperature of the third transformation of
tempering depends on the content of carbide-forming elements, particularly on the
concentration of chromium. The data in the charts and tables are calculated based on
the chromium content indicated in the steel grade. However, this value corresponds
mainly to the center of the grouping of the Gaussian curve, for the tolerance for the
content of this element, according to which chromium can be distributed in different
heats according to the tolerance. The probability of chromium content in the lower and
upper tolerance ranges can be within 10%. In this case, higher chromium content is not
hazardous because it increases the temperature of the third tempering transformation.
The lower chromium content creates a risk of tempering burns when grinding steels of
the same grade but different heats since a decrease in the actual content of carbide-
forming alloying elements leads to a decrease in the martensite-pearlite transformation
temperature.

Even under unstressed processing conditions, grinding temperatures can often
exceed the critical temperature - the temperature of the third tempering transformation.
Therefore, when designing the grinding operation of a hardened steel part, the data in
Table 1 should be used so that the probable grinding temperatures are lower than those
given.

The temperature of the third tempering transformation depends on the rate of
carbon diffusion. Therefore, steel alloyed with elements that slow down the rate of
carbon diffusion, for example, tungsten and molybdenum, have higher temperatures of
the third transformation of tempering and can be processed under more stressful
conditions without the risk of tempering burns.

Fig. 2. Dependence of the temperature of pearlite formation on the rate of the heat source and
the chemical composition of steel. Steel 45, 2- U8, 3- 12X2H4A, 4- 9XC.
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5 Conclusions

When grinding parts made of hardened steels, the surface temperature should not
exceed the values indicated in Table 1. For obtaining such temperatures, it is necessary
to select the appropriate processing modes and select wheels of appropriate charac-
teristics, usually of low hardness or wheels made of synthetic superhard materials.

As a rule, it is necessary to assign low processing modes, which leads to a significant
decrease in productivity. For increasing productivity and applying more severe grinding
conditions, it is possible to recommend effective cooling systems, for example, the
supply of a cooling lubricant under pressure to the contact zone of the wheel with the part.
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Abstract. The intermittent grinding technology, which for many years is
developing in the scientific school of prof. A.V. Yakimov finds all new and new
areas of use when grinding parts made from hard-to-machine materials. Inter-
mittent grinding wheels are currently prefabricated, i.e., they are prefabricated
structures. That is why adjusting the number of cutting segments on the grinding
wheel and its duty factor (ratio between the length of the cutting segment and the
period of repetition of these segments on the wheel) is possible. In this regard, in
the paper, the classification of macro- and micro-intermittent grinding wheels
has been performed. In the first case (macro-intermittent wheels) these are
segmented (prefabricated) abrasive tools, in the second (micro-intermittent) –
these are the grinding wheels with high porosity. A new mathematical model for
determining the intermittent grinding temperature has been developed. The
rationale for this model is made by comparing it with a similar model of H.S.
Carslaw and J.C. Jaeger for determining the temperature from the pulsating heat
flux. The paper shows that the results of determining the grinding temperature
by both these models differ by no more than 5%. With the help of the developed
mathematical model, the optimal intervals of changes in the geometric param-
eters of high porous grinding wheels are determined, at which the grinding
temperature is the smallest under otherwise equal conditions.

Keywords: Grinding temperature � Grinding burns � Intermittent wheel �
Technological heredity � Heat flux � Pore voids � Duty factor

1 Introduction

The scientific direction associated with the expedient provision of useful properties of
the object of labor is called synergetics and is associated with creating synergetic
systems. In synergetic systems, it becomes possible to interrupt the inappropriate
development of the process to prevent the appearance of the so-called bifurcation point.
As applied to grinding, such a bifurcation point is a condition for forming a grinding
burn caused by an increase in the maximum temperature in the cutting zone to a critical
value of this temperature. The method of intermittent grinding was proposed by
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Professor A.V. Yakimov in the seventies of the last century. Being tested many times in
practice, this method was not considered from the position of synergetics in theoretical
terms. Synergetics is the science of self-organizing systems that arise under certain
conditions. The concept of synergetics is also related to the concept of management
because the creation of special conditions for the expedient development of the process
allows cutting off the appearance of a bifurcation point and thereby ensuring the
stability of this process (e.g., grinding).

The grooves on the grinding wheel surface contribute not only to the effective
penetration of the grinding fluid into the cutting zone with all the resulting positive
consequences which the grinding fluid provides, namely: cooling, lubricating,
removing chips, etc. The alternation of cutting segments and no cutting grooves in a
short period of time of the grinding cycle makes it possible to interrupt the impractical
development of the heat accumulation process by timely removal of this heat together
with the chips. Thus, the subsequent cutting segment of the intermittent wheel gives an
increment of heat in the cutting zone and removes (together with the chips) the transient
process of temperature increase from the previous cutting segment that is “developing”
in the material being removed. In other words, the introduction of heat from the
subsequent cutting segment is accompanied by the removal of heat from the previous
cutting segment. Moreover, the rates of heat introduction and its removal are compa-
rable since the neighboring cutting segments are at a distance of “one order of
smallness”. Thus, the bifurcation point associated with the formation of burns is moved
back in time, and, with the correct choice of grinding parameters, the temperature in the
grinding zone does not exceed the critical level. This synergetic approach applies not
only to artificially created cutting segments and grooves on the grinding wheel but also
to the so-called “highly porous” grinding wheels. There are special open-pore grinding
wheels (high-porous grinding wheel) for working at the machining center where the
grinding wheels of different specifications are installed by the tool changer in the same
way as if they were milling cutters. At the same time, any reduction in the working
surface of the grinding wheel leads to both an increase in the workload on the cutting
segments of the wheel and to the appearance of grinding temperature defects (grinding
burns and cracks), as well as to the appearance of vibrations that worsen the quality of
the surface layer (surface integrity). In other words, the positive qualities of the
intermittent grinding wheel can be overcome by its negative qualities, such as violation
of technological requirements for surface integrity and surface finish. So, the study of
grinding temperature in the grinding with the macro-intermittent wheels or modern
high porous micro-intermittent wheels (having pore voids on the working surface) is
one of the urgent issues of manufacturing engineering.

A new synergetic approach gives special relevance to such studies, according to
which it is established that a preheated section of the ground surface loses part of its
preheated mass from the action of the previous cutting segment. This does not allow the
temperature field to spread deep into the surface being ground. An additional cooling
before the next heating occurs not due to the absence of cutting in the groove area
(cavity) of the grinding wheel but due to the removal of the source of the “non-
deployed in time” thermal field together with the grinding chips.
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2 Literature Review

Modern intermittent grinding is nothing’s the same as it used to be. There is much
information on the use of grinding wheels with an intermittent working surface. As a
rule, literary sources consider certain aspects of intermittent grinding technology,
which now is a comprehensive method not only for parts made of metals [1] but also
for parts made of non-metallic materials [2], e.g., of natural and artificial stone mate-
rials [3, 4]. But nothing is said about the ratio between the diamond segment length and
the period of changing heat flux.

It is found that the dynamic number of wheel segments can be used to accurately
predict the pulses on the measured temperature curves in the grinding zone [5]. But this
conclusion is not specific and requires additional research.

To reduce grinding thermal damage, furthermore a general thermal model is
developed [6]. This research aims to choose the slotting or segmental parameters more
reasonably and predict grinding temperature. However, these parameters are not con-
nected with the optimal grinding temperature.

It was shown that the machining of the teeth of the broaches with an intermittent
grinding wheel provided a higher quality of blade surfaces and increased the process
productivity. Besides, the workpiece oscillations amplitude may be chosen as a crite-
rion for determining the period of re-profiling of the grinding wheel [7]. However, the
vibration itself may have nothing to do with the geometry of the intermittent grinding
wheel.

To reduce thermal damage, the intermittent grinding wheels, which have a cooling
effect, have been used [8]. However, it is known that an ordinary intermittent grinding
itself does not provide effective cooling of the cutting zone.

There are researches to meet the cooling requirement by using the wheel grinding
slots [9, 10], special slotted grinding wheels [11, 12], and the wheel of high porosity for
the machining center [13, 14] with VIPER grinding [15, 16] along with making a
precision decision [17]. The VIPER stands for vitreous (or very) improved (or
impressive) performance extreme removal.

Thus, a comprehensive study of intermittent grinding [1] allowed us to establish
that all other things being equal, the maximum values of the pulse temperature are
higher than the average values of the same pulse sequence at the same time [18, 19].
Moreover, this average temperature fully corresponds to the equivalent “solid” grinding
wheel, i.e., a wheel with a continuous working surface. On the other hand, the long-
term practice of intermittent grinding shows that the temperature of intermittent
grinding is lower than the temperature of continuous grinding, all other things being
equal. In addition, a mechanistic approach is possible to determine the temperature of
the intermittent grinding [20].

3 Research Methodology

The literature review shows that intermittent grinding wheels are no longer manufac-
tured as 30–40 years ago, i.e., by cutting the grooves on standard wheels having no
these grooves. These are special constructions of two types: either prefabricated wheel
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construction made of fixed segments (segmented and slotted wheels) or special
grinding wheel with high porosity (porous and high porous wheels) having pore voids
on its working surface. The first type of grinding wheel is used in high-speed grinding,
i.e., when cutting speeds of about 50–80 m/s. The high porous grinding wheel second
type is used, e.g., in the profile gear grinding and VIPER grinding.

A micro-intermittent grinding wheel is the porous or high porous wheel in which
the cutting grains areas alternate with pore voids (gaps). Cutting section of length l1 and
non-cutting section of length l2 were measured experimentally [1]. Thus, the high
porous grinding wheel surface geometrical parameters l1 (cutting segment) and l2 (not
cutting cavity or pore void) are irregular. However, due to the known inertia of the
thermal field, the corresponding equivalent of the regular calculation parameters can
likely be found for these irregular parameters. To do this, we can use the constancy of
the average heat flux for regular and irregular cases. This assumption allows solving the
problem of temperature determination for macro- and micro-intermittent grinding from
a single point of view.

The complexity of the design and production of intermittent grinding wheels is very
high. No less challenging is the selection and optimization of intermittent grinding
parameters. For this reason, an integrated system CAD/CAM/CAE [18] is used in
mechanical engineering, which allows speeding up the process of creating effective
designs of intermittent grinding wheels of both segmented and high porous ones
(Fig. 1).

The modern understanding of CAD/CAM/CAE automation is considered taking
into account the product life cycle, which contains a number of time stages, including
product design (CAD), process design (CAM), and process systems engineering cal-
culations (CAE) with special computer software packages, as well as the product
testing and the process assessing. At the CAM stage of the product life cycle, process
design is performed considering the intermittent grinding temperature field. The ther-
mal scheme of intermittent grinding can be represented by a sequence of heat flux
pulses q(s), which is characterized by a period T, a period duty factor s ¼ T1/T, and the
maximum qmax and average qave values of the heat flux (Fig. 2).

Fig. 1. Integrated system CAD/CAM/CAE in mechanical engineering technology for intermit-
tent grinding wheel design [18].
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Every technological process or operation (as part of the process) is represented by a
certain discrete sequence of actions that are carried out on the object of labor that has an
initial and final state. Under the laws of mechanical engineering technology, the
location of these actions in time and their intensity are determined by certain empirical
regulations. For example, to obtain the 6th tolerance grade of the size of a part made
using traditional techniques from the stamping of the 16th tolerance grade, at least four
technological operations are required. Such operations can be, for example, two turning
operations and two grinding operations, each of which, with the existing technology,
takes a certain time. This time is a consequence of defect-free machining parameters.
Any reduction in this time increases the risk of getting a defective part according to the
parameters of dimensional accuracy, surface finish, and surface integrity.

Thus, the reason for the imperative in terms of the number of necessary techno-
logical operations and their necessary duration is the minimal risk of obtaining
defective parts. Therefore, the only guide to such technological design is empirical
information about the manifestation of technological inheritance or technological
heredity. Technological inheritance is the phenomenon of transferring the properties of
objects from previous technological operations to subsequent ones. These properties
can be both useful and harmful. The phenomenon of preserving these properties in
objects has been called technological heredity.

To explain the effect of interrupting technological heredity on the accumulation of
heat in the cutting zone during grinding, we can use the simplest model of thermal
phenomena during grinding. Such a model is called lumped one (i.e., concentrated), in
contrast to the distributed model of the thermal field obtained by Carslaw H.S. and
Jaeger J.C. for the pulsating heat flux density [1, 19]. Let a hypothetical body simul-
taneously acquire and lose heat energy. The acquisition of heat occurs due to the heat
released during cutting. The loss is due to heat dissipation into the surrounding space
(including due to thermal conductivity). For the generality of the problem, let this body
have some elevated temperature T0 at the initial moment of heating (Fig. 3).

Fig. 2. Pulsating heat flux q(s): 0T1 and T1T are time intervals of heating and no heating forming
macro- or micro-cycles of intermittent grinding with a cycle period T [1].
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It is known (received by L.M. Piotrovsky in 1950) that for such a model of the
temperature field, the following equation can be obtained for the current time s

s ¼ �st ln Tmax � Tð Þþ st ln Tmax � T0ð Þ; ð1Þ

where st is the heat time constant of the system, s; Tmax is the maximum temperature,
°C; T is the current temperature, °C.

Therefore, we have

T ¼ Tmax 1� exp � s
st

� �� �
þ T0exp � s

st

� �
ð2Þ

In the special case, when the heating starts from the cold state, i.e. T0 ¼ 0, we have

T ¼ Tmax 1� exp � s
st

� �� �
ð3Þ

Time constant st may be found as (Fig. 3)

st ¼ Tmax tan c ð4Þ

It is known that the heating time constant st can be graphically defined as a segment
AB on the line ABM of the final maximum temperature (Fig. 1).

If the body is first heated, e.g., up to the temperature Tmax, and then the heat supply
is stopped, then the body begins to cool according to the equation

Fig. 3. Characteristics of the lumped (concentrated) model of the thermal field during grinding
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T ¼ Tmaxexp � s
st

� �
ð5Þ

Equations (1)–(5) and their graphical interpretation in Fig. 3 allow us to describe
the thermal process of heating and cooling during intermittent grinding, considering the
influence of transient processes of increasing and simultaneously decreasing temper-
ature in the contact zone. Based on this lumped (concentrated) model, the dependences
of the intermittent grinding temperature as a function of time are constructed for the
following different cases (Fig. 4): ideal intermittent wheel (heat removal with chips is
not taken into account), real solid wheel (i.e., the wheel with the continuous surface),
real intermittent wheel (some of the heat is carried away with the chips). Separately, the
accumulation of heat (residual heat accumulation) is shown due to incomplete removal
of it and the chips.

The mathematical model of Carslaw H.S. and Jaeger J.C. for determining the
temperature from a pulsating heat flux allows finding the grinding temperature at any
time in the time interval of steady-state temperature values [1]. The disadvantage of this
model is the uncertainty of this time interval, which occurs after the end of the tem-
perature transition process. It constrains the use of this model for designing intermittent
grinding wheel optimal constructions and corresponding formulations (structures) of
high porous grinding wheels. That is why a new mathematical model for determining
the intermittent grinding temperature is proposed instead of and based on the model of
Carslaw H.S. and Jaeger J.C. to wit [1]:

Fig. 4. The initial phase of changing the intermittent grinding temperature
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Hsum ¼ qave
k

ffiffiffi
a
p

r
2

ffiffiffiffiffi
sh

p þ f sð Þ
ffiffiffiffi
T

p� �
; ð6Þ

where f sð Þ ¼ A
ffiffi
s

p þ Bffiffi
s

p is the function that depends on the duty factor s; A and B are

the dimensionless coefficients which depend on the grinding scheme, for example, for
the scheme of surface grinding by the periphery of the wheel, we have found that
A ¼−1.24 and B ¼ 1.62 (Table 1).

Based on measured the wheel specified geometric parameters l1 and l2 for wheels of
monocorundum WG946Hs12Vs, sol-gel corundum 3SG46Hs12Vs, and electrocorun-
dum A9946Hs12Vs, the geometrical parameters N (the number of “cutting segments”
on the wheel) and s (duty factor) are experimentally found and given in Table 2.

The results of the practical application of the developed software are presented in
Table 3, which gives the high porous wheels geometric parameters that provide a
minimum grinding temperature, e.g., in the interval of 577–588 °C.

Table 1. The intermittent grinding maximum temperature is calculated by the equations of
Carslaw H.S. and Jaeger J.C. [1] and the formula (6).

N s H
0
sum,

0C Hsum,
0C d, %

3 0.2 808.088 836.797 3.55
3 0.8 587.59 614.987 4.70
35 0.2 626.336 633.474 1.10
35 0.8 557.753 568.507 1.90

Note: N is the number of cutting segments on the wheel;H
0
sum,Hsum are the estimated

temperature by the equations of Carslaw H.S. and Jaeger J.C. [1] and by the formula
(6), respectively.

Table 2. Experimentally found parameters N and s for highly porous grinding wheels.

Wheel N s

WG946Hs12Vs
Monocorundum

313 0.75

3SG46Hs12Vs
Sol-gel corundum

292 0.64

A9946Hs12Vs
Electrocorundum

288 0.68

Note: N ¼ 2pR= l1 þ l2ð Þ; R is the grinding wheel radius, R = 200 mm;
s ¼ l1= l1 þ l2ð Þ.
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Analysis of the results obtained allowed formulating a scientific hypothesis that
explains the decrease in the intermittent grinding temperature by timely removal of the
material. The transient temperature distribution process is carried out and does not have
time to end.

4 Conclusions

A unified classification of intermittent grinding wheels has been developed based on
the frequency of impact of the cutting segments of the wheel on the surface being
ground (determined by many cutting sections on the wheel), as well as taking into
account the duty factor of the period of heat flux pulses.

A set of the grinding wheel geometric parameters is proposed for designing optimal
constructions of intermittent grinding wheels, including segmented, slotted, and high
porous wheels, namely: number of cutting sections on the working periphery of the
grinding wheel and the duty factor of the period of heat flux pulses. A technique was
developed to determine the high porous grinding wheel geometric parameters by the
criterion of the ratio of the sizes of the “cutting section” (cutting area, surrounded by
pores) and pore.

The temperature field during intermittent grinding results from the cyclic effect of
the pulsed heat flux on the surface being ground and is determined by the new
mathematical model, which provides a reliable determination of intermittent grinding
temperature. The error in determining the intermittent grinding temperature by the
formula proposed compared to the more complex solution derived by H.S. Carslaw and
J.C. Jaeger does not exceed 5%.

For the first time, a new scientific hypothesis was proposed, which explains the
effect of intermittent grinding temperature fall compared to conventional (continuous)
grinding under otherwise equal conditions, namely, the effect of grinding heat
removing an unfinished transition process of propagation of the thermal field. To judge
by the first results obtained, such a hypothesis has the right to exist, and the relevant
research should be further conducted.

The developed mathematical model for determining the temperature of the inter-
mittent grinding can be used as the software of the element CAE in the integrated
system CAD/CAM/CAE (Computer-Aided Design / Computer-Aided
Manufacturing / Computer-Aided Engineering), which can be used at the pre-
production (preplanning) stage in the integrated system of design and production.

Table 3. The high porous wheels optimum geometric calculated parameters.

Minimum temperature Duty factor (s)
0.2 0.5 0.8

577 °C N� 311 N� 40 N� 7
582 °C N� 228 N� 25 N� 5
588 °C N� 152 N� 18 N� 3
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Simulation of an Absorber of Vibration
in Turning

Yuri Petrakov(&) and Maksim Sikailo

National Technical University of Ukraine, Igor Sikorsky
Kyiv Polytechnic Institute, 37, Peremogy Ave., Kyiv 03056, Ukraine

Abstract. This paper presents an interest in simulating a dynamic absorber of
vibration for turning. A mathematical model of a turning machining system is
presented in the form of a single-mass model with one degree of freedom in the
direction of cutting depth and the effect of elastic displacement on the cutting
width. The dynamic absorber of vibration is presented as one mass rigidly
connected to the tool and linear damper. The mathematical model of the
machining system with a dynamic absorber of vibration considers the closed-
loop of the cutting process and its delay function. An application soft has been
developed for simulating the machining system in time and frequency responses.
According to the Nyquist frequency criterion, preconditions are made to assess
the machining system’s stability with a delay. Simulating allows selecting the
dynamic parameters in the design of the absorber of vibration and the vibration-
free mode of cutting.

Keywords: Chatter in turning � Absorber of vibration � Closed-loop delay �
Simulation in time � Frequency responses

1 Introduction

Any cutting process is accompanied by vibrations, the nature of which is still poorly
understood. Depending on the level of vibration amplitude, they can disrupt the pro-
cessing conditions, deteriorate the surface quality of the part, and lead to premature tool
wear. Therefore, the study and solution of vibration during machining operations is
extremely important to improve their quality and productivity [1]. Vibration elimina-
tion methods are classified as passive chatter control (PCC) and active chatter control
(ACC) [2]. The easiest to implement and no less effective are passive methods, which
include a dynamic absorber of oscillation, representing an additional mass that is
elastically connected with the main, as a rule, the mass of the device instrument. Since
the efficiency of vibration damping depends on the accuracy of tuning the dynamic
parameters of the additional mass, it is necessary to have a simulating tool that allows
you to design a vibration damper for a specific technological machining system [3].
The creation of such tools in the form of special soft using the digital twin of the
technological machining system is an urgent scientific and technical task.
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2 Literature Review

To form a process control strategy to eliminate vibrations or reduce their amplitude, it
is necessary to build a mathematical model reflecting all the dynamic properties that
lead to the appearance of vibrations. The identification of the machining system ensures
the adequacy of the model as a result of the experimental determination of dynamic
parameters, i.e., equivalent stiffness, mass, and damping of the system during operation
in a closed-loop configuration [4].

Of great importance for explaining the occurrence of regenerative oscillations in the
machining system are lag processes that affect the shape of the allowance and the
dynamic change in the cutting thickness [5]. Since the machining system is under the
influence of a force disturbance, it is important to consider the dependence of the
cutting force on the chip area and the contact of the cutting edge [6]. Such dynamic
parameters should be included in the simulation model of the machining system, taking
into account its closed-loop and cutting along the already machined surface, i.e., the
delay element [7].

Good results for predicting stability are shown by studies of a system in a closed-
loop state both in the time and in the frequency domain using numerical analysis
methods and focusing on the frequency criteria for the stability of closed-loop systems
[8]. When compiling a mathematical model, it is necessary to strive for simplicity of
presentation while maintaining maximum adequacy. Second-order dynamic models
with the obligatory consideration of the closed-loop of the cutting process and the
lagging argument in the feedback fully satisfy such requirements [9]. The solution is
often sought by analytical methods, based on the analysis of the roots of the charac-
teristic equation. The results are presented in the form of a stability lobes diagram
without using classical stability criteria in the Nyquist diagram [10].

All methods for eliminating vibrations during cutting are conventionally divided
into passive chatter control (PCC) and active chatter control (ACC) [2, 11]. The PCC
methods include various types of dynamic vibration absorbers, which are structurally
performed as additional masses attached to a machine element that directly carries out
the cutting process through an elastic connection with damping [12]. Such devices’
parameters can sometimes automatically adjust and adapt to the actual cutting condi-
tions (Adaptive Turning Mass Damper - ATMD) [13].

In any case, it is important to determine the optimal parameters of a dynamic absorber
to reduce vibrations during turning, especially taking into account the nonlinearities of
the cutting process model [14]. It is also important to have a dynamic damper design tool
using variable stiffness adjustable dampers (VSTMDs) since these devices are initially
used as a conventional passive damper tuned to constant stiffness [15].

Thus, to design a dynamic vibration damper based on the technology of passive
vibration control, it is necessary to develop a mathematical model of the processing
system, taking into account the closed-loop of the cutting process and machining along
surface already machined with a delay argument, to ensure its adequacy, to create a tool
in the form of special software that allows simulating a system with damper fluctua-
tions in both the time and frequency responses. Formulate a stability criterion based on
the Nyquist frequency diagram for systems with delay and positive feedback.
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Such a soft will allow solving the problem of choosing the parameters of an
absorber of vibration and designing a cutting mode for performing stable machining
with maximum productivity.

3 Research Methodology

Striving for the simplicity of representing the mathematical model while maintaining
the necessary adequacy, it is sufficient to describe the processing system as a dynamic
model with one mass m and one degree of freedom in the Y-axis direction, normal to
the Y-axis surface of the part. According to the chosen paradigm of passive vibration
damping, the dynamic vibration damper is presented in the form of a mass m1 asso-
ciated with the main mass, which is most close to the cutting zone, with a stiffness k1
and a viscous friction damper k1 (Fig. 1).

The main machining system following the diagram in Fig. 1 is represented by an
oscillatory link with a transfer function:

Wms sð Þ ¼ dh sð Þ
Fya sð Þ ¼

1=ky
T2s2 þ 2nTsþ 1

; ð1Þ

where dh is the elastic displacement of the processing system under the action of the
normal component Fya of the cutting force, ky is the rigidity in the direction of the Y-
axis, is the period of natural oscillations, n is the damping coefficient of oscillations,
and s is the Laplace operator.

The equation of motion for the additional mass of the vibration damper, which is
under the action of kinematic excitation:

m1
d2y
dt2

þ k1
dy
dt

� ddh
dt

� �
þ k1 y� dhð Þ ¼ 0; ð2Þ

Fig. 1. Scheme of the model.
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whence the transfer function:

W sð Þ ¼ y sð Þ
dh sð Þ ¼

T2sþ 1
T2
1 s

2 þ T2sþ 1
; ð3Þ

where are the time constants T1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
m1=k1

p
, T2 ¼ k1=k1.

On the other hand, the reaction of the absorber to the bulk is:

F1 ¼ k1
ddh
dt

� dy
dt

� �
þ k1 dh� yð Þ; ð4Þ

and the transfer function:

WF sð Þ ¼ F1 sð Þ
dh sð Þ � y sð Þ ¼ k1 T2sþ 1ð Þ: ð5Þ

Thus, the block diagram of the entire system with a dynamic oscillation compen-
sator can be represented as shown in Fig. 2.

On the structural diagram, the normal component Fy of the cutting force is related
to the tangential component Fz by the coefficient of geometric interaction, where u is
the main angle in the plan of the tool, η is the swarf angle. Taking into account the
relatively small values of deformations in comparison with the depth (width) of cutting,
the dependence of the cutting force (its component Fz) on the actual depth Ha of cutting
and feed f can be represented by linear dependencies [6] with the coefficients:

kh ¼ @Fz

@h

� �
0
; kf ¼ @Fz

@f

� �
0

ð6Þ

To obtain a mathematical model of a system suitable for modeling, it is necessary to
sequentially determine the transfer functions of the link groups, highlighted by a dotted
line in the structural diagram of Fig. 2. The transfer function Wy(s) of the main mass of
the system and the mass of the vibration damper after the transformations has the form:

Fig. 2. Block diagram of a machining system with the absorber of vibration.
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Wy sð Þ ¼ dh sð Þ
Fy sð Þ ¼

T2
1 s

2 þ T2sþ 1
� �

=ky
A0s4 þA1s3 þA2s2 þA3sþ 1

; ð7Þ

where A0 ¼ T2T2
1 , A1 ¼ 2nTT2

1 þ T2T2 þ T2
1T2

k1
ky
, A2 ¼ T2

1 þ 2nTT2 þ T2 þ
T2
1
k1
ky
,A3 ¼ 2nT þ T2.

The model considers the effect of deformation of the system in the direction of the
Y-axis on the change in the thickness of the cut layer in the direction of feed through
geometric interaction on the tool blade. Thus, the model considers two closed contours
– in feed rate and the depth of cut.

So, the transfer function Wf(s) of a closed-loop for the feed represents a mathe-
matical model of the processing system according to the scheme in Fig. 2, taking into
account the closed-loop of the cutting process along the X coordinate. After trans-
formations, using the rules of transfer functions according to Laplace, you can get:

Wf sð Þ ¼ dh sð Þ
Fz sð Þ ¼

B0s2 þB1sþB2

C0s4 þC1s3 þC2s2 þC3sþC4
; ð8Þ

where B0 ¼ kGT2
1 tan /ð Þ,.B1 ¼ kGT2 tan /ð Þ, B2 ¼ kG tan /ð Þ, C0 ¼ A0ky tan uð Þ,

C1 ¼ A1ky tan /ð Þ, C2 ¼ A2ky tan /ð Þþ T2
1 kGky, C3 ¼ A3ky tan /ð Þþ T2kGky, C4 ¼

ky tan /ð Þþ kGkf .
Now it is possible to obtain the transfer function Whf(s) of the entire system, which

displays the dependence of the elastic deformation dh of the machining system in the
direction of the Y-axis on the preset cutting depth Hp1 without taking into account the
lag function, which expresses cutting along the already machined surface:

Whf sð Þ ¼ dh sð Þ
Hp1 sð Þ ¼

D0s2 þD1sþD2

E0s4 þE1s3 þE2s2 þE3sþE4
; ð9Þ

where D0 ¼ B0kh, D1 ¼ B1kh, D2 ¼ B2kh, E0 ¼ C0, E1 ¼ C1, E2 ¼ C2 þB0kh,
E3 ¼ C3kh, E4 ¼ C4 þB2kh.

The mathematical model of the entire system should take into account the lag
function, which implements cutting along the already machined surface e�ss, where
s ¼ 2p=x is the time of one workpiece revolution, x – is the spindle rotation velocity.
Modeling such a fourth-order system (7), (8), (9) to determine its responses in the time
and frequency domains and taking into account the function of the retarded argument is
possible only by numerical methods.

4 Results

An application program was created to simulate a machining system with a dynamic
absorber of vibration based on the obtained mathematical model. The authors created
this original program in the programming language Delphi (Object Pascal). The pro-
gram performs numerical integration using the standard 4th order Runge-Kutt
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procedure and allows obtaining the response of the system in time and the frequency
responses in the form of a Nyquist diagram. The program enables simulating the
original system without an absorber of vibration and, thus, to determine the stability
lobes diagrams for choosing of cutting mode.

The adequacy of the mathematical model is ensured by the dynamic parameters of
the processing system during the cutting process, i.e., in a closed form, determined
experimentally. Therefore, an approach was used based on the study of vibration
chatter of the processing system on the treated surface.

The frequency of the main harmonic of the processing system can be determined
from the surface round-diagram (Fig. 3). After several experiments and measurements
of the corresponding circular patterns, the frequency of the main harmonic was cal-
culated: f = na/s = 350 Hz, na = 21 is the average number of waves on the surface of
the part. This reliable method ensures that the data of the machining system is fully
adequate during the cutting process. After measuring the rigidity ky (N/m) of the system
in the standard way, loading through a dynamometer and measuring the elastic dis-
placement, the reduced mass can be calculated: m = ky/2pf = 5950000/2p350 =
1.18 kg.

The simulation results of the original machining system with the cutting mode
specified on the interface on the left are shown in Fig. 4. After the damping of
oscillations after one revolution (0.06 s), they resume again, which is the regeneration
effect due to cutting on the already machined surface. After 0.4 s, the oscillation
amplitude increases. It indicates a possible loss of system stability.

Fig. 3. Machining surface and its round-chart.
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The created soft also allows obtaining the Nyquist diagram of the machining
system by the numerical method through the interface, on which the desired frequency
values and the calculation step are set (Fig. 5).

The diagram is plotted by a numeric method in the frequency range 100 Hz -
500 Hz with a calculation step of 0.001 rad/s. The original machining system is rep-
resented by a second-order system with a delay link in the feedback loop. It is proved
that it is convenient to apply the Nyquist stability criterion to analyze the stability of
such systems (Ya. Z. Tsypkin – see mathnet.ru). Formulating the Nyquist stability
criterion for systems with negative feedback and delay is similar to the formulation for
systems without delay.

The delay link introduces an additional phase shift u = xs without changing the
amplitude. From the analysis of the constructed Nyquist diagram for the original
system, taking into account the delay, it can be seen that the curve does not cover the

Fig. 4. Simulation results of the original machining system: a) – process start, b) – 0.4 s after the
start.
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point with coordinates [−1, 0], although the course of the process in time (see Fig. 4)
indicates its instability.

According to a previously compiled mathematical model, numerical methods are
used to simulate a processing system with a dynamic vibration damper (9). The pro-
gram was used to search by the coordinate descent method along with two coordinates
(stiffness k1 and mass m1) for their best values according to the criterion of the mini-
mum decay time of oscillations. In Fig. 6 shows the beginning of the process of
development of oscillations in time, from which one can conclude the effective
damping of oscillations in the processing system.

Fig. 5. Nyquist diagram of the original machining system.

Fig. 6. Simulation results of the machining system with an absorber of vibrations.
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At the same time, the plotted curve of the Nyquist diagram for such a processing
system with a dynamic vibration damper covers a point with coordinates [−1,0]
(Fig. 7).

It can be assumed that this discrepancy with the formulation of the Nyquist stability
criterion for closed-loop systems with negative feedback has changed due to the
presence of positive feedback in the retarded link circuit.

5 Conclusion

In the study, the mathematical model of a turning machining system with one degree of
freedom in the depth of cutting and taking into account the effect on the width of
cutting was created, as well as an application program that allows one to simulate such
a machining system with a dynamic absorber of vibration. The necessity of determining
the dynamic parameters of the system by measuring chatter on the part surface is
shown. The effectiveness of the developed soft for choosing the parameters of a
dynamic absorber of vibration has been theoretically proved, which can be used in the
design of a real absorber structure.

The created simulation program allows receiving responses in time and frequency
responses of the system and thus choosing a vibration-free cutting mode.

Fig. 7. Nyquist diagram of the machining system with an absorber of vibrations.
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Determination of the Distance Between Grains
During Electrical Discharge Grinding
with Changing Polarity of Electrodes

Roman Strelchuk(&) and Oleksandr Shelkovyi
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Abstract. The paper investigates the process of electroerosive diamond
grinding by changing the polarity of electrodes in time in the cutting zone for
processing various materials, and the distance between the grains is determined.
The study aims to determine the effect on the distance between the grains of the
electrical modes of electrical discharge grinding (ED grinding) and the char-
acteristics of the wheel using the mathematical method of planning experiments.
The planning of the experiment gave the result with the smallest error and made
it possible to minimize the number of experiments. As a result of experimental
studies, a mathematical model of the distance between grains has been con-
structed. This model considers the electrical process modes and the wheel
characteristics. For various values of electrical modes and the wheel charac-
teristics, using the functional dependence, it is possible to determine the distance
between the grains. It was found that the most significant factors that affect the
distance between grains are the frequency and relative pulse duration, grain size,
and concentration of diamond wheels. The study results obtained allow using
the functional dependence to calculate the grinding process’s productivity,
assess the cutting ability, and simulate the wear of the wheels without lengthy
and expensive experimental studies.

Keywords: Functional dependence � Frequency � Relative � Pulse duration �
Grit � Concentration � Diamond wheels � Process

1 Introduction

The process of electrical discharge grinding with changing the polarity of electrodes
allows obtaining the required qualitative and quantitative indicators with a significant
reduction in the specific consumption of the diamond wheel and the consumption of
various types of energy [1]. This is because the change in time on the polarity elec-
trodes and the corresponding pulse repetition rate provide stable grinding processes [2].
By changing the frequency of pulses, their relative pulse duration, and power with a
corresponding change in the polarity of the electrodes, it is possible to regulate the
process itself up to an equilibrium state, providing an equivalent manifestation of
electrophysical and electrochemical (even if they are insignificant) processes relative to
both electrodes at an optimal working gap [3].
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The peculiarity of the process of ED grinding with changing the polarity of the
electrodes is that the working gap between the conductive surfaces − the tool and the
workpiece − remains practically constant during processing [4]. Therefore, the work-
ing surface state of the diamond wheel has not been studied. The wheel’s working
surface condition is characterized by the distance between the cutting grains [5].

The distance between the cutting grains in ED grinding is determined by the
conditions of the processed material interaction with the working surface of the dia-
mond wheel and its state. This state depends on the distance between the cutting grains,
their cutting properties, height distribution, and ability to maintain a developed cutting
relief [6]. Knowing the distance between the grains allows it to establish the number of
active working grains that remove material possible for various process conditions [7].

Thus, for determining the productivity of ED, grinding with the following char-
acteristics are allowable: changing the polarity of electrodes and the wheel wear the
calculation of the distance between the grains on the wheel, the establishment of their
distribution, the analysis of this distribution during the interaction of the cutting grains
with the material, and the probability density of the cut thickness are necessary pre-
requisites [8].

2 Literature Review

The actual distance between the grains on the working surface of a diamond tool after
electrical discharge grinding differs significantly from the non-combined process. This
difference is because, in diamond grinding (a non-combined process), not all of the
grains in the tool volume are opened to participate in material removal. Only part of the
total number of diamond grains is on the wheel’s surface [9].

When analyzing the condition of the working surface of a grinding wheel,
researchers use different definitions [10]. The publication [11] presents the concept of
the roughness of the working surface for the wheel by analogy with the processed
surface of a part. In publication [12], the values of height difference and the distance
between the grains are considered, putting different meanings into these concepts.

In publication [13], the distance between adjacent height grains, located at 1 cm of
the contact length of the grinding wheel with the workpiece, was taken for the height
difference. Moreover, in the paper [14], it was suggested that the height difference of
grains should be defined as the maximum distance between the most distant grain tops
in height located on the periphery of the grinding wheel. The most precise definition of
the height difference is given in the publication [15], which considers the difference
between the heights of the highest and lowest grain tops in the microscope’s field of
view.

Since the accompanying processes of metal bond destruction and wear of diamond
grains, the intensity of which depends on the tool characteristics and technological
processing conditions, take place in the process of electrical discharge grinding, the
different distance between grains will be formed on the grinding wheel surface in each
case, i.e., different tool working surface topography [16].
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The calculation of the distance between the grains is of independent importance
since it allows for various grinding conditions and the diamond wheel characteristics to
make a qualitative assessment of the conditions for the wheel interaction with the
materials being processed [17].

3 Research Methodology

Experimental studies have been carried out on the 3D642E machine, modernized for
ED grinding with changing the polarity of electrodes. Additional energy was intro-
duced into the cutting zone from the NO 6506 pulse generator, which converts 380 V
alternating current into a monopolar pulse current. The generator controlled the pulse
frequency and relative pulse duration. The polarity change was carried out using a
device connected from the pulse generator to the machine spindle.

An end-face grinding scheme has been used, which was carried out with conical
cup wheels 12A2–45˚ 150 � 10 � 3 � 32 on a bond M1–01 with diamond grains.
Before the experiments, the diamond wheels have been pre-straightened and run-in for
5–10 min. The workpiece material was T15К6 carbide plates with dimensions of
14 � 14 � 5 mm.

The determination of the distance between the grains was carried out based on the
analysis of the profilograms of the wheel working surface relief. The profilograms were
recorded on a particular setup based on the 201 model profilometer-profilograph. The
installation diagram (Fig. 1) is similar to the datasheet debugging of the profilometer-
profilograph for measuring waviness, and it is as follows. A probe was mounted on the
device sensor, held by a leaf spring. At the end of the sensor, adjusted support, pressed
together with the sensor’s limit screw by the spring, was fixed. The sensing needle was
fixed in the bushing and installed at the end of the probe instead of the pin for
registering waviness. With the brought end surface, the sleeve abuts against the dia-
mond needle. Thus, direct contact of the diamond needle with the wheel working
surface is excluded.

The sensing needle was made of BK8 hard alloy. Sharpening of the needles was
carried out in two technological operations: at the first stage, the needles were grinded
on the 3D642E toolroom grinder using a particular device; at the second stage, the
needles were refined with diamond paste. In this case, the corner radius of the working
edge was 3…4 microns. The radius control was carried out on the MIM-8 microscope.

The profile was recorded as follows. When the device sensor moved relative to the
brought surface of the support, the sensing needle, under a slight force, balanced by the
leaf spring of the probe, moved along the wheel working surface. The vibrations of the
sensing needle were transmitted to the diamond needle of the profilometer-
profilograph.

The following technique to isolate the sections of the profilograms occupied by the
metal binder and non-conductive diamond grains was used.
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The essence of the technique is to change the thickness of the profilogram line
when the needle, sensing the surface of the grinding wheel, changes from a metal bond
to a diamond grain and vice versa. The line thickness is changed by changing the
strength of the current passed through the recording needle of the profilometer-
profilograph. For this, a device, the diagram of which is shown in Fig. 2, is used. If the
sensing needle is located on the surface of the conductive bundle, then at the input of
the DD1.1 element and the output of the DD1.2 inverter, a logic level 0 is formed. In
this case, VT1 electronic key is closed, and the K1 relay is de-energized. Contacts K1.1
are open, and a normal current of about 2 mA is supplied to the pen arm. The pen arm
draws a thin line corresponding to the profile of the metal bond. At the moment of the
sensing needle transition to a diamond grain, a logic level 1 appears at the input of the
DD1.1 element and the output of the DD1.2 inverter. VT1 electronic key opens, and
the K1 relay is activated. In this case, the K1.1 contacts are closed, bypassing the R149
resistor of the device recording unit.

The current supplied to the pen arm increases to 3…4 mA and the profilogram
corresponding to the grain surface is drawn with a thickened line. At the same time,
HL1 LED lights up, making it possible to record the output of the grain sensing needle
visually. The value of the average distance between grains was calculated as:

l ¼
Pn

i¼1 li
n

; ð1Þ

where li – the distance between the vertices of adjacent grains, determined from the
profilogram, n – number of measurements.

The mathematical model of the distance between the grains is a function of several
variables, making it possible to define the distance with the required accuracy at all
points of a specific predetermined area to determine the electrical modes and process
conditions. A theoretical solution to the problem of constructing such a model is
currently not possible. In this regard, the most expedient is using mathematical methods
for planning experiments, making it possible to solve such problems in conditions of
incomplete knowledge of the phenomena mechanism.

Fig. 1. Installation diagram for recording the relief of the working surface of a diamond wheel.
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Experiment planning gives the result with the smallest error and minimizes the
number of experiments [18].

Based on a qualitative analysis, it was found that the electrical modes of the
ED grinding process and the tool characteristics have the most significant effect on the
distance between the grains. As factors in the mathematical model construction, the
distance between grains was chosen: f – pulse frequency, KHz; q – relative pulse
duration; Z – the grit of diamond wheels, lm; K – concentration of diamonds in the
wheel. The intervals and levels of variation of factors are shown in Table 1.

The sought functional dependence was represented by a function of the form:

y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b4X4 ð2Þ

where b0, b1 b2, b3, and b4 – coefficients determined after implementing the planned
experiments.

In order to set up the experiment, the full factorial design of type 24 was imple-
mented in four randomized series, which made it possible to assess the influence of
each factor [19] independently. The planning matrix and the results of the experiments
are provided in Table 2.

Fig. 2. Diagram of a device for isolating sections of a metal bond and diamond grains on a
profilogram.

Table 1. Levels and intervals of factors’ variation.

Factor natural designation f, KHz q Z, lm K

Factor code designation X1 X2 X3 X4

Upper level 66 1.5 200 6
Lower level 22 0.5 40 2
Main level 44 1.0 120 4
Variability interval 22 0.5 80 2
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The formulas determined the estimates of the regression coefficients:

bi ¼
PN

i¼1 xiuy
N

; ð3Þ

bu ¼
PN

i¼1 y
N

; ð4Þ

bij ¼
PN

i¼1 xiuxjuy
N

; ð5Þ

where xiu – value of xi factor in the u-th experiment; xju – value of xju actor in the u-th
experiment; y – optimization parameter value in the same experiment; N – number of
experiments. The significance of the coefficients was assessed by comparing the
absolute value of the coefficient with the confidence interval value.

The analysis has shown that the b0, b1 b2, b3, and b4 coefficients can be considered
significant with a 95% confidence level. The regression coefficients for pairwise
interactions and higher-order interactions are statistically insignificant. Thus, the
regression equation is:

y ¼ 173:97� 1:003X1 � 36:125X2 þ 0:145X3 � 13:594X4 ð6Þ

The adequacy of the model, that is, its ability to predict the actual response values with
the required accuracy, was tested by Fisher’s test:

Table 2. Results of the experiments.

Experiment no. X1 X2 X3 X4 l, lm

1 22 0.5 40 2 138
2 66 0.5 40 2 46
3 22 1.5 40 2 54
4 66 1.5 40 2 28
5 22 0.5 200 2 185
6 66 0.5 200 2 91
7 22 1.5 200 2 85
8 66 1.5 200 2 44
9 22 0.5 40 6 28
10 66 0.5 40 6 12
11 22 1.5 40 6 35
12 66 1.5 40 6 20
13 22 0.5 200 6 73
14 66 0.5 200 6 25
15 22 1.5 200 6 32
16 66 1.5 200 6 11
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F ¼ S2ad
S2yf g

ð7Þ

where S2yf g – experiment error mean square; S2ad – residual variance or variance of

adequacy.
The calculated value of Fisher’s criterion has turned out to be less than the tabular

value at a 5% significance level, so the resulting model is adequate [20].

4 Results

Figure 3, 4 and 5 shows a graphical interpretation of the obtained mathematical model
after experimental research.

Graphical dependence analysis in Fig. 3 shows that the distance between the grains
decreases with an increase in the pulse frequency. This can be explained by the fact that
an increase in the pulse frequency, other things being equal, decreases the energy of
electrical discharges, and there is a decrease in the intensity of the electrical discharge
effect on the metal bond of the diamond wheel. An increase in the relative pulse
duration leads to a decrease in the discharges’ electric energy action duration. This
results in a decrease in the intensity of the electrical discharge action on the metal bond
and a decrease in the distance between the grains.

An increase in the wheel grit leads to an increase in the distance between grains
(Fig. 4). This is due to a decrease in the number of grains per unit volume of the
diamondiferous wheel layer.

An increase in the diamonds concentration in the wheel results in a drop in the
spacing between grains (Fig. 5). This is due to an increase in the number of grains per

Fig. 3. Response surface l – (f, q). Terms of calculation Z = 120 lm, K = 4.
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unit volume of the diamondiferous wheel layer. The influence of the diamond con-
centration in the wheel is opposite to the grit.

The electrical energy of the discharges characterizes the intensity of the electrical
discharge effect on the wheel metal bond and on the surface of the material being
processed. The choice of relative pulse duration and the frequency of their repetition,
assigned in the complex, should be carried out taking into account the peculiarities of
the action of the discharges with various combinations of the wheel characteristics.

Fig. 4. Response surface l – (f, Z). Terms of calculation q = 1, K = 4.

Fig. 5. Response surface l – (f, K). Terms of calculation Z = 120 lm, q = 1.
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With an increase in the pulse energy, the pre-fracture factor of the bond surface and
the metal being processed is more pronounced, and stronger heating of the surface
layers occurs, but this increases the possibility of local damage to the bond surface and
diamond grains. With short pulses of low energy, the short duration of exposure causes
the material’s rapid surface evaporation to form an even clean hole, and the wheel bond
surface quality becomes higher. The possibility of the formation of microdefects on the
treated surface is reduced.

5 Conclusions

The influence of electric modes and wheel characteristics on the value of the distance
between grains has been studied experimentally.

It is possible to determine the value of the distance between the grains for various
values of electrical modes and the wheel characteristics using the functional depen-
dence. It was found that the most significant factors that influence the distance between
grains are frequency and relative pulse duration, grit, and concentration of diamond
wheels.

For rough types of grinding of coarse-grained wheels, it is advisable to work with
high-energy pulses with a low frequency. This will ensure pre-fracture and heating of
the surface layers of the processed material and will facilitate and intensify micro-
cutting processes for coarse-grained wheels, where the distance between the grains is
greater, and the amount of their embedment in the bundle is greater, the effect of pulses
with increased energy values is less dangerous than for fine-grained ones.

For finishing types of grinding performed with fine-grained wheels, it is more
expedient to use low-energy pulses at a higher frequency, which provide less damage to
the machined surface and less roughness of the bond in the intergranular space of a
fine-grained wheel.

In the future, the research task will be to show the real possibility and practical
value of forecasting from the obtained functional dependence when analyzing the
process of electrical discharge grinding, evaluating the cutting ability and wear of
diamond wheels in comparison with partial results obtained, moreover, after unpro-
ductive, lengthy, and expensive experiments.
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Abstract. In recent years, there has been a significant increase in the demand
for environmentally sustainable machining processes to minimize the extrava-
gant use of traditional cutting fluids, thereby reducing their detrimental impact
on the environment and the operator’s health. This experimental study aims to
improve the Minimum Quantity Lubrication (MQL) sustainable approach’s
efficiency while machining AISI 304 austenitic stainless steel with a carbide
insert. Optimum turning parameters were attained through the genetic algorithm
(GA) optimization method based on response surface methodology
(RSM) models. Present work has claimed the superiority of hybrid nanofluid
MQL turning over MQL and nanofluid MQL turning operations. The most
prominent achievement of this study is the improvement of surface roughness by
20.29% and 5.17% under hybrid nanofluid MQL compared to MQL and
nanofluid MQL conditions, respectively. Similarly, hybrid nanofluid MQL
slightly reduced cutting force by 2.36% and 0.83% over MQL and nanofluid
MQL conditions, respectively. It is worth mentioning that the adding of
nanoparticles in cutting fluid enhances the MQL turning efficiency in the
machining of AISI 304 stainless steel.

Keywords: MQL efficiency � Nanofluid � Hybrid nanofluid � AISI 304 �
Machining

1 Introduction

Nowadays, the environmentally friendly machining process has greatly increased its
significance in metal-cutting industries in order to mitigate the hazardous and unhealthy
impacts of metalworking fluids. Minimum Quantity Lubrication (MQL) is considered
to be one of the alternative approaches to limiting the many harmful effects induced by
the abundant use of conventional cutting fluids. However, mediocre cooling function
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because of inability of the lower oil flow rate to fully limit heat generation at cutting
region is the main limitation of this alternative [1, 2]. Therefore, the necessity has
arisen to improve its efficiency. The focus here is to improve the MQL efficiency by
adding MWCNT particles and hybrid (MWCNT + MoS2) nanoparticles to the veg-
etable cutting fluid in turning of AISI 304 austenitic stainless steel.

2 Literature Review

In literature, many researchers have commonly used the MQL approach in their
experimental works. Li and Lin [3] used the MQL approach in micro-grinding oper-
ation, and they concluded that this approach improved surface finish and reduction in
cutting forces. Similarly, an enhancement by 15% in terms of surface quality and
cutting forces was reported by Singh et al. [4] in their study when they conducted
turning experiments of hard-to-cut material under the MQL technique. The machin-
ability characteristics of X210Cr12 steel were investigated experimentally by Nouioua
et al. [5] under wet and MQL cooling conditions. In contrast to wet machining, the
MQL method produced better results in terms of cutting forces, surface roughness, and
tool wear. Elbah et al. [6] implemented MQL in turning of AISI 4140 HSLA steel.
Researchers observed that the MQL technique enabled a reduction in resulting cutting
force compared to dry and flood machining environments. Bedi et al. [7] studied the
effect of cutting speed on Ra and Fc when turning AISI 304 under dry and MQL
conditions, and they found that MQL produced better surface finish and lower cutting
force than dry turning. Rajaguru and Arunachalam [8] have investigated super duplex
stainless steel machining under different coolant environments to improve its
machinability. Turning experiments were performed under dry, flood, and MQL con-
ditions to enhance the machinability in terms of cutting force [9] and surface finish.
Findings have indicated that the MQL method outperformed other conditions. How-
ever, due to the poor thermal properties of the conventional fluids associated with the
mediocre cooling function of the MQL process as well as its lubricating feature, there
appears to be a need to improve the MQL efficiency. In this way, the applications of
nano lubricants assisted MQL [10, 11], and hybrid nanofluid MQL [12] have recently
become essential research trends to overcome this issue. Researchers have tried various
nanoparticles with lubricating properties such as AL2O3 (Aluminum Oxide), MoS2
(Molybdenum Disulphide), CuO (Copper oxide), Fe2O3 (Iron oxide), and MWCNT
(Multi-walled Carbon Nanotubes). Das et al. [13] carried out the hard turning exper-
iments of HSLA steel using three different nanofluids (AL2O3, CuO, and Fe2O3) and
compared the results in terms of Fc and Ra. Based on the experimental results, it was
concluded that CuO nanofluid performed better than other nanofluids. Öndin et al. [14]
evaluated the performance of MWCNT nanoparticles enriched vegetable cutting fluid
in turning of PH 13–8 Mo stainless steel and obtained that pure-MQL and MWCNT
reinforced nanofluid MQL reduced the Ra by 5% and 12%, respectively, in comparison
with the dry condition. Uysal et al. [15] added 1.0% MoS2 particle to the vegetable
cutting fluid in the milling of AISI 304 steel. The authors noticed an amelioration in
surface roughness compared to MQL and dry environments. In their opinion, this may
be attributed to the lubrication effect of MoS2 particles. Patole and Kulkarni [16]
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analyzed the machinability characteristics, including cutting force and surface rough-
ness of AISI 4340 under MWCNT reinforced nanofluid MQL. They observed that the
nanofluid MQL method yielded an improved surface roughness than conventional
cooling.

Based on previous studies, it is worth noting that the addition of nanoparticles to
cutting fluids to improve MQL efficiency has received so far more attention from
researchers. However, less attention has been paid to the addition of MWCNT and its
hybrid MWCNT-MoS2 to the cutting fluid, while the tool-job turning combination
consists of AISI 304 as a workpiece, and coated carbide [17, 18] as a cutting tool.
Hence, a contribution was made in this research to fill this gap.

3 Research Methodology

Turning experiments on an AISI 304 (ASS) cylindrical workpiece having a diameter of
70 mm and a length of 300 mm were performed on a CNC lathe under MQL, nanofluid
MQL, and hybrid nanofluid MQL cooling/lubricating conditions. For nanofluid-MQL,
MWCNT particles were added to the vegetable cutting fluid at 0.1%wt. Likewise, in
the case of hybrid nanofluid-MQL, MWCNT and nano MoS2 particles were added to
the vegetable cutting fluid at 0.05%wt. and 0.05%wt., respectively. In turning opera-
tions, the cutting fluid was pulverized by a nozzle to the rake face at a flow rate of
30 ml/h and pressure of 0.5 MPa through the MQL system. The inserts with the ISO
specification of TNMG 160408-MM 2025 were employed in this work. According to
Taguchi’s L27 (3�3) orthogonal array, twenty-seven experiments were carried out, as
is given in Table 1. In this design experiment, the cutting parameters (Vc and f) were
defined as continuous variables, the depth of cut was kept constant, and
cooling/lubricating conditions were termed as categorical variables. For each set of
turning experiments, the cutting time was fixed at 20 s. Measurements of surface
roughness values and cutting forces were carried out using Mitutoyo surftest-210 and
Kistler piezoelectric dynamometer (type 9257B). The experimental set-up is shown in
Fig. 1.

Fig. 1. Experimental set-up.
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4 Results

4.1 The Effect of MQL Turning on Responses (Ra and Fy)

In this experimental work, the lowest Ra and Fy values were obtained by applying
hybrid nanofluid based MQL at the combination of the highest cutting speed (Vc =
220 m/min) and smallest feed (f = 0.12 mm/rev), as shown in Figs. 2 and 3 (Exper-
iment number of 21). Overall, the experimental results showed that the addition of
nanoparticles to the vegetable cutting fluid in the MQL system significantly reduced Ra
and Fy results compared to pure MQL conditions. This is probably the ability of

Table 1. Design of experiments.

Exp. no. Cooling and lubrication
method

Cutting speed,
V (m/min)

Feed,
f (mm/rev)

1 MQL 160 0.12
2 MQL 190 0.12
3 MQL 220 0.12
4 MQL 160 0.16
5 MQL 190 0.16
6 MQL 220 0.16
7 MQL 160 0.2
8 MQL 190 0.2
9 MQL 220 0.2
10 Nanofluid MQL 160 0.12
11 Nanofluid MQL 190 0.12
12 Nanofluid MQL 220 0.12
13 Nanofluid MQL 160 0.16
14 Nanofluid MQL 190 0.16
15 Nanofluid MQL 220 0.16
16 Nanofluid MQL 160 0.2
17 Nanofluid MQL 190 0.2
18 Nanofluid MQL 220 0.2
19 Hybrid nanofluid MQL 160 0.12
20 Hybrid nanofluid MQL 190 0.12
21 Hybrid nanofluid MQL 220 0.12
21 Hybrid nanofluid MQL 160 0.16
23 Hybrid nanofluid MQL 190 0.16
24 Hybrid nanofluid MQL 220 0.16
25 Hybrid nanofluid MQL 160 0.2
26 Hybrid nanofluid MQL 190 0.2
27 Hybrid nanofluid MQL 220 0.2
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nanoparticles to reduce the coefficient of friction because of their structures at the nano-
level that help to format a thin layer at the rubbing zone, leading to reducing share
stress and separating the asperities of sliding surfaces effectively [19]. Interestingly, it
can be shown that the hybrid nanofluid MQL method gave more enhancement in
turning responses (Ra and Fy) than the nanofluid MQL method. The primary reason is
that combining the nanoparticles (MWCNT + MoS2) and increasing their Brownian
motion in liquid caused an increase in thermal conductivity of the formulated nano-
fluid, which resulted in a reduction in heat generated in the cutting area due to its heat
dissipation capability [19]. The values for response parameters (Ra and Fy) were
presented in Fig. 4. Results demonstrated that hybrid nanofluid MQL outperformed the
other lubricating/cooling environments concerning the machinability enhancement of
AISI 304 in terms of Ra and Fy. Figure 4 shows that the hybrid nanofluid MQL
method exhibits a significant improvement in terms of Ra with 20.29% and 5.17% over
pure MQL and nanofluid MQL, respectively. However, slight reductions of 2.36% and
0.83% in cutting forces were observed over pure MQL and nanofluid MQL, respec-
tively. This is because of the better physical synergistic effect of MWCNT and MoS2
nanoparticles’ combination. A similar observation was made in the literature [20].

When the influence of cutting speed and feed on the output parameters are con-
sidered, it can be shown that increasing the feed increases Ra, as shown in Fig. 2. The
increase in Ra is thought to be due to the generation of helical grooves produced by the
relative movement between the workpiece and the insert. In turn, as long as these
grooves were deeper and broader, the feed achieved higher values. In addition, the
surface roughness tends to be slightly influenced by the cutting speed. Where surface
roughness diminished with an increase in cutting speed from the smallest to the highest
level, this reduction in surface roughness was because increased cutting speed con-
tributes to generating high temperature in the cutting area. As a result, the workpiece
was softened so that the turning operation could be smoothly carried out, thereby
surface roughness reduced [14, 21].

Similarly, as can be seen in Fig. 3, the cutting force increased significantly with
increasing the feed. The key explanation for this is due to an increase in the chip cross-
section, causing an increment in friction force at the tool-chip interface [22]. Fur-
thermore, the cutting speed had substantially less effect on the cutting force than the
feed. At lower cutting speeds, higher cutting force values were recorded. This can be
explained by an increase in the tool-chip contact [23] length caused by the remaining
chip in the tool's rake face over a long time [24]. Decreased cutting force was observed
at high cutting speed (Vc = 220 m/min). In general, with an increase in cutting speed,
the temperature rises at the cutting region, thermal softening occurs, thereby cutting
forces are reduced [25].
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Fig. 2. The surface roughness results.

Fig. 3. The cutting force results.

Fig. 4. Effect of hybrid nanofluid MQL on response parameters compared to nanofluid MQL
and pure MQL.
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4.2 Modeling and Optimization of Turning Parameters

To achieve the optimal configuration of turning parameters while simultaneously
decreasing Ra and Fy, a genetic algorithm (GA) optimization approach based on RSM
models (Eqs. 1–6) obtained using Design-Expert 10 software was used. The best
solutions were found at the cutting speed of 220 m/min and the feed of 0.12 mm/rev
with optimal estimated responses of Ra = 0.83 µm, Fy = 278.50 N, Ra = 0.58 µm,
Fy = 275.85 N and Ra = 0.54 µm, Fy = 275 N under MQL, nanofluid MQL and
hybrid nanofluid MQL, respectively. In addition, the optimum results derived by GA
were compared with three experiments (3, 12, and 21) as given in Table 2. The
obtained percentage deviations are within the acceptable range, i.e., within <5%,
except Ra in the MQL case, confirming the validity of the optimal results attained in
this study.

FyMQL ¼ 400:54� 1:51 �Vc� 398:24 � f � 1:07 �Vc � f þ 3:60E � 003 �Vc2
þ 7775 � f 2 ðR2 ¼ 0:99% Þ ð1Þ

FyMWCNT ¼ 405:12� 1:51 �Vc� 458:57 � f � 1:07 �Vc � f þ 3:60E � 003 �Vc2
þ 7775 � f 2 ðR2 ¼ 0:99% )

ð2Þ

FyMWCNT þMoS2 ¼ 405:58� 1:49 �Vc� 498:99 � f � 1:07 �Vc � f þ 3:60E
� 003 �Vc2 þ 7775 � f 2 R2 ¼ 0:99%

� � ð3Þ

RaMQL ¼ 1:40� 0:01 �Vcþ 0:75 � f þ 6:94E � 003 �Vc � f þ 1:79E
� 005 �Vc2 þ 34:03 � f 2 R2 ¼ 0:91%

� � ð4Þ

RaMWCNT ¼ 1:09� 9:63E � 003 �Vcþ 0:58 � f þ 6:94E � 003 �Vc � f þ 1:79E
� 005 �Vc2 þ 34:03 � f 2 R2 ¼ 0:91%

� � ð5Þ

RaMWCNT þMoS2 ¼ 1:17� 9:91E � 003 �Vcþ 0:125 � f þ 6:94E
� 003 �Vc � f þ 1:79E � 005 �Vc2 þ 34:03 � f 2 R2 ¼ 0:91%

� �
ð6Þ
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5 Conclusion

In this investigation, an effort was made to improve the MQL efficiency in the
machining of AISI 304 (ASS) regarding surface roughness (Ra) and cutting force (Fy)
by adding nanoparticles to the vegetable cutting fluid. The RSM modeling method was
applied to develop Ra and Fy regression models. After that, the optimization by genetic
algorithm (GA) of various controlled variables such as cutting speed, feed, and
cooling/lubricating conditions for response parameters (Ra and Fy) was performed.
Based on the results, the following noteworthy findings can be drawn:

• The lowest surface roughness (Ra) and cutting force (Fy) values were found to be
0.69 µm, 0.58 µm, 0.54 µm, and 278.50 N, 276 N, 275 N under pure MQL,
nanofluid MQL, and hybrid nanofluid MQL, respectively. Compared to the pure
MQL method, a reduction in the Ra and Fy was noticed when the nanofluid MQL
and hybrid nanofluid MQL were applied.

• The results revealed that the hybrid nanofluid MQL caused approximately 20% and
5% improvement in terms of Ra and Fy, respectively, over the pure MQL method.

• In GA optimization outcomes, it was highlighted that the best combination for
simultaneously approaching the smallest Ra and Fy was cutting speed of
220 m/min, feed of 0.12 mm/rev under hybrid nanofluid MQL condition.

• Overall, combining MWCNT nanoparticles with other lubricant additives such as
MoS2 improves its properties, resulting in a better reduction in Ra and Fy than
MWCNT nanoparticles alone, and thus it could be used as cutting fluid for better
MQL turning efficiency.

Table 2. Comparison between optimal solutions derived by GA with experiments.

Cooling/lubricating conditions Responses
Ra, µm Fy, N

MQL GA 0.83 278.50
Experimentally observed value at run 3 0.69 283.49
Deviation (%) 16.86 1.76

nanofluid MQL GA 0.58 275.85
Experimentally observed value at run 12 0.58 279.11
Deviation (%) 0 1.16

hybrid nanofluid MQL GA 0.54 275
Experimentally observed value at run 21 0.55 276.78
Deviation (%) 1.81 0.64

Italics refer to the deviations that have been obtained
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Abstract. Under the conditions of operation of high-speed rotor mechanisms,
bearing bearings become the primary source of unwanted vibrations, noise, and
premature loss of the initial operational properties of the machines. Accordingly,
the requirements for the quality of rolling bearings and their performance are
constantly growing, and the technological support of the regulated requirements
is becoming increasingly problematic. To increase the efficiency of machining
operations of bearing parts and ensure the required quality of functional surfaces
of rings in automated production, it is necessary to develop new effective
methods of design and control of technological processes for the manufacture of
individual bearing parts. The article analyzes the principles of technological
support of quality parameters of the functional surfaces of the rings to improve
and stabilize the performance of roller bearings. The reasons for increasing the
vibroactivity of the working surfaces of the rings and the excess of the allowable
vibration parameters and bearing noise are investigated. The connections of
technological factors of forming operations of turning processing with param-
eters of microgeometry of the processed surfaces and operational properties of
bearings are established. Models of formation of microgeometry of rotation
surfaces on turning operations are developed, the reasons and technological
features of formation of undulations on the processed surface are revealed.

Keywords: Adaptive control � Formation � Microgeometry � Roller bearing �
Vibroactivity

1 Introduction

The quality indicators of an individual unit or machine as a whole are inextricably
linked with the quality indicators and performance of each bearing as a separate part of
the rotor system, which can potentially be the primary source of undesirable phe-
nomena or characteristics of the whole mechanism, device or machine (Fig. 1a) [1].
Therefore, the requirements for the quality of rolling bearings and their performance are
constantly growing, and the technological support of these requirements is becoming
more complicated. It is known that the quality of the bearing and its performance
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characteristics, such as vibration, noise, accuracy, reliability, durability, and others,
depend on the parameters of microgeometry and physical and mechanical properties of
the surface layer of functional surfaces [2]. The leading causes of undulations are the
dynamic processes of machining parts on metal-cutting machines, associated with the
loss of stability of the machine-tool-part system [3]. Vibrations in the cutting process
occur due to self-oscillations, forced oscillations, and deformation of the rings. Self-
oscillations are the result of the loss of properties of a given motion during cutting.
External perturbations cause forced oscillations. The causes of undulation are forced
oscillations of the system caused by various periodic perturbations due to the imbalance
of the machine-tool-part system (workpiece, machine spindle, shafts, and gears) [4].
Depending on the oscillations frequency ratio and the speed of relative movement of
the tool and the part, the surface shape violation nature is changed. The decisive factor
affecting the part’s shape is the ratio of the frequency of harmonic oscillations for the
tool and the workpiece to the rotation speed of the part [5].

Therefore, the technological support of the regulated requirements for the quality of
working surfaces and performance characteristics of roller bearings during their
manufacture is an urgent problem.

2 Literature Review

Among the scientific works concerning the problem of technological assurance of the
quality of shaping and operational properties of rolling bearings, it is possible to
distinguish four directions:

– geometrical, based mainly on the dimensional analysis of technological processes
and operations in order to achieve the desired level of accuracy of parts, assemblies,
and products [6];

– technological, in which the quality of the surface is considered from the standpoint
of the relationship with technological factors [7];

– the rigidity characteristics of the technological system’s units, and the own defor-
mations of parts and their influence on the quality parameters of the forming sur-
faces [8];

– complex, considering the whole set of factors that affect the quality of formation [9].

In the works of these areas, various aspects of the technological formation of
parameters of geometric structure of surface, physical and mechanical properties of the
surface layer of details of bearings and details with contact interaction are investigated,
questions of the influence of technological factors of machining on parameters of
quality of surfaces and some operational characteristics of surfaces and details [10, 11].
However, technological influence and control of the parameters of the undulation of the
working surfaces of roller bearings in the operations of centerless grinding are not
correctly reflected [12].

Based on the analysis of literature sources, it is established that the vibroacoustic
characteristics of roller bearings and their accuracy and wear resistance are dominated
by shape errors, ripples, and roughness of the contact surfaces [13].

230 V. Zablotskyi et al.



Statistical analysis of product defects that occur in the process of manufacturing
parts of roller bearings showed that the leading causes of surface layer defects in
accuracy and surface ripple are oscillating processes of the dynamic system of forming
the working surfaces of roller bearing rings in turning operations, diamond and abra-
sive operations and finishing operations [14, 15].

3 Research Methodology

Structural vibrations in bearings are due to two main reasons - deformation of the rings
under the action of forces from the rolling elements and fluctuations in the stiffness of
the bearing during rotation as a result of the radial component of the load F1 (Fig. 1b).
Since the rolling elements move relative to the line of action of the radial load, the
stiffness of the bearing changes periodically with frequencies multiples of the fre-
quency of passage of the rolling elements on a fixed ring [16]. In low-precision
bearings, structural vibrations are not noticeable, but as the precision of the bearings
increases, these vibrations may play a more prominent role. The frequency of structural
vibration is equal to or multiple of the value of fp = qzfc, where z is the number of
rolling elements; fc is the rotational speed of the separator relative to the fixed ring;
q = 1, 2,… is the coefficient of proportionality.

Vibrations associated with the structural imperfection of the bearing are because, in
the design of the bearing and the rolling contacts, there are sliding contact surfaces due
to differences in linear and angular velocities of adjacent parts (Fig. 1b) [17].

The relative speeds between the contacting parts of the tapered roller bearing are
determined based on the speed of the inner ring with a fixed outer ring.

Separator $ inner ring : ns=ir ¼ sin a
sin aþ sin b

nir=or ð1Þ

Separator $ outer ring : ns=ir ¼ sin b
sin aþ sin b

nir=or ð2Þ

Fig. 1. Construction: 1 – outer ring (fixed); 2 – separator; 3 – inner ring (movable); 4 – rolling
elements a) and the scheme of the tapered roller bearing b = a−2e b).
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Rolling body $ separator : nrb=s ¼ sin b
sin e

ns=ir ð3Þ

Mismatched frequencies occurring in the bearing are determined from expressions (4–
6). Relative frequency of the roller:

fmd ¼ 2 � nrb=s ð4Þ

The relative frequency of the inner ring:

fir md ¼ Z � ns=ir ð5Þ

Relative frequency of the outer ring:

for md ¼ Z � ns=or ð6Þ

where Z is the number of rollers (rolling elements) in the bearing; nir – the number of
revolutions of the shaft (inner ring).

For the experimental study of the influence of technological factors on the
parameters of the microgeometry of the treated surfaces, an automated research unit
based on a lathe and an automated research complex Rank Taylor Hobson Talyskan
were used.

4 Results

Vibrations, which are associated with structural imperfections of rolling bearings, are
manifested at pronounced frequencies and do not significantly affect the formation of
the initial accuracy of bearings and bearing assemblies [18]. The vibrations and the
operational characteristics of the roller bearings are influenced to a greater extent by the
errors in forming the shape of the working surfaces of the rings, the bodies of rotation,
and working environment conditions [19].

Shape errors in the manufacture of bearing parts should be divided into 4 groups:

1. deviations of the first order – errors in the placement of working surfaces (different
wall thickness of the rings, radial and axial beating, different sizes of rolling ele-
ments, etc.);

2. deviations of the second-order – errors in the shape of working surfaces (ovality,
number of faces);

3. deviation of the third-order – undulation;
4. deviations of higher orders – roughness, subroughness.

Depending on the rank, all of the above errors cause low-frequency, medium-
frequency, or high-frequency vibrations:

– errors in the shape of the raceways, as well as the size and ovality of the rolling
elements – low-frequency vibration (in the frequency range up to 10�f0),
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– the undulation of rolling tracks – a vibration of the medium frequency (in the
frequency range 10…60�f0),

– the undulation of rolling elements and roughness of rolling tracks – high-frequency
vibrations (in the frequency range over 60�f0).
In the ratio f0 – the oscillation frequency of the bearing shaft due to the imbalance

corresponding to the number of revolutions of the shaft (inner ring)
f0 = nв = 1800 min−1.

Given that , the frequency composition of the spectrum of vibrational
oscillations of the bearings due to defects in the rings is determined by the expression:

ð7Þ

where Z is the number of rolling elements in the bearing; k is the order of harmonics of
the undulation of the raceway. Figure 2 (side view) shows the relationship of the
geometric structure of the roller bearing with the parameters of the undulation of the
working surfaces and the number of rolling elements Z.

The equation of radial vibration of the outer ring of the roller bearing has the form:

€vþ 2h _vþx2
pv ¼

X
j

Fj
sin xjtþWj

� �
M

ð8Þ

where v is the radial vibration displacement of the ring (lm); xp – natural frequency;
Fj, xj, wj, h – amplitude, frequency and phase of the j-th harmonic of vibration
disturbances and damping coefficient, respectively.

Fig. 2. Influence of the working surfaces’ undulation ratio to the number of rotation bodies on
the geometric structure of the bearing.
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The solution of Eq. (8) gives the dependencies for vibration displacement v,
vibration velocity _v, and vibration acceleration €v.

The modeling of microgeometry parameters is based on surface formation due to
the relative movements of a part and a tool [20]. Altitude parameters of the micro-
geometry such as undulation, surface roughness are determined by the nature and
magnitude of the radial movements of the tool relative to the workpiece [21]. The
microgeometry step parameters depend on the ratio of the longitudinal feed of the tool
and the rotational speed of the workpiece.

For modeling the height parameters of the microgeometry, a mathematical model of
the dynamics of forming the working surfaces of the rings on the turning operation are
developed. The calculated scheme of the dynamic model of the form’s formation
process is shown in Fig. 3.

The description of the notation of the calculation scheme (Fig. 3) is given in
Table 1.

Fig. 3. Calculation scheme of a dynamic system.

Table 1. Designation of the calculation scheme (Fig. 3).

Denotation Description

m1 Spindle weight and part weight
m2, m3 Masses of transverse and longitudinal calipers
C1 – C5 Elastic links
Cu Angular stiffness of the drive
Md, Mp Moments of cutting
x1, x2 Coordinates of displacements of masses m1 and m2 along the x-axis
y1, y3 Coordinates of displacements of masses m1 and m3 along the y-axis
u1, un Coordinates of angular displacements of rotating masses
Ft(t), Fr(t), Fa(t) Cutting force
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For a more accurate representation of the process of surface formation, a detailed
scheme of the cutting process is given (Fig. 4).

The system of differential equations describing the movement of the tool relative to
the workpiece has the form:

m1€y1 þ d1 _y1 þ c1y1 þ c3 y1 � y2ð Þ ¼ P sð Þ
m2€y2 þ d2 _y2 þ c2y2 þ c3 y1 � y2ð Þ ¼ �P sð Þ;

�
ð9Þ

where m1 is the mass of the spindle assembly with the part; m2 – the weight of the
caliper with the tool; c1 – stiffness of the caliper; c2 – stiffness of supports and spindle
assembly; d1 and d2 are the damping coefficients of the bonds; P(s) – perturbing force.

Application of the complex amplitudes method allows us to obtain the perturbing
force as a variable:

P sð Þ ¼ P0e
ixs ð10Þ

where x is the frequency of the perturbing force; P0 = Py�cosb is the amplitude of
the force, and Py is the radial component of the cutting force.

The solution of the system of differential equations yields formulas for determining
the amplitudes of the relative oscillations of the part and the tool:

u1 ¼ u0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
2 � x2

� �þ 4l22K
2
1

F2
1 xð Þþ 2 dl2K

2
1 þ fl1K

2
2 � F2 xð Þ� �

x2

s
ð11Þ

u2 ¼ u0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
1 � x2

� �þ 4l21K
2
2

F2
1 xð Þþ 2 dl2K

2
1 þ fl1K

2
2 � F2 xð Þ� �

x2

s
ð12Þ

The frequency of natural oscillations is found from the characteristic equation of
the system:

Fig. 4. Scheme of shaping the functional surface of the bearing.
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f ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

c1 þ c3
m1

þ c2 þ c3
m3

� 	
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c1 þ c3
m1

þ c2 þ c3
m3

� 	2

� 4 c1c2 þ c2c3 þ c1c3ð Þ
m1m3

svuut sec�1

ð13Þ

where x = ss/60 – movement per 1 revolution; V = x (D/2) = (pD)/s, s = p/x.
In order to increase the accuracy of shaping, the design of a continuous workpiece

of two rings of the roller bearing is proposed (Fig. 5).

As a result of using this type of workpiece, it was possible to increase the accuracy
of forming rings on turning operations, halve the complexity of procurement and
forming turning operations, avoid the formation of stresses on functional surfaces that
occur during installation in the chuck.

Notably, the vibroactivity of the working surfaces of the rings depends on the
parameters of the wavy surfaces. By determining the relationship between the
parameters of the undulation of the rolling tracks of the rings and the vibroactivity of
the bearing revealed an essential pattern that the worst vibroacoustic characteristics of
the bearing occur when the number of waves to the k-th harmonic on the inner and
outer rings bearing, or when the number of waves of the k-th harmonic is a multiple of
the number of rolling elements, ie fk = qz, where fk is the number of waves of the main
k-th harmonic on the raceway.

The best results were observed when fk = qz ± 1, fk = qz ± 2 and so on, q = 1, 2,
3…. The proposed method of spectral analysis of vibroactivity of rolling tracks and
vibrations of bearings allows diagnosing the causes of the origin of technological
defects.

5 Conclusions

The resistance of the dynamic forming system to resonant perturbations is investigated,
and the limits of stability in the coordinates stiffness - feed rate are obtained. Theo-
retical predictions in the process by modeling a dynamic system of formation are
confirmed. It is established that for all variants of finishing turning in the feed range
0.05–0.20 mm/rev step of the irregularities Sz to the average value of the height Wz is

Fig. 5. The continuous design of the workpiece of two rings: a) scheme; b) prototype.
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less than 40, which indicates the absence of undulation. The maximum deviations of
the surface shape (Wz + Rz) do not exceed 0.012 mm.

The mechanism of origin of structural and technological defects of roller bearings is
investigated. Identification of the relationship between these defects and performance
on the example of changes in the bearing’s vibroacoustic characteristics formed the
basis for developing a strategy for predicting the quality of parts and performance of
bearings at the stage of technological design. For diagnosing the causes of vibration,
the total spectrum of bearing oscillations should be divided into three bands – low-
frequency oscillations (50 Hz–1.5 kHz), medium-frequency (1.5–3.0 kHz), and high-
frequency vibrations (1.5–10 kHz). It is established that technological defects cause
low-frequency and high-frequency vibrations. The technique on the integrated
vibroactivity indicator for rings’ working surfaces to define the level of suitability of a
ready detail for operation as a part of the bearing and forecasting of vibroacoustic
characteristics of rolling bearings are offered.

It is established that the shape errors and waviness of the working surfaces of the
rings after the final operations of the superfinishing are transmitted by technological
inheritance from the previous shaping operations of turning, roughing, and finishing
grinding. In order to prevent such a negative impact of technological heredity, a new
method of technological control of the undulation of rolling tracks in turning operations
by modeling the dynamics of shaping is being developed. It is established that the
reduction of surface waviness in turning operation reduces the oscillations of the
components of cutting forces in finishing grinding operations, and hence the geometric
ripple, which can account for up to 90% of the error of deviation of shaping accuracy.

In order to increase the accuracy of forming rings on turning operations, as well as
to reduce the number of procurement and forming operations, the proposed design of a
continuous workpiece set of two roller bearing rings, the introduction of which into
production, will reduce the complexity of procurement operations by 35% and reduce
cost by 15% of each bearing size.
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Abstract. The paper presents the results of a study into the processing and
physical and mechanical properties of mixtures based on liquid glass (LG) with
furfuryl oxypropyl cyclocarbonate (FOPCC) for chromite compounds. The
patterns of the interaction between triethanolamine-modified liquid glass with
furfuryl oxypropyl cyclocarbonate and chromite sand were established.
Parameters such as compressive strength, flexural strength, and tensile strength
were studied, which were determined using standard methods. Mathematical
models of the properties of mixtures on chromite sand with liquid glass and
FOPCC were developed based on the planned experiment. Mathematical models
represent a system of equations linking the compressive strength, tensile
strength, and flexural strength of the mixture with controlled variables of a
technological nature for which the contents of liquid glass, FOPCC, and tri-
ethanolamine were chosen. Based on the data obtained, it was found that the
flexural strength, tensile strength, and compressive strength increase with an
increase in the content of LG and FOPCC. The compositions of cold-hardening
mixtures on chromite sand were optimized, allowing obtaining high-quality
cores with high strength properties. It has been established that FOPCC is a
material that has a double effect; it hardens the mixture during preparation and
softens it after pouring metal during decoring. The optimum binder content is
4,5 to 5,5%, and the optimum hardener content is 0.4 to 0,6%. A technological
procedure has been developed to prepare chromite sand-based CHM. As a
result, the surface quality was improved, and the burn-on on the castings was
reduced.

Keywords: Chromite sand � Liquid glass � Triethanolamine � Optimization �
Mechanical properties � Strength properties

1 Introduction

The quality of castings is strongly influenced by molding mixtures, the properties of
which depend on the starting materials [1]. The preparation of mixtures with the desired
properties is a traditional task of the foundry [2]. According to existing data, 40 to 60%
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of casting defects are due to the unsatisfactory quality of molding compounds and
mixtures [3, 4].

Fillers should have relatively high refractory properties, thermal resistance, inac-
tivity to molten metal, mechanical strength, low coefficient of thermal expansion,
uniform grain size distribution, and minimal cost [5]. Quartz sand, chromites, zircon,
chrome magnesites are used as refractory fillers [6].

Quartz molding sands are currently most widely used. They account for more than
90% of all sands consumed by foundries. From the point of view of foundry tech-
nology, quartz sand has several undoubted advantages: it has a high melting point
(1713 °C); high hardness, which contributes to good resistance to abrasion in the
processes of preparing mixtures, making molds, and decoring and cleaning castings;
chemical inactivity at ordinary temperatures; good mixing properties with various
components of mixtures; good wettability with water and with almost all used binders;
applicability in the manufacture of castings made of various alloys [7].

Unlike quartz sand, which undergoes allotropic transformations at 575 °C, chro-
mite sand is subject to none of these transformations. It exhibits high thermal shock
resistance. With a relatively high melting point of about 1880 °C, chromite sand has a
low sintering temperature of 1100 °C. The moisture condensation zone is formed much
more deeply in a chromite-based green-sand mold than in quartz sand-based mixtures
[8]. The chromite sand is inert to iron oxides at high temperatures in various gas
atmospheres. It is also poorly wettable by liquid metal. All these factors improve the
conditions for metal solidification and help prevent the formation of the burn-on when
manufacturing large steel castings. The high thermal conductivity and thermal storage
capacity of chromite sand make it possible to create the directional solidification of
casting and prevent solidification irregularities [9].

Therefore, highly refractory and chemically inert Grade AFS45-50 TC U 13.2-
35202765-001:2011 chromite sand has become widely used for turbomachinery pur-
poses. The minimum Cr2O3 content must be at least 46%. Chromite sand is used as a
filler for core and facing mixtures to obtain steel castings. This is particularly advan-
tageous when manufacturing heavy castings where high resistance to ferrostatic pres-
sure is required.

Thus, developing optimal compositions of new chromite sand-based CHM is an
urgent task of the foundry.

2 Literature Review

One of the commonly used methods is manufacturing cores and casts on soluble glass
(SG), and the technology for their production is used at many enterprises [10]. This is
because soluble glass is an affordable, inexpensive and non-toxic binder [11]. The use
of SG as a binder for the manufacture of casting and core mixtures allows to obtain
more durable casts, reduce the metal consumption of castings by producing thinner
products and improve the quality of castings [12, 13].

Depending on the solidifying nature, these mixtures can be divided into mixtures
with a solidifier introduced together with a binder during their preparation and mixtures
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solidified by blowing with a gaseous solidifier during or after filling equipment by them
and their solidification [14, 15].

In the CO2 process, the binding properties of liquid glass are poorly implemented
(up to 20%), which leads to an increase in liquid glass content in the mixture and a
decrease in the decoring properties; because of this, liquid hardeners are used for liquid
glass-based CHM [16]. The consumption of liquid hardeners is very low, amounting to
10 to 12% of liquid glass mass [17]. Heavy organic ethers or aldehydes have proven to
be the most advantageous liquid hardeners [18].

The use of liquid hardeners is one of the most advanced methods for hardening
liquid glass-based mixtures, which allows [19]:

– Reducing the consumption of liquid glass to 2,5% to 4%;
– Increased in-mold decorative properties and cores by 1,5 to 2 times;
– Improving the quality of mixtures;
– Abandoning the use of CO2 and thereby simplifying the technological process;
– Reducing defects and waste castings [20].

The paper proposes to use a universal additive, furfuryl oxypropyl cyclocarbonate
(FOPCC), developed at NTU “KhPI” as a promising hardener for the manufacture of
liquid glass-based molds and cores [21].

FOPCC is an environmentally friendly material, since when pouring metal into a
mold, as a result of thermochemical destruction, FOPCC decomposes and releases CO2

and water vapor in the volume of the formed composition into the environment.
The paper investigates into the properties of cold-hardening mixtures based on a

chromite filler with triethanolamine-modified liquid glass and a universal additive,
furfury loxypropyl cyclocarbonate.

FOPCC is a material that has a double effect; it hardens the mixture during
preparation and softens it after pouring metal during decoring.

The composition (chromite sand – FOPCC – liquid glass) hardens when FOPCC
interacts with liquid glass. Any cyclocarbonates (propylene cyclocarbonate, and
FOPCC) are unstable in an alkaline medium and decompose with the release of CO2,
which reacts with liquid glass to form polysilicates in the volume of the formed
composition. These systems can be referred to nanostructured composite materials,
since the interaction processes between FOPCC and LG undergo on the surface of
chromite sand in monomolecular layers.

The purpose of the study is to establish the regularities of the interaction between a
triethanolamine-modified liquid glass-based binder with furfuryl oxypropyl cyclocar-
bonate (FOPCC) and chromite sand in the foundry.

3 Research Methodology

FOPCC is a material based on raw materials of plant origin, which was obtained as
follows: furfuryl glycidyl ether and a catalyst (2 wt% tetrabutylammonium bromide)
were loaded into a three-necked flask equipped with a thermometer, a reflux condenser,
and a bubbler. The reaction mixture was heated to 90 °C, and carbon dioxide was
introduced through the bubbler. The reaction was carried out for 8 h. The reaction
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course was monitored according to variations in the epoxy equivalent and using IR
spectroscopy (the appearance of an absorption band at 1790 cm−1, which corresponds
to the stretching vibrations of the carbonyl group in the cyclic carbonate ring). After the
reaction, the catalyst was removed (washed with water), and the product was vacuum
distilled.

The reaction for obtaining FOPCC is shown in Fig. 1.
Furfuryl propyl cyclocarbonate is a transparent liquid of light yellow color, with a

boiling point of tb = (192 to 194) °C at 10 mm Hg, refractive index of (nd
20) = 1.4920,

density of 1,45 g/cm3 (at 25 °C) [21].

The mixture was prepared as follows: first, a hardener was added to chromite sand
and mixed for 3 min, then liquid glass with triethanolamine was added and mixed for
another 2 min. Triethanolamine was introduced into liquid glass. TEA was taken of the
total mass of FOPCC. The mixture was molded into a 9-piece mold, which is used to
study the properties of CHM. Liquid additive (FOPCC) was added in the content of 0,4
to 0,6 wt%; liquid glass in the content of 4,5 to 5,5 wt%, and TEA in the content of 2 to
10 wt% mass of FOPCC. AFS45-50 quartz sand was used as a filler for molding
mixtures.

The mixture was prepared as follows: FOPCC was added per 100 wt% chromite
sand and stirred for 3 min, then the triethanolamine-modified liquid glass was intro-
duced into the mixture and stirred for another 2 min.

Testing the compressive strength of the mixtures was carried out under GOST
23409.7 – 78 (strength in the “wet” state) and GOST 23402.9 – 78 (strength in the

Fig. 1. The reaction for obtaining furfuryl oxypropyl cyclocarbonates.
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“dry” state). For this purpose, a set was used to determine the tensile strength of cast
and core mixtures of modules 04116У with a device for compressing dry samples up to
15 MPa manufactured by UkrNIILitmash by a particular order of National Technical
University “Kharkiv Polytechnic Institute”.

4 Results

Recently, a computational and analytical method based on a planned experiment has
been widely used to solve the problem of controlling the properties of molding mix-
tures and their stabilization. This approach opens up new possibilities for controlling
the properties of molding mixtures owing to the operational efficiency of process
control when modifying the properties of the starting materials.

To establish the regularities of the interaction between a triethanolamine-modified
liquid glass-based binder with furfuryl oxypropyl cyclocarbonate (FOPCC) and chro-
mite sand, and the experiment was carried out.

The variation intervals of the factors and their values at the main, upper, and lower
levels are shown in Table 1.

The experiment planning matrix 26–3 is shown in Table 2.

The varying factors were as follows: the content of liquid glass (x1); the content of
triethanolamine in liquid glass (x2); and the content of FOPCC (x3). As an optimization

Table 1. Experimental conditions for chromite sand-based CHM.

Independent
variables

Content of liquid
glass, wt%

Content of triethanolamine in
liquid glass, wt%

Content of
FOPCC, wt%

Factor x1 x2 x3
Main level 5,0 5 0,5
Variation
interval

0,5 2 0,1

Upper level 5,5 7 0,6
Lower level 4,5 3 0,4

Table 2. Experiment planning matrix 26–3.

Experiment
no.

Content
of LG
(x1)

Content of
FOPCC
(x2)

Content
of TEA
(x3)

x0 x1 x2 x3 x1x2 x1x3 x2x3 Compressive
strength, MPa
(y1)

Flexural
strength,
MPA (y2)

Tensile
strength,
MPa (y3)

1 5,5 0,6 10 + + + + + + + 1,4 7,5 0,5

2 4,5 0,6 10 + – + + – – + 1,3 6,25 0,45

3 5,5 0,4 10 + + – + – + – 1,18 6,5 0,43

4 4,5 0,4 10 + – – + + – – 1,08 5,5 0,4

5 5,5 0,6 2 + + + – + – – 1,05 6 0,4

6 4,5 0,6 2 + – + – – + – 1,2 5,75 0,43

7 5,5 0,4 2 + + – – – – + 1,05 6 0,4

8 4,5 0,4 2 + – – – + + + 0,93 5 0,38
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parameter (y), the following indicators of the physical and mechanical properties of the
molding mixtures were chosen: compressive strength after 3 h (y1), flexural strength
(y2), and tensile strength (y3).

After processing the data obtained, the following equations in a coded scale were
obtained:

y1 ¼ 1; 15þ 0; 02X1 þ 0; 09X2 þ 0; 09X3 þ 0; 03X12 þ 0; 02X23 � 0; 035X13 ;MPa ð1Þ

y2 ¼ 6; 06þ 0; 44X1 þ 0; 38X2 þ 0; 31X3 ; MPa ð2Þ

y3 ¼ 0; 42þ 0; 01X1 þ 0; 02X2 þ 0; 02X3 þ 0; 01X12 þ 0; 01X23 ; MPa ð3Þ

When experimenting, account must be taken of the need to determine the experi-
mental error, i.e., the variance of reproducibility. The reproducibility is estimated
according to the results of parallel experiments. For this purpose, each experiment is
supposed to be carried out three times in the planning matrix. The coefficients of the
mathematical models were calculated, and their statistical significance was determined.
The significance of the coefficients for each investigated optimization parameter was
checked using Student's criterion. The hypothesis about the adequacy of mathematical
models was checked using Fisher’s criterion.

The effect of the content of LG with TEA and FOPCC on the compressive strength
of the mixture is shown in Fig. 2.

Figure 3 shows the effect of LG and FOPCC on the flexural strength of the mixture,
and Fig. 4 shows the effect of LG and FOPCC on the tensile strength of the mixture.

Fig. 2. The effect of the content of LG modified by 6 wt% TEA and FOPCC on the compressive
strength of the mixture A: Compressive strength ranging from 1,00 to 1,12 MPa; Б: Compressive
strength ranging from 1,20 to 1,40 MPa
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Based on the analysis of the equations, it was found that the compressive strength,
flexural strength, and tensile strength increase with an increase in the content of LG and
FOPCC.

According to the process sample, the compressive strength of the mixture is an
average of 1,5 MPa after 1 h; 2,5 MPa after 3 h; 3,5 MPa after 24 h. The tensile
strength is an average of 0,2 MPa after 1 h, 0,5 MPa after 3 h, 0,8 MPa after 24 h. The
flexural strength is an average of 4,5 MPa after 1 h, 7 MPa after 3 h, 9 MPa after 24 h.

Fig. 3. The effect of the content of LG modified by 6 wt% TEA and FOPCC on the flexural
strength of the mixture A: Flexural strength ranging from 4,00 to 6,00 MPa; Б: Flexural strength
ranging from 6,00 to 8,00 MPa.

Fig. 4. The effect of the content of LG modified by 6 wt% TEA and FOPCC on the tensile
strength of the mixture A: Tensile strength ranging from 0,44 to 0,48 MPa; Б: Tensile strength
ranging from 0,4 to 0,44 MPa B: Tensile strength ranging from 0,36 to 0,4 MPa.
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The study has found that the developed additive FOPCC had shown the effec-
tiveness of its use in the foundry. FOPCC has a double effect; it hardens the mixture
during preparation and softens it after pouring metal during decoring.

5 Conclusions

To create new technological processes for the preparation of chromite mixtures, using
triethanolamine-modified liquid glass with furfuryl oxypropyl cyclocarbonates
(FOPCC) is a promising area for facing and core mixtures.

According to the process sample, the compressive strength of chromite mixture is
an average of 1,5 MPa after 1 h; 2,5 MPa after 3 h; 3,5 MPa after 24 h. The tensile
strength is an average of 0,2 MPa after 1 h, 0,5 MPa after 3 h, 0,8 MPa after 24 h. The
flexural strength is an average of 4,5 MPa after 1 h, 7 MPa after 3 h, 9 MPa after 24 h.

In developing a technological process for the manufacture of high-quality castings
using CHM with chromite sand based on FOPCC, a planned experiment was carried
out.

A mathematical model was built for CHM based on chromite filler with FOPCC.
This model is a system of equations linking the compressive strength, tensile strength,
and flexural strength of the mixture with controlled variables of a technological nature
for which it is appropriate to use the content of triethanolamine-modified binder and the
content of hardener. It was found that the flexural strength, tensile strength, and
compressive strength increase with an increase in the content of LG and FOPCC. The
optimum binder content is 4,5 to 5,5%, and the optimum hardener content is 0,4 to
0,6% for the production of steel castings.

The addition of furfuryl oxypropyl cyclocarbonates a double effect; it hardens the
mixture during preparation and softens it after pouring metal when decoring.

A technological process for obtaining chromite sand-based CHM was developed.
The result was improved surface quality and reduced burn-in on castings.
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Abstract. The article defines the existence of correlations between the
parameters of the equation describing the dependence of the stress amplitudes
arising in part in air and a corrosive environment. The analysis of numerous
experimental data on samples and parts of various shapes and sizes, made of
carbon and alloy steels, tested in corrosive environments differing in aggres-
siveness, showed that the relationship between the parameters is linear.
Correlation-regression analysis confirmed the existence of a close relationship
between the parameters. It was found that the difference in such dependences for
different experimental data is statistically insignificant. This made it possible to
recommend for practical use a generalized dependence for all investigated
corrosive environments. At the same time, when assessing the fatigue resistance
of parts that operate in environments of different aggressiveness, it is possible to
use individual dependencies between parameters for each tested corrosive
environment. Based on the results obtained, it was concluded that the dispersion
of the logarithm of durability in the most aggressive of the investigated media
(acid solutions) is approximately 20% less than in seawater and in distilled water
- 10% more. The results obtained can serve as the basis for creating a method for
calculating the strength and durability of parts under aggressive media and
assessing the durability of such parts even at the design stage.

Keywords: Aggressive media � Corrosion fatigue � Corrosion fatigue
resistance � Durability assessment � Compliance criterion

1 Introduction

A large number of mechanical equipment operates in aggressive environments [1].
Technological tasks performed with the help of such equipment lead to increased
requirements for the strength of its components. The most significant number of rea-
sons for the destruction of elements of mechanical equipment operating in an
aggressive environment is corrosive fatigue – one of the most common types of metal
destruction. Corrosion can be described as the destruction or deterioration of a metal or
alloy through a chemical or electrochemical reaction with its environment [2]. Almost

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
V. Tonkonogyi et al. (Eds.): InterPartner 2021, LNME, pp. 250–259, 2022.
https://doi.org/10.1007/978-3-030-91327-4_25

http://orcid.org/0000-0003-0219-8762
http://orcid.org/0000-0003-3153-7313
http://orcid.org/0000-0003-1840-4313
http://orcid.org/0000-0001-9643-1494
http://orcid.org/0000-0002-6984-0353
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91327-4_25&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91327-4_25&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-91327-4_25&amp;domain=pdf
https://doi.org/10.1007/978-3-030-91327-4_25


all alloys based on Fe, Al, Mg, Cu, Ni, Ti, and other metals under certain conditions are
subject to corrosion fatigue, which occurs when simultaneously exposed to cyclic
mechanical loads and an aggressive environment [3]. Extensive experiments and
detailed analysis of their results allow you to determine the relationship between
various parameters and dependencies. This makes it possible to create methods for
calculating the strength and durability of parts that work in various aggressive
environments.

2 Literature Review

The impacts of the corrosion, adsorption and hydrogenation factors on the fatigue
resistance of structural steels at various loading frequencies are considered in work [4].
The fatigue fractures of steels and parts in working environments are presented in the
research [5]. Methods for the operational determination of the fatigue resistance
characteristics of steels are considered. Variants of physical models of crack growth
during corrosion fatigue destruction of steel are proposed in the paper [6].

The issues of bearing capacity of objects in aggressive media are considered up to
the boundary stress, from which the influence of the mechanical factor on the resistance
to corrosion-fatigue destruction can be neglected [7]. A method is proposed for con-
structing an individual corrosion fatigue curve of a new shape by testing under regular
loading and up to bases not exceeding those usually used [8]. The main methods for
assessing the corrosion resistance of structural steels in aquatic environments and moist
atmospheric conditions are presented in work [9].

Methods for planning the main types of mechanical tests and processing their
results are given. Recommendations are given for optimizing tests to determine the
mechanical properties of materials, bearing capacity, and resource of machine parts
with the required accuracy and reliability [10]. A new equivalent model of surface
defects is proposed for predicting fatigue life [11]. A novel equivalent surface defect
model is proposed to quantitatively describe the corrosion effect for fatigue life [13]
prediction using both maximum corrosion and aspect ratios [14]. Another form of
degradation is described that links mechanical stress and corrosion fatigue [15].
Questions are considered evaluating material damage and substantiation of life-based
on corrosion-fatigue crack development kinetics [16]. Details of various forms of
material degradation along with preventive measures have been described in the
research [17]. Methods for monitoring corrosion and the cost of corrosion to society
were considered in work [18]. The results of probabilistic analysis of metal degradation
for a pressure vessel are shown in the paper [19].

3 Research Methodology

The following signs and patterns of corrosion fatigue of destruction of metals are
formulated: the absence of a physical limit of corrosion fatigue of metals, that is, a
constant decrease in the destructive cyclic-alternating stress with an increase in the
number of load cycles; lack of correlation between the mechanical properties of the
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metal, determined under static or cyclic loading, and the limit of corrosion fatigue; no
correlation between the corrosion resistance of the metal in the unstressed state and the
boundary of corrosion fatigue; increased, in comparison with air, metal sensitivity in a
corrosive environment to the shape of the cycle and the frequency of loading; inversion
of the scale effect, that is, an increase in the corrosion fatigue limit of carbon and low-
alloy steels and aluminum-based alloys with an increase in the cross-section of the
metal product; a decrease in the sensitivity of corrosion fatigue to the micro-geometry
of the surface of a part in comparison with tests in air [4]; the specific multi-plane
nature of fracture associated with the development in the initial period of fracture of a
large number of cracks, and not one, as in air; non-additivity of influence on corrosion
resistance of stress concentration and corrosive environment [7].

Many signs and patterns of corrosion fatigue of destruction of metals determine the
research devoted to determining the resistance to corrosion fatigue in the probabilistic
aspect as an urgent scientific and applied problem.

The relationship between stress amplitudes in air and a corrosive environment for
various durability and aggressive environments is described by a linear relationship [4]

lg rhab ¼ aþ b lgrair ð1Þ

where rhab, rair - stress amplitude according to fatigue curves in medium and air,
respectively, for a given number of cycles N (limits of limited endurance); a and b are
the parameters of the equation, which depend on the material of the part and the degree
of aggressiveness of the corrosive environment.

The research aims to determine the correlations between the parameters of the
equations that determine the dependence of the stress amplitudes in air and in a cor-
rosive environment. Analysis of parameters a and b for various construction materials,
the aggressiveness of working environments, sizes, and shapes of parts shows that with
an increase in parameter a, parameter b decreases. For further processing, a linear
relationship of parameters in the form

a ¼ a� bb; ð2Þ

where a and b are constant values for a given environment of a certain aggressiveness.

4 Results

Correlation-regression analysis of expression (2) showed a close relationship between
the values of a and b, which is characterized by the correlation coefficient r. This
indicates the functional dependence of the parameter a on b, which is presented in
Table 1.

As can be seen from the table, the values of the constants a and b of dependence (2)
differ insignificantly, which makes it possible to combine a = f(b) into one dependence
a = F(b). The same conclusion can be reached when analyzing the graphical repre-
sentation of this dependence and the nature of the placement of experimental points.
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For combining the sample values a and b into a common population, the same for
all environments, it is necessary to test two hypotheses: the equality of the variances of
a number of populations and the mean values of normally distributed populations.

With an unequal number of observations in individual samples, the homogeneity of
variances can be checked using the Bartlett v2 test [10]. The calculated value of the v2a
criterion is compared with the tabular value, which is determined for the selected level
of significance and the number of degrees of freedom. When fulfilling the inequality
v2 � v2a, the null hypothesis of the equality of the general variances from which these
samples are taken is not excluded.

For a sample of nine environments, the value of the criterion v2 = 2.28, and its
tabular value for the significance level a = 0.01 is 2.56, that is, the indicated inequality
is satisfied, and the variance can be combined [10]: S2 = 0.9584.

The hypothesis about the equality of the sample mean values is checked using the
dispersion ratio - the F criterion [10]. If the calculated dispersion ratio F is less than its
table value F1 − a (for a given significance level and the number of degrees of freedom),
then the hypothesis is not rejected. For a given sample size, the dependence is
F = 1.92, and the tabular value F1 − a = 1.93. That is, these values satisfy the inequality
F � F1 − a.

So, the difference between the parameters a and b is insignificant (statistically
insignificant) for this sample, and the sample between parameters a and b of expression
(1) can be combined into one and expression (2) generalized for all studied media can
be written in the form

Table 1. Corrosion fatigue test results of steel parts.

Aggressive environment a b r

Water:
distilled 2,3983 2,4389 0,97
unleavened 3,0314 2,8785 0,98
Solution:
NaCl (3%) 3,1392 2,8793 0,98
NaCl (4%) 2,6265 2,6803 0,99
KaCl (10%) 2,6592 2,7799 0,97
KaCl (20%) 2,5384 2,4359 0,98
H2SO4 (0,1 н) 3,0096 2,7085 0,97
HNO3 (6,2%) 2,6773 2,5907 0,97
HNO3 (4%) 2,4948 2,6257 0,99
KNO3 (10%) 3,2538 3,0102 0,99
NaOH (4%) 2,6405 2,8241 0,99
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a = 2:8064� 2.775b: ð3Þ

The calculated values of the quantity, a, obtained from the individual connections
for each medium and the generalized dependence (3) slightly deviate from their
experimental values. Moreover, the errors in determining the parameter a by individual
connections and generalized dependence are practically equal, although they have
some deviations. This allows us to recommend the dependence between the values of
a and b as Eq. (3). However, it does not exclude the use of individual dependencies (2)
for each of the tested media (Table 1).

Thus, for the practical use of a function (1) when assessing the fatigue resistance of
parts operating in media of different aggressiveness, it is necessary to know the law of
variation of the parameter b in Eq. (1) depending on the material and type of corrosive
medium (Fig. 1).

Based on the results obtained, it is possible to create a substantiated methodology
for calculating the strength and durability of parts when exposed to aggressive media
and evaluate the durability of such parts already at the design stage.

With the development of calculations of strength and durability, in a probabilistic
interpretation, the characteristics of scattering of fatigue properties have become no less
important than the average characteristics used in deterministic calculations. Con-
cerning corrosive media, a certain regularity of the scattering of durability in terms of
its scattering in the air has become apparent. If the homogeneity of dispersions of the
durability logarithm is confirmed in some cases and not confirmed in others, then for
objects operating in corrosive environments, the homogeneity of dispersions is beyond

Fig. 1. The relationship of parameters a and b of Eq. (1): 1–10% solution of KNO3; 2–fresh
water; 3–10% KaCl solution; 4–20% KaCl solution; 5 - distilled water.
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doubt. This was confirmed by the example of a 3% rock salt solution: the load level did
not significantly affect the scatter of durability.

Testing samples of steel DIN C45 and X10CrNiTi18–10 confirmed this phe-
nomenon in the investigated liquid media [7]. The tests were carried out in non-
movable chambers, which are mounted on a rotating sample. The chambers were
carefully sealed. The solution poured into them at the beginning of the tests was stored
until the sample broke and was not replaced. Thus, the test conditions brought closer to
the real operating conditions of many objects.

Considering that a decrease in the durability with an increase in the load level
remains for any medium, the corrosion fatigue curves were constructed both with and
without considering the change in the conditional dispersions corresponding to certain
load levels (that is, at xi = 1). To consider the weight of the changes, we used the
function [7].

xi xð Þ ¼ 10�2b1 lg ri:

At the same time, based on a preliminary analysis, a linear law of change in conditional
variances with a change in the stress level was applied according to the expression

lg Si ¼ ai lg ri þ bi

where ai and bi are constant coefficients.
The fatigue curves of 45 steel specimens in distilled water, with different fracture

probabilities, can be plotted both with and without considering the change in the
empirical conditional stress dispersions (Fig. 2).

Fig. 2. Fatigue curves plotted considering the variance of longevity (solid lines) and without it
(dashed lines) at the probability of failure P = 5 (1), 50 (2), and 95 (3)%.
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Similar curves were obtained for other corrosive environments with samples from
other materials.

As can be seen from the figure, the solid and dashed lines are located close to each
other, especially for the average probability curves of corrosion fatigue. This indicates
that the variances are statistically independent of the voltage. The Bartlett test did show
that the discrepancy between the conditional variances of the logarithm of durability
was statistically insignificant at significance levels well above 0.05. Consequently, the
intensity of the load has no significant effect on the scattering of life for all investigated
liquids.

The dispersion of the logarithm of durability in a specific corrosive environment is
practically independent of the object’s steel grade and design features. For a 3%
solution of rock salt and seawater, the variance of the longevity log rhyme is 0.01. This
can be taken (with some excess) for a wide variety of objects. In other words, in the
calculations of steel objects intended for operation in seawater, assigning the specified
generalized value of the variance of the logarithm of durability or the corresponding
standard deviation is possible.

Perhaps this provision should remain valid for any other liquid medium. The lack
of published data on the study of fatigue resistance in corrosive environments other
than 3% rock salt solution, sufficient for statistical processing, does not allow us to give
recommendations on the quantitative values of the variances of the logarithm of
durability in them.

It was found that when passing from less aggressive media (distilled water) to more
aggressive media (acid solutions), the variance of the logarithm of durability decreases.
The homogeneity of a number of dispersions for the studied media can be accepted
only at a significance level of 0.001 or less. This means that the hypothesis of
homogeneity of the dispersion series for media of different aggressiveness should be
rejected. So, the corrosive environment has a significant effect on the dissipation of
durability. That is, the dissipation of durability depends significantly on the aggres-
siveness of the environment.

Based on the data obtained, it can be assumed that the dispersion of the logarithm
of durability in the most aggressive of the investigated media (acid solutions) is about
20% less than in seawater and distilled water - 10% more. For other media, which
occupy an intermediate position under their specific electrical conductivity, it can be
selected by interpolation, taking as the initial value 0.01 for seawater.

The construction of corrosion fatigue curves corresponding to a given probability P
of fracture or the probability 1−P of non-fracture, provided that the fatigue resistance
characteristics are normally distributed, is facilitated by the fact that the stress level
does not have a significant effect on the variance of the logarithm of durability, and the
variance itself depends on the design features and material of the object.

The generalized variance of the logarithm of durability is in the range from 0.0080
to 0.0098 (on average 0.0093, which is close to 0.01). Based on this value, it is possible
to calculate the logarithm of durability for any probability P, for the average probability
of its meaning [7]. In this way, a bundle of parallel curves of corrosion fatigue is
constructed for any probability P or 1−P in the range from 2 to 98%, in which the
normal distribution can be confidently used, which is more than sufficient for the vast
majority of mechanical engineering problems. So, having built the corrosion fatigue
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curve by calculation and knowing the average variance of the logarithms of durability,
it is easy to obtain a calculated estimate and the limits of fatigue at given durability.

The limit of limited endurance based on N, corresponding to the probability P, can
be represented as

rN
RP ¼ r�N

RP þUPSrR ¼ r�N
RP ð1þUP � VrRÞ ð4Þ

where r�N
RP is the average probable value of the endurance limit, determined by the

average probable fatigue curve at a given base N; UP is the quantile of the normal
distribution for the probability P; SrR, VrR is the mean deviation and coefficient of
variation of the limited endurance limit.

It is also reasonable to speak about the normal distribution of the logarithm of the
limit of limited endurance. The expression for the logarithm of the limited endurance
limit is written similarly to expression (4). Under the normal distribution function, to
estimate the limit of limited endurance with probability P, the lower value of the
confidence interval of the average level of the endurance limit can be used. For
example, assuming a log-normal distribution of the fatigue limits, one can write

lg rNRP ¼ lg rNRmin þUpSmax ð5Þ

where rN
Rmin is the lower value of the confidence interval for the average value of the

limited endurance limit at a given confidence level; Smax is the upper value of the
interval for the standard deviation of the endurance limits and the specified confidence
level.

In practical calculations, the coefficient of variation of the endurance limits is a
convenient value. This coefficient can be determined using the required base N using a
family of corrosion fatigue curves. It is easy to make sure that even in parallel curves of
different probabilities, the coefficient of variation of the endurance limits depends on
the absolute value of the average endurance limit, that is, the base N and the slope of
the curves.

5 Conclusions

Based on the studies carried out, the correlation dependence between the equations of
corrosion fatigue of machine parts in environments with different aggressiveness was
obtained. In addition, the factors influencing the dispersion of the limited endurance
limits of parts in corrosive environments have been determined. The results obtained
confirm the existence of correlations between the parameters of the equation describing
the dependence of the stress amplitudes arising in part in air and in a corrosive envi-
ronment and can be used to calculate the fatigue resistance of parts operating in
corrosive environments of various intensities.
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Abstract. A detailed analysis of the regulatory framework for the biological
assessment of nanomaterials and medical devices indicates that the main factor
of uncertainty in laboratory results of studies on the influence of nanostructures
is biological variation due to individual and population characteristics of vital
processes in the human body and is characterized by a combination of stability
within the average limits of the constancy of the internal environment and
dynamic fluctuations around the point of homeostasis. Objectively substantiated
recommendations have been developed on the accuracy of laboratory studies
when assessing the biological effects of synthetic nanostructures. A basis for
assessing the accuracy is the maximum permissible values of analytical errors of
quantitative research methods (measurements) of physical quantities (compo-
sition and properties of components of biological materials, analytes) in samples
of biological materials. The above interpretation of LOD and LOQ is close to the
“confidence interval” concept. The statement about detecting the concentration
of leachable trace impurities in biofluid is always probabilistic in nature. The
revealed patterns indicate that trace impurities elements have different dissolu-
tion rates and depend on the ratio of the structural components of the
product/material. The study of hydroxyapatite-containing nanomaterials showed
that the hydroxyapatite/b-tricalcium phosphate ratio affects the material’s dis-
solution rate: the higher the content of b-tricalcium phosphate, the higher the
dissolution rate. The results allow providing recommendations for reducing
uncertainty in the study of hydroxyapatite and /b-tricalcium phosphate bone
substitutes, which is associated with individual reactions of the body to various
environmental factors and obeys statistical laws.
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1 Introduction

The search for opportunities to control reparative processes and study the features of
newly created bone tissue in conditions of a plastic defect with various materials are
important tasks for orthopedic traumatologists and material scientists [1]. Tissue
engineering creates 3D systems (bone substitutes – scaffolds), which allow the treat-
ment of bone defects in situ, formed from accidents and diseases. The bone substitutes
must fit into the anatomical defect, have the appropriate mechanical properties capable
of withstanding the loads in vivo, promote the formation of new blood vessels, and the
products of their degradation must not be toxic to the human body [2, 3]. However,
natural bone has a unique structure that cannot be reproduced with conventional
synthesis methods. In this regard, there are risks of biocompatibility when using
scaffolds from different biomaterials for the intended purpose [4, 5]. The biological
assessment of any material or medical device intended for human use is a part of the
risk management process under ISO 14971 and ISO 10993-1 [6]. It is necessary to
consider the risks associated with leachable substances from medical devices that can
be hazardous to human health. In the broadest sense, leachable substances can enter the
human body in various ways, from skin absorption to ingestion, inhalation, and direct
systemic administration. The risk management process [7, 8] is also mandatory for
medical devices containing nanomaterials and releasing nano-objects because of
degradation, wear, or mechanical processing of medical devices (for example, grinding,
in situ polishing). It is expected that the use of the principles and methods of a
harmonized regulatory framework will enable timely and integrated identification of
potential hazards, risks, and adverse events. Based on the above, the work aims to
create an integrated system for assessing the allowable limits for leachable substances
from hydroxyapatite and b-tricalcium phosphate bone substitutes after implantation.

2 Literature Review

The selection and assessment of any material or medical device intended for use in
medical practice require a systematic approach to assessing the biological effect.
The ISO 10993 standards [9] are guidelines for predicting and studying the biological
effect of medical devices at the stage of selecting materials intended for the manu-
facture and research of finished medical devices [10]. Under ISO 10993-9 [11], special
methods are used to obtain, identify and/or quantify degradation products. Stan-
dards ISO 10993-12 [12], ISO 10993-17 [13], and ISO 10993-18 [14] deal with
degradation products resulting from a chemical change in the finished product. The
requirements for the biological evaluation of medical devices set out in the ISO 10993
series of standards are also applicable for the biological evaluation of medical devices
containing nano-objects that are not released from the device during use since they are
an integrated part. With the predicted possibility of the release of nanostructures, it is
necessary to conduct a safety analysis of these nano-objects. The components of
nanomaterials can also be evaluated separately [4]. It should also be borne in mind that
the toxicological risk profile of nanomaterials that have the same chemical composition
may differ significantly [5]. It depends on the physicochemical characteristics of the
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components of the product and its surface, the conditions, and the time of operation as
intended. An important factor of uncertainty in assessing the effects of nano-objects is
the change in the characteristics of a product upon contact with the body’s biological
fluids and tissue structures [6]. It has been established [3] that the nature and intensity
of interactions between nanomaterials and biological systems at the initial stages
depend on the structural features of the product and its chemical composition. Mutual
influence in the “nanomaterial-biological system” system also has certain elements of
uncertainty due to the possibility of the influence of the chemical composition of
biological body fluids on the dissolution and leaching of the structural components of a
medical device. It is known that dis-solution in the human body is a complex
physicochemical process that includes diffusion, chemical, and electrochemical stages.
Risks associated with exposure to hazardous leachable substances can be managed by
identifying these substances, setting allowable limits for leachable substances, and
limiting exposure to acceptable levels. The ISO 10993-17 standard [13] describes a
method by which maximum limits for leachable substances are calculated based on
existing data on health hazards. Limits can be based on risks to the entire body and
local exposure, immediate or long-term. They can vary in severity (from minor local
negative consequences to life-threatening ones). The work aims to analyze permissible
limits for leachable trace Impurities from bone substitutes containing hydroxyapatite
[15] and beta-tricalcium phosphate [16]. To achieve this aim, the following tasks were
set:

– study of the concentration of leachable trace impurities in washout fluid;
– estimation of the measurement error;
– determination of detection limit and quantification limits for test results.

3 Research Methodology

The process of setting limit values for substances leaching from medical devices
consists of the following steps:

• assessing the biological risk associated with the leachable substance by: collecting
data and identifying health-critical outcomes; determining the tolerant dose (TI) for
a specific protocol of substance entry into the human body and the duration of
exposure; determining the contact action that is carried by a substance that is
washed out as a result of contact with a medical device (PEF), if irritation is an
acceptable result;

• determining the effect that is transferred (TE) to the patient from a substance that is
washed out by: determining the relevant patient’s body weight (mB); modifying the
product of consumption and body weight based on the utilization rate (UTF);

• determining the appropriateness and feasibility of use, if necessary.

A review of toxicological data provides the information necessary to establish the “no
observable adverse effect level” (NOAEL) [12].
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3.1 Establishment of Allowable Limits for Leachable Substance

The formula for calculating TI values in milligrams per kilogram of body weight per
day using the modifying factor approach is shown in Eq. (1):

TI ¼ NOAEL
MF

; ð1Þ

where NOAEL is no observable adverse effect level; MF is modifying factor.
The modifying factor is calculated as the product of uncertainty factors

MF ¼ UF1 � UF2 � UF3; ð2Þ

where UF1,�UF2,�UF3 are uncertainty factors.
In selecting appropriate uncertainty factors, some aspects (Table 1) include human-

to-human variation, species extrapolations, and other uncertainties [13]. The routine
uses of a medical device, including its use in systemic therapy, should be determined
for a given population. It involves calculating the concomitant impact factor (CEF) and
the proportional contact factor (PEF).

These factors are multiplied to obtain the utilization factor (UTF), as shown in
equation

UTF ¼ CEF � PEF ð3Þ

Table 1. Factors of uncertainty for the calculation of TI.

Assignment of the
uncertainty factor

Range Standard
UF value

Description

UF1, individual
variability of the
human population

From
1 to
10

10 To take into account the variability of the
response between the mean of a healthy
population and the response of a certain
proportion of the sensitive subpopulation

UF2, interspecific
extrapolation

From
1 to
10

1 To take into account the possibility that
humans are more sensitive to the negative
effects of the compound than experimental
animals

UF3, data quality, and
relevance
research

From
1 to
100

1 To take into account the limitations of
available toxicological data for the
calculation of TI, including the absence of
NOAEL values, the absence of NOAEL
long-term studies, and the lack of data on
the clinically relevant route of exposure
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Formulas (4) and (5) determine the concomitant influence factor (CEF) (a value
between 0.2 and 1.0)

CEF ¼ TI � mB

mproc
; ð4Þ

where mB is the body weight in kilograms; mproc is the total mass of the substance that
is washed out (released during the procedure, in milligrams per day).

ð5Þ

where mLife is the mass of the substance that is washed out (excreted during life),
expressed as the average daily exposure in milligrams.

The utilization rate (UTF) can be adjusted in an upward direction to analyze a
situation in which the product/device is not used for the entire duration of the exposure
category. For this purpose, the proportional contact factor (PEF) must be calculated. As
shown in Eq. (6), PEF is equal to the number of days in the exposure category divided
by the number of days the product was used before it was removed

PEF ¼ nEXP
nUSE

; ð6Þ

where nEXP is the number of days in the exposure category; nUSE is the number of days
the product use. If the number of days of product use varies, a reasonable upper bound
should be used. If a reasonable upper bound cannot be determined, a PEF of 1 is used.
The permissible impact (TE) is determined by the formula

TE ¼ TI � mB � UTF ð7Þ

The greater the health benefits expected from the use of the product, the greater the
health risk. Only in this case can a factor be introduced to correct the permissible
exposure (TE), which considers the health benefits. It should be noted that the toxicity
of leachable substances from a medical device is acceptable when compared with the
defined health benefits expected from the therapy. In this case, the leachable substances
have been reduced to a possible minimum following the protection, maintenance, and
improvement of human health in general. Each acceptable AL level is calculated using
the following general formula:

AL ¼ TE � BF ð8Þ

AL is the largest amount of leachable substances recognized as allowable when
entering the human body daily through exposure to a medical device (mg/day); BF is a
benefit factor.

In cases where leachable substances are toxic compounds, and it is impossible to
easily avoid their use by using alternative materials or processing methods, it is
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necessary to consider the significance of the benefits of their use. The maximum dose of
leachable substances from a long-term medical device is calculated using the formula

mdev;prol ¼ ALprol � 30 ð9Þ

where mdev;prol is the maximum dose for the patient in milligrams; ALprol is allowable
level for the long-term category, in milligrams per day.

3.2 Physical Laws of Mass Transfer

Knowledge of the physical laws of mass transfer is required to study and model mass
transfer processes in the human body. The dissolution rate of a substance depends on
the total resistance of all successive stages of the process: the diffusion supplies of the
solvent substance to the interaction surface, the transition of the substance from the
solid-phase to the dissolved state, and the diffusion removal of the dissolved compo-
nent from the surface into the bulk of the solvent (solution) [17]. The dissolution
process is based on the well-known laws of mass transfer processes, namely the
conservation law, which underlies the compilation of the material balance. Material
balance is the main component of the study of any mass transfer process, in which the
determination of material flows of substances. The experimental data will be consid-
ered from the standpoint of both the constancy of the volume of the leachable sub-
stances and the change in indicators under conditions of variation in the solution’s
density. The kinetic equation that characterizes the dissolution process can be repre-
sented as

� dM
ds

¼ k � F � CS � Cð Þ ð10Þ

where M is mass of bone substitute components, mg; F is bone substitute surface, mm2;
Cs is saturation concentration, mg/m3; C is the concentration of a substance in a
biofluid, mg/kg; s is time, c; k is coefficient of mass transfer, m/s.

3.3 Test Methodology. Criteria for Analyzing Research Results

The research methodology is based on the principle of modeling the dissolution process
of a bone substitute in vitro, which does not consider that the dissolution rate of
nanomaterials in vivo has certain differences compared with model systems. The
dynamics of the dissolution process and the product’s solubility were assessed by
measuring the rate of dissolution of the leachable trace impurities and determining the
pH value of the washout medium [18]. The studies were carried out using material from
samples of three novel synthetic bone substitutes (Fig. 1) containing monophasic
hydroxyapatite, monophasic b-tricalcium phosphate, and a two-phase composition of
hydroxyapatite/b-tricalcium phosphate. To measure the dissolution rate of leachable
trace impurities, bone substitute samples were placed in three flasks with Tris buffer
(pH 7.3 ± 0.1). The solutions were then incubated at a temperature of 37 ± 1 C under
constant stirring conditions at a speed of 200 rpm for 24, 48, and 72 h, respectively.
The dissolution rate was measured under conditions of a constant ratio of the starting
material’s mass to the total volume of the solvent. The ratio of the test material’s mass
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to the volume of solvent was 3.5 mg/mL. The pH values were measured after 0, 24, 48,
and 72 h of immersion in the samples. In the experiment, the pH was monitored, which
from the initial value during testing should not change by more than 0.3. Validation
studies were performed based on the analysis of a blank sample.

The concentration of leachable trace impurities in the solution was determined
using X-ray fluorescence analysis (ElvaX-med X-ray fluorescence analyzer, Ukraine).
The macropores and micropores’ size was measured on a scanning electron microscope
(SEM) SEO-SEM Inspect S50-B. Samples for elemental analysis were prepared
according to the standard method. The analytical sensitivity of the research method is
the ability to detect the slightest difference between two concentrations of the analyzed
component. Terms such as “limit of detection” (LOD) and “limit of quantification”
(LOQ) are used [14]. LOD is calculated by the formula [14].

LOD � 3:3 � s0 ð11Þ

where s0 is run standard deviation (n) of independent assay blank samples.
LOQ is calculated using the formula

LOQ � 10 � s0 ð12Þ

The standard deviation s0 is calculated using the formula

s0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1
�
Xn

i¼1
xi � xð Þ2

r
ð13Þ

where x is parameter value determined during the research; x is an arithmetic mean
value; n is the number of observations. For a given confidence level (1−g) (95%), the
border of the one-sided confidence interval for sw is calculated by the formula

r1�c ¼
ffiffiffiffiffiffiffiffi
m
v2c;m

s
� s0 ð14Þ

а) 250х b) 1996х c) 1000х d) 2000х

Fig. 1. Structure of bone substitutes based on hydroxyapatite and b-tricalcium phosphate
(research method is scanning electron microscopy (SEM).
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where m is the number of degrees of freedom when assessing the accuracy of the
method (v2c;m determined from Tables v2 is of distribution) and is implicitly determined
as a value for which the following conditions are met:

prob v2 [ v2c;m

h i
¼ 1� c: ð16Þ

The convergence limit (r) is calculated by the formula [9]: r ¼ 2:8 � s0.

4 Results

4.1 Calculation of Allowable Limits for Leachable Trace Impurities
in Hydroxyapatite and b-Tricalcium Phosphate Bone Substitutes.
Results of the Study of the Concentration of Leachable Trace
Impurities in Washout Fluid

The results of studies of allowable limits for leachable trace impurities in hydroxya-
patite and b-tricalcium phosphate bone substitutes are presented in Table 2.

The research results correspond to the standard [19], which contains recommen-
dations on allowable limits for leachable trace impurities in hydroxyapatite and b-
tricalcium phosphate bone substitutes, the values of which are given in Table 3.

Table 2. Establishment of limit values for leaching trace impurities.

Element NOAEL.
mg/kg/d

MF TI.
mg/kg/d

CEF PEF UTF TE.
mg/d

AL.
mg/d

mdev:prol

mg

As 0.015 50 0.0003 0.2 1 0.2 0.0042 0.0042 0.126
Cd 0.02 50 0.0004 0.2 1 0.2 0.0056 0.0056 0.168
Hg 0.0003 50 0.00007 0.2 1 0.2 0.00098 0.00098 0.0294
Pb 0.0035 50 0.00007 0.2 1 0.2 0.00098 0.00098 0.0294
Zn 0.3 50 0.006 0.2 1 0.2 0.084 0.084 2.52
Sr 0.02 50 0.0004 0.2 1 0.2 0.0056 0.0056 0.168

Table 3. The maximum content of trace impurities.

Element Maximum content,
mg / kg

Permissible daily dose for a human
mg/kg

As 3,0 0,01−0,015
Cd 5,0 0,01−0,02
Hg 5,0 0,0003
Pb 30,0 0,0035
Zn 50,0 0,3
Sr 0,02–0,07
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The study of the dissolution rate of leachable trace impurities of novel synthetic
bone substitutes indicates that the medical use of the investigated hydroxyapatite and b-
tricalcium phosphate nanomaterial has a low potential for toxicity upon prolonged
contact with biological fluids in the human body.

The study of the dissolution process of bone substitutes and the interpretation of
research data (C is the concentration of leachable trace impurities in washout fluid)
versus the time s (24, 48, and 72 h) of dissolution in terms of speed n (200 rpm),
respectively) are given in Table 4.

The results obtained in the study of the dissolution process allow adjusting the
allowable limits for leachable trace impurities in novel hydroxyapatite and b-tricalcium
phosphate bone substitutes for further research. Moreover, the analysis of the results
obtained shows that the hydroxyapatite/b-tricalcium phosphate ratio affects the mate-
rial’s dissolution rate, namely: the higher the content of b-tricalcium phosphate, the
higher the dissolution rate. It is known that the determining factor for the process of
implantation of bone substitutes is the porosity of its structure. The study of the
synthesized material shows that the macroporosity of the samples is quite large – the
size of macropores ranges from 250 to 300 lm. According to the literature [20], a
certain macroporosity can provide optimal conditions for bone tissue formation and
ensure effective bone ingrowth throughout the entire volume of the implant. The study
also evaluated the size of the micropores of synthetic bone substitutes. The size of
micropores ranges from 3 to 10 lm. Using nanomaterials for their intended purpose,
the investigated range of micropores is decisive for material resorption rate upon
contact with a biological medium.

4.2 Estimation of the Measurement Error. Determination of Detection
Limit and Quantification Limits for Test Results

Table 5 shows the values of changes in the mass of trace impurities in the washout
liquid for various elements.

Table 4. Experimental study of the dissolution process.

Element C24.
mg/kg

C48.
mg/kg

C72.
mg/kg

As 0.00006 0.00026 0.001
Cd 0.000001 0.000068 0.00015
Hg 0.00002 0.00009 0.0003
Pb 0.00004 0.00004 0.0003
Zn 0.0005 0.0002 0.005
Sr 0.00001 0.168 0.0007
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Assuming that three blank samples were used for each batch, using formula (14),
we obtain an estimate of the mass measurement uncertainty. It gives the following
values for the LOD detection limits and LOQ quantification for the elements (Table 6).

The LOD determines the lowest concentration of analyte present in the sample that
can be detected using this measurement technique with a given confidence level (95%).
The operating range of the measurement is limited from below by the limit of quan-
tification of LOQ.

5 Conclusions

The development of biomaterials, medical device components, finished medical
devices, and 3D printed, and regenerative medicines are governed by various inter-
national and national standards and guidelines. The regulatory framework regulates the
safe use of novel synthesized materials, which are an integral part of medical devices
and come into contact with the human body’s biological fluids and tissue structures.
Hydroxyapatite and b-tricalcium phosphate bone substitutes are popular in orthopedics
and dentistry and deserve special attention in studies related to biodegradation pro-
cesses. The study of the diffusion rate of molecules with the subsequent prediction of
accumulation in tissues should belong to the first stage of assessing the material’s

Table 5. The results of measurements of the increase in the mass of impurities in washout fluid.

Element Weight gain of micro-impurities in the bioliquid for 24 h, lg Standard deviation s0
Study number

1 2 3 4 5 6

As 0.00002 0.000021 0.000015 0.000018 0.000014 0.000018 1.95448E−05

Cd 0.000004 0.0000011 0.000002 0.000002 0.000006 0.000002 3.61137E−06
Hg 0.00009 0.000022 0.000012 0 0.000012 0.000012 4.24641E−05
Pb 0.00002 0.00006 0.00002 0.00006 0.00008 0.00006 0.00006

Zn 0.00011 0.00011 0.0004 0.00045 0 0.00041 0.000333107
Sr 0.00001 0.000031 0.000014 0.000019 0.000027 0.00003 2.54833E−05

Table 6. The results of determining the limit of detection and the limit of quantification of the
mass of micro-impurities in the washing liquid.

Element S95 LOD LOQ r

As 2.54884E−05 8.82944E−05 0.00038374 2.42539E−09
Cd 4.70959E−06 1.63145E−05 5.43817E−05 8.28063E−11
Hg 5.53775E−05 0.000191833 0.000639444 1.14489E−08
Pb 7.82461E−05 0.000271052 0.000903508 2.28571E−08
Zn 7.82461E−05 0.001504824 0.00501608 7.0451E−07
Sr 3.32328E−05 0.000115122 0.00038374 4.12317E−09
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biological safety. The objectively substantiated recommendations for the accuracy of
laboratory studies in determining the concentration of leachable trace impurities in the
washout liquid have been developed. A basis for assessing the accuracy is establishing
the maximum permissible values of the analytical errors of the quantitative method for
studying the composition of the liquid in samples after incubation with hydroxyapatite
and b-tricalcium phosphate bone substitutes. The revealed patterns indicate that ele-
ments of trace impurities have different dissolution rates. The hydroxyapatite/b-
tricalcium phosphate ratio affects the dissolution rate of the material: the higher the
content of b-tricalcium phosphate, the higher the dissolution rate. The research results
allow establishing recommendations for reducing the uncertainty in determining the
composition of hydroxyapatite and beta-tricalcium phosphate bone substitutes, which
is associated with biological variation manifestations, reflecting the body’s response to
various environmental factors and obeys statistical laws.
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Abstract. This work is devoted to numerical modeling of the destruction and
delamination of spatial systems made of nanomodified materials under static
loading conditions. Modeling of thin adhesion layers at the microlevel is carried
out within the framework of the relations of the refined iterative-analytical
theory of deformation of spatial systems. Numerical integration of the resolving
equations is performed by the finite element method. Modeling the degradation
of the properties of nanocomposites due to the formation in them of various
types of nano, micro, and macro damages was carried out based on the method
of discrete-virtual propagation of micro and macro defects. The solution of
nonlinear boundary value problems is carried out by the finite element method
based on the Newton-Kantorovich algorithm, supplemented by a block that
implements the iterative-analytical method of variable approximations. A virtual
laboratory for determining nanomodified polymer materials’ physical,
mechanical and strength characteristics has been developed and implemented.
A numerical simulation of the process of pulling out a nanotube from a rubber
mass is carried out. The analysis of the accumulation of microdefects and the
occurrence of macrodamages of delamination in the contact layer “nanotube -
rubber” is carried out. The results of numerical calculations are in good
agreement with experimental data. The numerical modeling results of the
change in the stress-strain state of nanomodified rubber specimens are given
depending on the change in the coefficient of their reinforcement with carbon
nanotubes.

Keywords: Fracture � Delamination zone � Numerical simulation �
Nanomodification � Rubber � Polymers � Finite element method � Refined
iterative-analytical theory

1 Introduction

At present, structural elements made of polymer and rubber materials have been widely
introduced in mechanical engineering, aircraft construction, chemical engineering,
shipbuilding, and construction. These objects include various types of seals, shock
absorbers, facing products, and household appliances. Since such structures, as a rule,
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operate in difficult operating conditions under cyclic power and temperature loads,
under conditions of aggressive acid and alkaline environments, under conditions of
solar and radiation exposure, increased requirements are imposed on the materials from
which they are made.

One of the leading directions for improving the properties of rubber and polymeric
materials is the procedure for their hardening through nanomodification with carbon
nanotubes. Of particular interest in chemical engineering is the problem of
nanomodification of tires with carbon nanotubes to improve their physical and
mechanical characteristics, strength parameters, reliability, durability, heat resistance,
and improve adhesion to the road surface.

However, complete nanomodification of tires leads to an increase in their cost up to
10% of the total cost of a non-nanomodified analog. Therefore, to reduce this indicator,
it is necessary to clearly understand all stages of the life cycle of production and
operation of tires, formulated within a single physical model that describes the behavior
of nanomodified structures and unites the interrelation of the processes of degradation
of nanomodified rubber occurring on the macro-, micro- and nanolevels. Therefore, the
purpose of this work is to construct and numerically implement a model for physically
based prediction of the properties of new nanomodified materials to increase the
strength, durability, and endurance parameters of nanomodified objects.

2 Literature Review

Despite a large number of publications devoted to solving the problem of effective
dispersion of nanofillers in a rubber matrix, a complete solution to this problem is still
far from its logical conclusion.

Mixing carbon nanotubes (CNTs) with a rubber mass is carried out, as a rule, using
two leading technologies. The first direction is associated with the mechanical dis-
persion of CNTs into a polymer or rubber mass. The effects of dispersing CNTs into a
polymer matrix by mechanical mixing using a mixer of an open two-roll mill are
described in [1]. It was shown in [2] that, due to the high shear stress that occurs during
the process of dispersing CNTs into a polymer matrix in high-speed extruders, it is
possible to successfully overcome the electrostatic and Van der Waals interactions
between nanotubes and efficiently carry out the process of delamination of agglom-
erates into individual nanotubes.

The authors of [3] have shown that the technique of nanomechanical mapping can
be successfully used to effectively determine the characteristics of inhomogeneity and
mechanical interfacial regions formed around CNTs [4] when creating nanocomposites
from natural rubbers obtained in an open roller mill. The good dispersion of CNTs in
the mass of rubber, in this case, is also explained by the high shear stresses arising in
this process of mixing CNTs and rubber.

The second direction is associated with the dispersion of CNTs in liquid fillers of a
rubber mixture based on ultrasonic cavitation methods [5]. The work [6] investigated
the process of mixing rubber (NR) with carbon black (CB) and carbon nanotubes
(CNT) based on ultrasonic technology. The results of evaluating the structure and
properties of the obtained composites made it possible to conclude that the process of
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mixing latex using ultrasound makes it possible to achieve the maximum mechanical
properties at a mass ratio of CB (20%), CNT (5%) at NR (100%).

The authors of the article [7] investigated the properties of nanomodified rubber
using single-walled carbon nanotubes (SWNTs). After mixing at the latex stage and
curing, composite films were obtained with a 56% increased tensile strength [rt] at
2.0% SWNT content and a 63% higher elasticity modulus than pure NR. In [8], the
WCL method of wet compounding in combination with mixing latex using ultrasound
was proposed to obtain nanocomposites such as graphene oxide, carbon black, and
natural rubber.

Research has confirmed that graphene and carbon black can be uniformly dispersed
in rubber composites, and composites obtained by the WCL method have better
mechanical properties than conventional latex mixing [9]. The use of nanomodified
rubber in various branches of technology and, particularly, nanomodified automobile
tires are given in [10]. Much attention is currently paid to the issues of numerical
modeling of deformation processes and determination of the properties of nanomodi-
fied polymers and rubbers and structures based on them, under cyclic [11] and static
[12] loadings.

In [13], the influence of multilayer carbon nanotubes on the performance charac-
teristics of rubber heat-shielding coatings of elements of aircraft structures based on
nitrile butadiene was investigated. The introduction of 0.5–1.0 wt. % CNTs in elas-
tomers of various chemical structures increase their physicomechanical strength
characteristics and resistance to wear. In [14], defects in the performance of nanos-
tructures at high loads and temperatures are presented. The mechanical properties of
both initial and defect nanostructures are decreased with increasing temperature and
defect sizes.

To investigate both linear and nonlinear interactions of a nanotube and a polymer,
the authors of most works consider the representative volume element (RVE). The
article [15] considers the issues of non-covalent functionalization in various types of
interactions between polymers and carbon nanotubes.

A separate area of research into the properties of nanomodified polymers is the
development of mathematical models of the interaction of nanotubes with polymer and
rubber binders, as well as the numerical simulation of the formation and accumulation
of defects, the mechanisms of destruction processes at the interface at the “matrix -
nanotube” contact [16]. The analysis of nonlinear deformation of the RVE of the
polymer with allowance for damaged nanotubes is considered in [17]. The article [18]
investigates the effect of CNT agglomeration on the stiffness modulus of nanomodified
composites. Article [19] is devoted to studying the behavior of carbon nanotubes in
polymers based on the hybrid method of atomic/continuous mechanics. The RVE
model is proposed, consisting of three regions modeled by the potential atomic method,
the continuum method, and classical continuum mechanics. In [20], a model of the
elementary volume of a polymer surrounding a nanotube with a “CNT – polymer”
interface is considered. The nonlinear behavior of nanotubes and specimens of nano-
reinforced polymers is investigated.

Modeling the processes of nonlinear deformation of nanotubes in a polymer matrix
is very nontrivial and leads to the need to use numerical methods [21], among which
the finite element method (FEM) is most widely used [22].
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3 Research Methodology

Over the past 30 years, the National Technical University of Ukraine “KPI” at the
Department of Chemical, Polymer-Silicate Engineering has been intensively working
on the study of the physical and mechanical properties of multilayer composite systems
and numerical modeling of the processes taking place in polymer composite structures
throughout their entire life cycle. In this work, the modeling of thin adhesive layers at
the microlevel is carried out. This modeling has been carried out within the framework
of the relations of the refined iterative-analytical theory of deformation of spatial
systems. The fundamental equations are given in [23].

For analyzing the mechanisms of formation and propagation of micro- and macro-
cracks, a model is used to effectively investigate the strength of spatial systems at the
micro-level of the adhesive layer. Methods for predicting the growth of microdefects in
adhesive layers of multilayer objects have been developed.

The numerical integration of the resolving equations is carried out by the finite
element method for effective modeling of the degradation of the properties of
nanocomposites due to the formation of various types of nano, micro, and macro
damage in them. For this, the method of discrete-virtual propagation of micro and
macro defects is used, based on the representation of the real front of a defect in the
form of its discrete finite element analogue (Fig. 1). Along with this, the method
introduces the concept of a virtual stratification front, which at the initial stage coin-
cides with the real front (Fig. 1, e). As the virtual crack zone grows, new finite elements
are included in the discrete front.

This approach makes it possible to fully consider the entire history of the devel-
opment of the destruction process, accumulate even the smallest increments of
destroyed areas, and adequately correct the corresponding discrete model at each stage
of the damage zone advance. Based on this theory, a new refined finite element was
developed [22], which makes it possible to simulate the effects of microdamage
accumulation depending on macro- and microstress components in individual layers of
the composite material (Fig. 1, d).

To make it possible to implement a unified approach to the construction of macro,
micro, and nanomodels of nanomodified polymeric and composite systems, the
developed FE is currently being adapted, considering the specifics of the known
equations of molecular dynamics. The developed FE was tested for solving linear
problems of determining the physical and mechanical properties of carbon nanotubes.
A large number of control and test problems have been solved to determine the reduced
modulus of elasticity CNT of the Armchair and Zigzag types. In [22], the results are
compared with solutions known from the literature. The results obtained indicate that
the maximum difference with the data does not exceed 5%.
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The modeling of fracture processes in the matrix is interpreted as acquiring specific
anisotropic properties by the material in a particular local area of the contact layer. This
is due to the influence of the emerging cracks on the stress-strain state of the structure.
A characteristic feature of this technique is a physically substantiated correction of the
tensor of the physicomechanical constants of the destroyed area based on hypotheses
adopted depending on the type of fracture, separation, shear, or crushing. The
derivation of an expression for calculating the coefficients of the stiffness matrix of a
multilayer eight-node isoparametric FE with cracks is given in [23]. Numerical mod-
eling of the plastic deformation processes of the material and cracking is carried out
based on a step-iterative algorithm of sequential loading based on the modified Newton
– Kantorovich method. The plastic deformation analysis of the construction material is
carried out based on the basic provisions of plastic flow theory with isotropic trans-
lational hardening. Redetermination of the approximating functions of the displacement
vector over the thickness of the FE layers package considering the formed destruction
zones is carried out based on the iterative-analytical method of variable approximations
[23].

4 Results

The estimation of the increase in the strength parameters of the nanomodified tire
element in this work is carried out by numerically modeling pulling a nanotube from a
rubber mass to obtain additional energy required to perform this process. For this, a
three-layer model “nanotube - polymer molecule - solid rubber” was used.

Fig. 1. Nano- (a, b, c), micro- (d, e, f), and nanostructures (g, h, i): a - FE of the relationship
between two atoms; b - FE model of a nanocell; c - FE model of the nanotube; d - FE with a
microzone of delamination defect; e - full-scale tests of a sample with nanomodified material; f -
numerical modeling of material degradation; g - diagram of material degradation during sample
testing; h - setting the properties of the nanomodified layer in the design model of the object; i -
strength analysis of the nanomodified object.
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In the APROKS system, a parameterized FE model of CNTs with a polymer
molecule and covalent bonds was created, which is shown in Fig. 2, a. Armchair
nanotubes with a chiral number are considered (15, 5). The finite element model of the
sample is shown in Fig. 2a. The nanotube is subject to forced displacements along its
axis (Fig. 2b). The rubber layers are fixed at the ends along the direction of the
nanotube length, and the outer surface is fixed in the radial direction (Fig. 2c).

Based on this model, calculations were carried out to determine the physical and
mechanical properties RVE of nanomodified rubber and the processes of occurrence of
microdamages with their subsequent propagation up to the destruction of RVE. Sim-
ulation of pulling CNTs from rubber in the APROKS system was carried out based on
the step-by-step Newton-Kantorovich method, considering all types of nonlinearities,
such as physical and geometric nonlinearities, of accumulation and propagation of
damage.

As a result of numerical modeling of pulling CNTs from rubber, it was found that
this process takes place in four stages. At the first stage (Fig. 3a), a local zone of
delamination of the nanotube from the rubber mass appears. As a result of the redis-
tribution of stresses after the formation of the delamination zone, a gradual decrease in
the covalent interaction occurs (Fig. 3b).

The third stage is the progressive detachment of the nanotube from the rubber
(Fig. 3c). Subsequently, at the level of the middle of the nanotube, a rupture of the
rubber molecule occurs, and destruction begins at the left end of the nanotube (Fig. 3d).

As a result, the nanotube contact with the rubber mass completely disappears, as
evidenced by a sharp drop in the “R” reaction parameter in Fig. 4.

After carrying out a series of numerical experiments for various reinforcement
coefficients of the rubber mass, the graphs of the dependence of the total reaction
arising at the end of the nanotube to which the forced displacement is applied
depending on the level of forced displacements were obtained (Fig. 4a).

Analyzing the maximum values of the graphs “R-U” shown in Fig. 4a, a graph of
the dependence of the ultimate strength of the composite “nanotube-rubber” deb).
These results showed that the maximum strength of nanomodified rubber is achieved
with a reinforcement ratio Vnnt/V = 0.875%.

Fig. 2. Design diagram of an elementary sample of a nanomodified rubber element; a - FE
model; b - boundary conditions; c - loading conditions.
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Analysis of this graph shows that for a reinforcement coefficient of 0.875%, the
ratio of the tensile strength of nano-reinforced and non-reinforced rubbers is 18%.

Comparison of the numerical simulation results with the results of field experiments
given in [13] are shown in Fig. 5 and indicates that the relative error for a reinforce-
ment coefficient of 0.5% is 7.8%, and for a reinforcement coefficient of 1% is 8.7%.

a b

c d

Fig. 3. (a). The appearance of delamination zones. (b). Disruption of covalent bonds. (c).
Propagation of the zone of delaminated of the nanotube from the rubber. (d). Complete
destruction of the contact layer.

a b

Fig. 4. (a). Graph of the dependence of the total reaction “R” on the forced displacements “U” at
various coefficients of reinforcement of the nanopolymer. (b). Dependence of the tensile strength
of nano-reinforced rubber on the reinforcement coefficient (Vnnt – nanotube volume, V – RVE
volume).
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The discrepancy between the results of numerical and field experiments does not
exceed 10%. The result allows us to assert that a nanomodification process is a reliable
tool for increasing rubber products’ strength and crack resistance.

5 Conclusions

To model the processes of deformation of structures from nanomodified rubbers within
a single physical model describing the behavior of NM structures and combining the
relationship of degradation processes of nanomodified rubber occurring at the macro,
micro, and nano levels, developed and numerically implemented a method for deter-
mining of the physical and mechanical parameters of the strength of machine-building
products from nano-reinforced rubbers.

A model of physically substantiated prediction of the properties of new
nanomodified rubbers has been constructed and numerically implemented to increase
the strength, durability, and endurance parameters of nanomodified objects. The
method is based on the FEM. A particular eight-node isoparametric FE has been
developed. It is established that based on the developed FE a detailed study of the
processes of nonlinear deformation of nanotubes and nanomodified rubbers is possible.

Numerical modeling of evolutionary processes of accumulation of microdefects in
the contact layer “nanotube - rubber” is carried out, and the occurrence of macro-
damages of nanotube peeling during its extraction from the rubber array. The numerical
simulation results coincide with the data of field experiments with an accuracy of up to
10%.

The developed methods allow to reliably assess the reliability and durability of
nanomodified polymeric and rubber elements of mechanical engineering equipment
and can be used to develop and implement information support systems for their life
cycle.

Fig. 5. Comparison of the results of numerical modeling and the results of experiments.
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Abstract. Strengthening of the hammers of four-die forging devices is con-
sidered in this paper. During the manufacture of forgings of future details from
high-quality and alloy steels, the hammers of four-die forging devices work in
extreme conditions of shock-abrasive wear, which causes them to fail quickly.
Various technological methods of their strengthening are applied to prolong the
service life of the hammers. One of the promising ways of strengthening the
details of forging and pressing equipment is surfacing technology. The existing
method of strengthening the hammer’s surface of radial forging machine by
surfacing with electrodes OZSh-6 and its disadvantages is described. A new
method of strengthening the hammer’s working surface using a welding
machine by flux-cored wire PP-NP-35X6M2 is proposed. It was found that
when surfacing AISI L6 tool steel with this flux-cored wire, the hardness of the
metal surface after surfacing increases to 53 HRC, and when moving inwards,
the hardness decreases to 44 HRC, which indicates a soft and viscous structure
that can withstand dynamic loads. There is also an increase in the strength and
wear resistance of the detail’s surface, which, when surfacing with flux-cored
wire PP-NP-35H6M2, is greater than the base metal by 1.5 times. Experimental
studies, which have been obtained on the structure, hardness, and wear resis-
tance, confirmed the feasibility of replacing manual arc welding with automatic.

Keywords: Four-die forging device � Hammers � Surfacing � Electrodes �
Flux-cored wire � Structure � Hardness � Wear resistance

1 Introduction

Radial forging is when large forces are transmitted through surface contact to alter the
diameter of a workpiece through deformation [1, 2]. In radial stamping machines, the
workpiece is rotated by an optimized [3], directly controlled, rotating manipulator drive
[4].

This process is gaining popularity with the advent of electric vehicles [5]. Radial
forging has historically provided perfect surface finishes and lower machining allow-
ances [6].

This type of processing has found its application in various hollow details of
complex shapes and its ability to stamp high-alloy steels and superalloys [7]. This
process offers several interesting advantages [8] that will become even more important
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and widespread due to new requirements for materials, performance, reliability, and
material properties, which confirms the relevance of research in this direction [9].

2 Literature Review

The most important part of the technological process of manufacturing and operation of
machines and mechanisms is manufacturing details [10], the quality of which is mainly
determined by the durability of the hammers of radial forging machines [11]. During
the manufacture of forgings of future details from high-quality and alloy steels, the
hammers of radial forging machines work in extreme conditions of shock-abrasive
wear [12], which causes them to fail quickly [13]. Abrasive wear due to the presence of
an abrasive medium in the friction zone [14]: the destruction of friction surfaces occurs
due to local plastic deformation [15], micro-scratching, and micro-cutting with abrasive
particles [16].

Forging of shaft blanks, for which radial forging machines are used [17], is made of
round rolled metal, cut to the required length. Rolled blanks are placed in an induction
heater having two inductors and heat both ends of the shaft to 1100 °C. Heating is
carried out at a specific rate. Suppose the heating difference is too significant between
the more heated (surface) and less heated (inner) metal layers. In that case, stresses can
occur, increasing so much that the metal’s integrity will be violated, and internal micro-
and macrocracks are formed [18]. At a prolonged heating rate, the surface oxidation of
the metal increases, and scale is formed. In addition to the irreversible loss of metal
with scale, pressing into the metal surface during deformation causes the need to
increase the machining allowances. The scale also accelerates the deforming tool’s
wear because its hardness is much greater than the hardness of the hot metal [19, 20].

Different brands of stamped steels are used to make radial forging machines. Steels
used for heat-deforming dies must have high mechanical properties [21] (strength and
toughness) at elevated temperatures and high scale resistance and heat resistance, i.e.,
the ability to withstand repeated heating and cooling without the appearance of hot
cracks [22]. Steels must also have high wear resistance and thermal conductivity for
industrial heat transfer transmitted by the workpiece [23–25].

To prolong the work of the hammers, use various technological methods to
strengthen them [26]. Along with the traditionally existing methods of hardening
details by heat and chemical-heat treatment [27], currently, the industry uses a large
number of different types of hardening details by surfacing [28]: manual arc surfacing,
submerged arc surfacing, vibroarc surfacing, electric arc surfacing, electroslag sur-
facing, plasma surfacing, and others [29].

Electric arc surfacing is performed by metal fusible single electrodes, electrode
beam, plate electrodes, tubular electrodes, flux-cored wire, flux-cored tapes, direct and
indirect arc three-phase arc [30]. The surfacing of forging and pressing equipment and
wear details of a metallurgical, machine and other types of equipment operating under
difficult conditions are surfaced with electrodes OZSh-6 with a diameter of 2.5; 3.0;
4.0. Such electrodes are welded: strikes of radial forging machines; hot and cold
stamping stamps; knives or hot cutting of metals; wear details of the metallurgical,
engine, and other equipment [31].
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3 Research Methodology

The surfacing of forging and stamping equipment of cold and hot deformation works in
thermal fatigue conditions (up to 950 °C) and high pressures. The hardness of the weld
metal is HRC 52–60. Electrodes OZSh-8 with a 3,0–4,0 mm diameter are applied to
the surfacing of forging and stamping equipment of hot deformation of metals working
in superheavy conditions of thermal fatigue (to 1100 °C) and even more significant
pressures. The hardness, in this case, is HRC 51–57. For massive details that work in
abrasive wear conditions in the surfacing process automation, use flux-cored wire brand
PP-20H4V10 and PP-AN 135 and flux-coated brands PL-AN150 and PL-U40X38,
which provide hardness from 38 to 56 HRC and high wear resistance of the weld metal.

In connection with the small-scale production of radial forging machines and
automation of work for surfacing the surface, we choose flux-cored wire PP-NP-
35X6M2. The surfacing of large-sized press and hammer dies, and hammers of forging
machines using flux-cored wire of this type provide increasing stability more than two
times.

Now, the following technology is used in the production of radial forging
machines. First, the detail is cast in foundry sand molds made of AISI L6 steel, then
after machining, perform surface hardening by manual surfacing electrodes OZSh-6,
quenching, and subsequent tempering. During the operation of the hammer, made
according to this technology, it quickly loses its efficiency.

This method of strengthening the detail is impractical because it is economically
inefficient and has low wear resistance. It negatively affects the mechanical and
operational properties of the hammer when working under static and dynamic loads.
The detail is subject to high abrasive wear, which leads to its rapid operation and
equipment failure.

New technology of strengthening the detail is proposed to eliminate all the negative
phenomena in the hammer’s manufacture. It consists of using AISI L6 tool steel
alloyed with chromium and nickel, and molybdenum, which will significantly increase
its hardening.

After producing the hammer from structural carbon high-quality AISI L6 tool steel,
it is placed in the furnace for heat treatment – annealing. The material is heated to 600–
650 °C, kept at this temperature for 3 h, and cooled together with the furnace. The
detail is then removed from the furnace and performs machining and surface hardening
by surfacing with flux-cored wire brand PP-NP-35H6M2 using a machine A-874H.

The hammer is tempered with heating to 830–860 °C with exposure at this tem-
perature for about 1.6 h after the surfacing process. For preventing cracks in the hammer
and the weld metal, it is cooled in air and then immersed in oil for further rapid cooling.
As a result of such heat treatment, a martensitic structure is formed in the base and weld
metal, which has high stresses, leading to cracks and premature failure during the
hammer’s operation. To relieve tension in detail and formation of troostite and sorbitol-
troostite structure, we carry out high tempering at a temperature of 500–580 °C.

After the surfacing process, the sample’s hardness was measured on a micro-
hardness tester PMT-3 and tested for wear resistance on the machine X4B. Hardness
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was measured on a fabricated micro grind cut from a sample at the weld metal junction
with the base.

Also tested for wear during surfacing of the proposed flux-cored wire PP-Np-
35H6M2 and used in industry surfacing electrodes OZSh-6 and flux-cored wire PP-
AN-135 compared to AISI L6 steel.

We used the weighing method in determining the abrasive wear of the welded
samples. In our studies, the following test parameters were adopted:

– sample size, mm – 7 � 7 � 25;
– the speed of rotation of the rubbing surface, rad/sec – 21.0;
– the speed of rotation of samples, rad/sec – 10.9;
– the pressure of the sample on the abrasive skin, MPa – 0.049;
– wear rate, m/sec – 2.6;
– test time, sec – 120.0;
– wear path, m – 312.0;
– the multiplicity of one experiment – 3.

4 Results

The elements contained in the flux-cored wire provide reliable protection of the molten
metal. The chemical composition of AISI L6 steel and metal deposited with flux-cored
wires is presented in Table 1.

Table 1. Chemical composition of the base and weld metal, in %

Elements AISI L6
steel

Powder wire PP-NP-
35X6M2

Powder wire PP-
AN-135

Surface electrode
OZSh-6

C 0.5 – 0.6 0.33 – 0.40 2.8 – 3.0 0.08
Ni 1.4 – 1.8 – – 10.8
Cr 0.6 – 0.8 5.8 – 6.2 8 – 11 33.0
Mo 0.15 –

0.30
1.15 – 2.30 – 2.5

V – 0.1 – 0.3 – –

Si 0.1 – 0.3 0.8 – 1.2 1.5 – 2.5 1.1
S up to

0.03
up to 0.03 up to 0.04 0.009

P up to
0.03

up to 0.03 up to 0.06 0.018

Ti – – 0.5 – 1.2 –

Nb – – 6.0 – 9.0 –

Mn – – – 1.1
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During the surfacing of AISI L6 steel, the alloying zone is depleted of carbon and
alloying elements. Austenite in this area is unstable, and during deposition, it decays
with the formation of martensite. Due to the stresses that occur during surfacing, cracks
may form in the transition zone. These defects are widespread in multilayer surfacing.
Prevention of cracking is achieved by reducing the depth of penetration of the base
metal (surfacing, angle forward, surfacing with several double electrodes and tape) and
preheating the workpiece to a temperature of 350–400 °C.

After surfacing, the hardness of the metal surface is increased to 48–53 HRC and
improves the wear resistance and strength of the detail’s surface. Residual stresses that
occur after surfacing are removed by tempering. The tempering of steel softens the
action of hardening, reduces or removes residual stresses, increases viscosity, reduces
the hardness and brittleness of steel. The tempering is carried out by heating of details
to a temperature below critical. Depending on the heating temperature, martensite,
troostite, or sorbitol of the tempering structures can be obtained. Cementite on the
tempering is granular or point, as in granular perlite. The advantage of the point
structure is a more favorable combination of strength and ductility. With the same
chemical composition and the same hardness, steel with a point structure has a much
higher relative narrowing and toughness, increasing the value of relative elongation and
yield strength compared with steel with a lamellar structure.

Carbide-forming elements increase the resistance of austenite as they are dissolved
in austenite. If the carbides were out of solution in separated carbides, the austenite, on
the contrary, becomes less stable. This is because carbides are the centers of crystal-
lization, and the presence of undissolved carbides leads to the depletion of austenite by
the alloying element and carbon. The martensite structure is formed at low content in
the steel of chromium, nickel, and molybdenum after hardening.

As a result of high tempering, internal stresses are removed, increasing ductility and
viscosity. After heat treatment, the detail has high wear resistance with a hardness of
the base metal of about 40 HRC and the weld metal of about 50 HRC. After high
tempering in the hammer’s base metal, the microstructure is sorbitol with inclusions of
troostite (Fig. 1, a), and in the weld metal is sorbitol with inclusions of chromium
carbides (Fig. 1, b).

Sorbitol structure with inclusions of chromium carbides, which is formed after high
tempering in the weld metal, provides high stability during the radial forging machine’s
operation in high temperatures and wear conditions. In the application of surfacing,
there is a bimetallic connection on the surface of the detail. The deposited layer
contains three distinct structural zones of approximately the same thickness.

The most critical problem that arises during the surfacing of steel is that the sub-
sequent long-term heat treatment at the boundary between the base and the weld metal
forms a brittle carbon-rich layer, which causes cracks when tested for lateral bending.
The microstructure in the area of this transition layer is shown in Fig. 2.
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It is the boundary layer with a slight decrease in carbon concentration. In the
transition zone directly under the deposited layer, there is usually a decarburized layer.
Its occurrence is due to the diffusion of carbon from the base metal to the weld metal,
which contains elements with a high chemical affinity for carbon. This is because of the
burning of carbon during surfacing due to the high temperature of the welding arc and
the difference in content in the weld and base metal of carbide-forming elements. The
carbon content in the boundary decarbonized layer also depends on the heat treatment
mode.

The welded surface of the sample has the highest hardness of 53 HRC, and when
moving inwards, the hardness decreases to 44 HRC, which indicates a soft and viscous
structure that can withstand dynamic loads.

      a                b 

Fig. 1. The microstructure of AISI L6 steel after tempering (a) and weld metal PP-NP-35H6M2
on steel after tempering (b), �200

Fig. 2. The microstructure of the transition zone of the weld metal, x200
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The wear resistance of materials concerning the detail’s operating conditions can be
obtained only in tests where the actual wear process is ensured. It can be achieved in
two cases: accurately copying all the external factors that characterize this detail’s
operation and modeling the wear process. All tests of materials for wear are reduced to
determining the amount of wear. One of the most used methods for determining the
wear of small details is to weigh them before and after the test.

Analysis of wear resistance of materials showed that the weld metal flux-cored wire
PP-NP-35H6M2 and electrodes OZSh-6 and flux-cored wire PP-AN-135 have sig-
nificantly higher wear resistance than the base metal AISI L6 steel. It is established that
the highest wear resistance has a metal deposited with flux-cored wire PP-NP-35H6M2
and is 1.5 relative to AISI L6 steel (Fig. 3) when using the welded metal with OZSh-6
electrode is by 1.3 times comparable to steel.

The study showed that the hardness and wear resistance of the hammer surface
meets the product’s technical requirements.

5 Conclusions

Based on the literature review of modern scientific articles on increasing the durability
of the hammers of four-die forging devices, it is established that one of the best
methods of strengthening is the surfacing of wear-resistant materials.

The choice of materials showed that for the manufacture of the hammers of four-die
forging devices, the best material might be AISI L6 tool steel.

It has been established experimentally that the microstructure of the hammer’s base
metal is sorbitol with inclusions of troostite, and the microstructure of the weld metal
consists of sorbitol with inclusions of chromium carbides.

Fig. 3. Diagram of wear resistance (e) of the weld metal relative to AISI L6 tool steel.
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After heat treatment, the hardness of the weld metal is about 53 HRC, and wear
resistance when surfacing with flux-cored wire PP-NP-35H6M2 is higher relative to the
base metal by 1.5 when using weld metal electrode OZSh-6 is by 1.3 times.
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Abstract. New technology of nitriding of steel products allows increasing the
strength characteristics of the surface layers without reducing the bulk strength
of the material. Tool alloyed steels 3Cr3Mo3V, 5CrNiMo, 9CrSi and
W6Mo5Cr4V2 were studied, which allowed us to evaluate the effect of alloying
elements on the micro-fragility and wear resistance of hardened alloys during
nitriding in a powder mixture. Nitriding of the samples was carried out at a
temperature of 550 °C for 5 h in a sealed container with a dispersed powder
mixture. It is shown that the formation of the diffusion layer does not affect the
overall dimensions of the products. It was found that nitriding in a dispersed
powder mixture provides a low micro-fineness of the surface layer of steel,
which can significantly improve the reliability and durability of products. It is
proved experimentally that chemical-thermal hardening allows for an increase in
wear resistance of steels twice. Mathematical models of wear resistance of the
investigated steels after the proposed hardening technology are obtained.

Keywords: Nitriding � Surface hardening � Micro-coarseness � Wear
resistance � Diffusion layer

1 Introduction

Increasing the strength and wear resistance of steel products is becoming increasingly
important in connection with the operation of products in conditions of friction, thermal
and mechanical loads in an aggressive environment. For its solving, surface hardening
processes have been widely used in recent years. Obtaining high strength character-
istics of the surface layers of steel products increases their structural strength with
economical use of materials and ensures high reliability and durability of tools and
machine parts, which is an urgent task in mechanical engineering today [1–3].

To improve the performance of surface layers, various surface hardening methods
are used to increase the service life and reduce the cost of repairing worn products [4].
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Diffusion saturation of metals with various elements is intended to increase the
hardness, wear resistance, anti-friction properties, heat resistance, heat resistance,
corrosion resistance, or other operational properties [5, 6].

2 Literature Review

Diffusion coatings are obtained by diffusion into an alloy of atoms of a protective sub-
stance in the solid, liquid, or gaseous phase at high temperatures [7]. Thermomechanical
coatings are formed because of thermomechanical processing of the shielded and pro-
tective alloy by rolling or pulling during its heating [8, 9]. Chemical coatings are prepared
by the method of metal ions reduction [10]. Chemical coatings have found their appli-
cation in the production of printed circuit boards, in the metallization of plastics and
inorganic materials, and for applying functional coatings onmetals [11]. Vacuum-plasma
coatings obtained by themethod of vapor deposition (CVD and PVDmethods) havewide
applications in engineering, medicine, light industry and are used to protect materials and
decorative finishes [12]. The functional characteristics of such coatings are divided into
classes [13]: resistant; mechanical strength; decorative; heat engineering; lighting;
electrical; physico-chemical; shielding; surface-active; transformative; biochemical;
special [14]. Diffusion coating on the surface of the product formed because of saturation
of the material of the various elements: nonmetals, metals, and the joint saturation of the
elements [15]. The nitriding process is carried out in gas, liquid, and powder media [16].
Partially dissociated ammonia, ammonia and nitrogen, ammonia, and carbonaceous
gases are used for gas nitriding [17]. For liquid nitriding, melts of cyanide-cyanate and
cyanide salts are used, which are very harmful to human health [18].

Therefore, the issue of applying a new technology of nitriding in the powder
mixture to obtain high strength characteristics of the surface layers of steel products
[19] necessitates research in this direction [20].

Studies were carried out to obtain high strength characteristics of the surface layers
of steel products by nitriding [21, 22].

For achieving this goal, it is necessary to solve the following tasks:

– to determine the effect of the developed nitriding technology on the hardening
degree for the surface layers and the volume strength of the products;

– to investigate the micro-coarseness of the surface layer of steel after nitriding;
– to investigate the wear resistance of steels after chemical and thermal hardening;
– to obtain a mathematical model of wear resistance of steels after hardening

technology.

3 Research Methodology

Investigated alloy tool steels 3Cr3Mo3V, 5CrNiMo, 9CrSi, and W6Mo5Cr4V2, which
allowed to assess the effect of alloying elements on microdroplet, change dimensions,
the wear resistance of the hardened alloys when nitrided in the powder mixture.
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The surface of the samples was mechanically cleaned of scale, rust, oil, and other
contaminants. Minor contamination was removed with non-fat gasoline. Then, the
surface was polished and polished with 96% alcohol, followed by degreasing [23].

Before nitriding, steel samples were subjected to preliminary heat treatment:
quenching followed by high tempering at temperatures depending on the steel grade.
The samples had the form of cylinders with a diameter of 12 mm and a height of
20 mm. Nitriding of samples was carried out at a temperature of 550 °C for 5 h in a
sealed container with a dispersed powder mixture containing 95–97% melamine
C3H6N6 and 3–5% sodium fluoride NaF [24].

Studies on the micro-coarseness and wear resistance of the surface layers were
carried out after nitriding. The microarray was determined by the type of diamond
indenter imprint having the shape of a pyramid with a square base and an angle at the
top of 136°. The change in the overall dimensions of the samples after treatment was
determined using a micrometer of the MK model 102 type with an accuracy
of ±0.004 µm. The class of accuracy is CL.2 (ISO 3611:2010) on the outer sides of
cylindrical samples. The wear resistance of steels was determined by the standard
method on the machine for abrasion testing AP 40.613.20 R 43/82 (Germany). Poly-
nomial regression models (PRM) [25] are used to approximate the influence of rein-
forcing treatments on the change in wear resistance of tool steels [26].

4 Results

4.1 Results of Research of Operational Properties of Steel by Nitriding
in Powder Mixture

When saturated with nitrogen at a temperature of 550 °C, a diffusion layer is formed on
the surface of alloyed tool steels, which consists of a nitride zone and a sublayer of a-
solid solution. The nitride zone consists of e-phase (Fe2-3N) and c′-phase (Fe4N). The
diffusion layer is a multiphase area consisting of nitrides, carbides, iron carbonitrides,
and alloying elements, which smoothly passes into the zone of a nitrated solid solution
of the base metal.

Since the nitride layers are formed due to the diffusion of nitrogen into the metal,
the revealed changes in the overall dimensions of the samples after nitriding by the
proposed technology are insignificant. Studies have shown that the greater the degree
of alloying of steel (W6Mo5Cr4V2, 3Cr3Mo3V), the smaller the size of the samples
and are in the range of 0,001–0,004 mm. In the less alloyed steels (9CrSi, 5CrNiMo)
sizes a bit more (0.003–0.009 mm). Therefore, nitriding causes minimal changes in
overall dimensions depending on the degree of alloying, which, if necessary, should be
taken into account when choosing the material of tools and machine parts depending on
their operating conditions.
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The brittleness factor was estimated depending on the following factors: the
number of prints with cracks, cracks in print, and their character. The assessment of
material microfracture was determined by the average score’s conventional scale for the
fragility from 0 to 5 points, where the nature of the print was considered. The following
formula determined the total brittleness score:

Zp ¼ 0 � n0 þ 1 � n1 þ 2 � n2 þ 3 � n3 þ 4 � n4 þ 5 � n5 ð1Þ

n0, n1, n2, n3, n4, n5 – the relative number of prints from the total number with the given
score of fragility.

The material fragility indicator, reflecting the nature of brittle fracture and its rate of
increase with increasing load, was considered the product of the total score of fragility
by the value of its derivative of the load

cp ¼ Zp
@Z
@P

� �
p

ð2Þ

The average score of fragility from 0 to 5 points and the total score of the fragility of the
formulas 1 and 2 was determined. Panorama of indenter prints with a load of 30 g to
200 g when measuring the micro-coarseness of the nitrided layer is shown in Fig. 1.
After nitriding of tool steels, the increase in the load from 30 g to 200 g practically
does not lead to the formation of micro-cracks in the indenter prints on the surface of
the studied samples. The dependence of the total brittleness score of Zp on the load
P after nitriding of steel W6Mo5Cr4V2 is shown in Fig. 2.

Fig. 1. Panorama of indenter prints with a load of 30 g to 200 g when measuring the micro-
fineness of the nitrided layer.
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As shown in Fig. 2, it can be seen that the smallest micro-coarseness (Zp = 0–
0,05), where the imprint on the surface of the sample without visible cracks and chips,
has a nitrided layer at low loads P = 30–50 g of indenter action on the surface layer of
steel. The fragility of the nitrided layer increases slightly with increasing load on the
indenter from 100 g to 200 g and corresponds to the total score of microfracture from
0.6 to 1.56. Similar low micro-coarseness after nitriding is observed for other inves-
tigated steels.

Smooth cylindrical samples were used for testing. The cylindrical sample was
pressed against the rotating disk under a static load of 9.55 kgf/cm2 with a relative load
error not exceeding ±1%. When the machine was turned on, the holder made a pro-
gressive movement along with the rotating disk. The friction velocity of the samples on
the abrasive skin was such that the heating of the material during the test did not affect its
properties. Calculations of the wear value by weight loss were based on the assumption
that the wear occurs uniformly over the friction surface. Also, it is equal to the difference
in the mass of the sample before the test and the mass of the sample after the test,
washing, and drying. According to weighing the samples before and after the tests, the
average weight loss ofW samples from the materials under study was determined. In this
case, the weight wear W is recalculated to linear wear by the formula

Ih ¼ W
F � j � L ð3Þ

W – weight wear during the test, g; F – the surface area of friction, cm2; j – the density
of the worn material, g/cm3; L – the friction path, m

Evaluation of wear resistance was performed according to the average value of the
wear rate of the tested samples according to the formula I = 1/Ih.

Fig. 2. Dependence of the total score of microdegree Zp after nitriding of the load P on the
indenter.

296 K. Kostyk et al.



According to the experimental data, the dependences of wear resistance are con-
structed (Fig. 3) tool steels from the friction path (with a permissible error limit of 5%)
after preliminary heat treatment (hardening followed by high tempering) and after
chemical heat treatment by the proposed technology of hardening the surface of alloys
in a nitrogen-containing dispersed powder medium.

The mathematical models of change of wear resistance of the surface layer of steel
after preliminary heat treatment (hardening with subsequent high tempering) and after
nitriding, which is presented in the table, are calculated by the methods of approxi-
mation of the experimentally obtained Table 1 with the value of the approximation
reliability (R2). The approximation equations are represented by polynomials of the
third and fourth degrees in the normalized form.

а b 

c d

Fig. 3. Wear resistance of specimens from steel 3Cr3Mo3V (a), 5CrNiMo (b), 9CrSi (c) and
W6Mo5Cr4V2 (d) after heat treatment (1) and after nitriding (2).
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From Table 1, it is seen that the wear resistance of alloy tool steels without
hardening of chemical-thermal treatment varies according to the law of the polynomial
of the third degree, and after chemical-thermal treatment, the wear resistance changes
according to the law of the polynomial of the fourth degree depending on the friction
path.

4.2 Discussion of the Research Results

After nitriding according to the proposed technology and other traditional nitriding
methods, the formation of the diffusion layer adversely affects the change in the overall
dimensions of the products. However, it should be noted that according to this nitriding
technology, with a short saturation (within 5 h), such deformation of tools and machine
parts is insignificant and is within 0.001–0.009 mm. Therefore, in the existing tech-
nological version of nitriding in a powder mixture, hardening of complex shape
products can be recommended, especially if they are not subjected to further processing
after hardening treatment, as the warping and dimensional changes with hardening
treatment this method are minimal.

It should be noted that nitriding in the powder mixture provides low micro–
coarseness (Zp is 0–1,56) of the surface layer of steel and allows to increase the wear
resistance of steel by 1.3–2.5 times, which in turn contributes to a significant increase
in the reliability and durability of products.

The dependence of wear on the friction path for all steels has the same almost linear
character. After nitriding, there is much less wear of the samples than after pre-heat
treatment. On the friction path up to 200 m, the wear value after nitriding is 1.3–2.5
times less (depending on the steel grade) than the initial state. This is due to the greater
hardness of the surface layers after nitriding.

Table 1. Mathematical models of the influence of reinforcing treatments on the change in wear
resistance of tool steels.

Steel grade Wear resistance after pre-heat
treatment

Wear resistance after nitriding

3Cr3Mo3V I = 1,78 L3 – 26,214
L2 + 127,57 L + 85,418
R2 = 0,9998

I = –1,8488 L4 + 29,726 L3 –167,01
L2 + 369,89 L + 256,04
R2 = 1

5CrNiMo I = 1,7952 L3 – 23,693
L2 + 109,92 L + 155,07
R2 = 0,9999

I = 2,0406 L4 – 33,165 L3 + 195,83 L 2

– 498,64 L + 859,85
R2 = 1

9CrSi I = 4,3694 L3 – 54,667
L2 + 228,14
LR2 = 0,9267

I = –2,3453 L4 + 37,748 L3 –213,63
L2 + 495,72 L
R2 = 0,8177

W6Mo5Cr4V2 I = 6,8845 L3 – 86,264
L2 + 338,65
LR2 = –9,907

I = –4,8348 L4 + 75,696 L3 – 410,43
L2 + 880,23 L
R2 = 0,9211
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It should also be noted that in contrast to the traditional methods of nitriding, the
proposed new method of hardening the surface of steels has a number of advantages:

– minor changes in overall dimensions, no warping of processed products due to low
nitriding temperatures (550 °C),

– low micro-coarseness of the surface layer of steel,
– increasing the processing speed by 5–10 times due to the acceleration of diffusion

processes and reducing the number of preparatory operations,
– reduction of materials and energy costs,
– non-toxic processes.

That is why the proposed method of obtaining high strength characteristics of the
surface layers of steel products should be considered promising and possible for use in
enterprises.

5 Conclusions

A new technology of nitriding steel products allows increasing the strength charac-
teristics of the surface layers without reducing the bulk strength of the material.

It was shown that the formation of the diffusion layer does not affect the overall
dimensions of the products and is in the range of 0.001–0.009 mm, which is due to the
short time of the saturation process (within 5 h). Therefore, in the existing techno-
logical version of nitriding in a powder mixture, hardening of complex shape products
can be recommended, especially if they are not subjected to further processing after
hardening treatment, as the warping and dimensional changes with hardening treatment
this method are minimal.

It was found that nitriding in a dispersed powder mixture provides a low micro-
fineness of the surface layer of steel and increases the wear resistance of steel by 1.3–
2.5 times, which in turn contributes to a significant increase in the reliability and
durability of products.

It is proved experimentally that chemical-thermal hardening allows to increases the
wear resistance of steels twice. This is due to the greater hardness of the surface layers
after nitriding.

Mathematical models of wear resistance of the investigated steels after the proposed
hardening technology are obtained.
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Abstract. The influence of the composition and structure of ferromagnetic
composite powders on the surface morphology of hard alloys of titanium-cobalt
and tungsten-cobalt groups during magnetic-abrasive processing has been
investigated. The mechanisms of contact interaction of a ferro-abrasive quasi-
plastic medium with the surface of hard alloys are established. Ferromagnetic
abrasive powders have been developed for the processing of hard alloys. It is
shown that a composite powder clad with silicon carbide and diamond grains has
a more intense effect on the surface of hard alloy plates. It increases the intensity
of the abrasive component and reduces adhesion during the contact interaction of
the powder matrix and the hard alloy. The microhardness of the surface layer of
the hard alloy increases by 20–47% relative to the initial one, which is associated
with the combined action of the ferromagnetic abrasive powders particles and the
magnetic field, which cause deformation of the crystal lattice, an increase in the
concentration of dislocations, and refinement of brittle phases.

Keywords: Magnetic abrasive working � Ferro-abrasive powders �
Composition � Structure � Surface morphology � Contact interaction � Hard alloy

1 Introduction

In modern mechanical engineering, the technical level of technologies and innovations
in the machine building and tool industries is played by the technical level of tech-
nologies and innovations. Machining the functional surfaces of parts determines their
operational characteristics and the economy of production as a whole.

Modern machining production is aimed at automating processes and uses resource-
saving technologies, requiring a reliable cutting tool that excludes equipment failures
and an increased risk of rejects. The processes of finishing their functional surfaces,
which are more often carried out with abrasive tools. In this case, abrasive processing
can be carried out by a rigidly bound, free, and mobile-coordinated medium [1–4]. The
latter type is carried out, for example, the most promising from the point of view of
productivity and control of processing parameters by the magnetic-abrasive method.
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2 Literature Review

Magnetic-abrasive processing is carried out due to the relative movement of the
workpiece and abrasive grains, which are coordinated by the magnetic field into the
working environment. The magnetic abrasive machining (MAM) method is quite
effective when processing flat, shaped, and complex-shaped parts made of various
materials. Features of MAM and the ability to control the parameters of the process
without interrupting it made it possible to process and assembled parts from dissimilar
materials [5–7].

The efficiency of magnetic abrasive machining largely depends on the character-
istics of the cutting tool [8]. In MAM, the role of a tool played by magnetic abrasive
powders (MAP), bound and coordinated by a magnetic field into the working envi-
ronment. Magnetic field carries out a controlled interaction of abrasive grains to the
surface to be treated, their reorientation during operation to carry out the process of
cutting and plastic deformation. Besides MAP, the working environment often contains
technological media (pastes, lubricants, etc.) [9–13].

The efficiency of the process is determined by the action of a set of factors: the
magnitude and gradient of the magnetic field in the working gap, composition,
structure, shape, size, and morphology of MAP particles, distribution of MAP in the
working gap [14, 15].

With MAM, the working grains come into contact with the treated surface with
abrasive particles and a ferromagnetic base (matrix material). The abrasive component
MAP carries out microcutting and dispersion of the surface layer, crushing and
smoothing of its microroughness, and the matrix only smoothes the tops of the
microprofile and carries out the dispersion products [16, 17].

Despite the low dynamic loads and the size of the removed chips, with MAM, the
material is hardened and softened in the surface layer due to the repeated cyclic
mechanical action of the medium on the processed material [5, 7, 18]. With MAM, chip
formation is significantly different from the cutting process with a fixed abrasive. Up to
50% of the material from the micro-scratch is squeezed into piles, which are removed
during subsequent contact with the working medium. It is typical not only for ductile
but also for brittle materials. The rheological properties of the working medium play an
essential role in this process. They ensure the pressing of MAM grains to the treated
surface. The protrusion of the cutting grains from the MAP matrix is not great, and
under the action of a strong magnetic field, there is a simultaneous interaction with the
processed material of both the cutting tips and the ferromagnetic base.

MAM performance depends on the strength of the magnetic origin and the
mechanical component. It occurs due to the compaction of the MAP in the wedge-
shaped or crescent-shaped working gap and the collision of the ferromagnetic abrasive
powders (FAP) particles with the processed surface. The morphology of particles and
their cutting edges, the number of particles simultaneously in contact with the processed
surface also affect the productivity and quality parameters of the processed surfaces.

Cutting elements in ferromagnetic abrasive powders are usually grains of aluminum
oxide, titanium carbide, tungsten carbide, silicon carbide, and tops and edges of powder
from sprayed alloys [17–19]. Such MAPs have a low concentration of cutting elements
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on the grain surface. The abrasive ability of such MAPs decreases sharply as the cutting
edges become dull.

The cladding method makes it possible to obtain ferroabrasive powders with a
surface arrangement of abrasive grains. All other things being equal, it provides a
higher concentration of vertices involved in the cutting process. A change in the
concentration of abrasive grains involved in the cutting process affects the performance
of the magnetic-abrasive processing process and the surface morphology of the pro-
cessed material. Under these conditions, the scale factor of the ratio of the sizes of the
particles of the magnetic base and the abrasive particles is very important.

3 Research Methodology

The object of the study was ferromagnetic composite powders clad with silicon carbide
and diamond. FAP with grain size from 630/400 to 200/100 was used as a base.
Powders of silicon carbide (SiC) and AC4 diamond with grain sizes of 10/7 and 80/63
were used as abrasive fillers. Solutions of phenol-formaldehyde resin in alcohol-
acetone solution (50 to 50 vol. %) were used as a binder. The concentration of phenol-
formaldehyde resin in the alcohol-acetone solution was a mass fraction of 10, 20, and
30%. The ratio of the components in the charge ferromagnetic powder-silicon carbide
(diamond) phenol-formaldehyde resin mass fraction was 60:30:10%.

Silicon carbide cladding of ferromagnetic abrasive powders was obtained as fol-
lows. A phenol-formaldehyde resin solution was added to the FAP, mixed, and then
silicon carbide powder was added. The batch mixture was mixed, dried, and heat-
treated at 375°K for 1 h. After drying, the agglomerate formed from the loosely bound
particles was crushed and then sieved on sieves of 600/400 and 315/250 lm. The
resulting powder was heat-treated at 435°K for 20 min. The FAP Ferabraz 310 and
Zh15KT clad with silicon carbide was compared with a composite powder, which is a
matrix of copper ferrite, in which silicon carbide grains are located.

The concentration of SiC particles in the clad powder and the composite powder
mass fraction was 12 wt.% and 25 vol. %. FAP Ferabraz 310 with grain size 315/100
and Zh15KT with grain size 630/400 and 400/100 were clad with diamond AC4 with
grain size 40/28 and 10/7. The concentration of diamond grains in the ferroabrasive
composite powders mass fraction was 8 and 15%.

Ferroabrasive composite powders were used for magnetic abrasive processing of
plates made of MC111, MC131 and MC241 hard alloy and tungsten-free hard alloy
TN20, of molds 02114-100608, 03114-150412, 10113-110408 was carried out on an
upgraded SFT 2.150 installation. The processing time in the experiments was 2–30
min. The plates were fixed on specially designed mandrels made of steel 10 and non-
magnetic alloy AlCuMg1. The cutting speed during processing was 0.5–3 m/s and was
regulated by the spindle rotation frequency. The working gap of the electromagnetic
system poles was 1–3 mm. The current in the coils varied within 1–25 A, the magnetic
field strength in the gap was 0.6–1.5 T. The study of the morphology and
microstructure of the surface of ferromagnetic composite powders and treated plates of
hard alloys was carried out on scanning electron microscopes VEGA TESCAN,
MIRAS TESCAN, and optical microscopes.
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4 Results

The study of the morphology of clad ferromagnetic powders showed that on the surface
of the particles, there are silicon carbide grains distributed over the surface with their
concentration in the depressions and near the protrusions (Fig. 1).

The surface morphology of a composite ferroabrasive particle in the case of using a
powder with a grain size of 10/7 is a shell of silicon carbide particles, the spaces
between which are filled with phenol-formaldehyde resin (Fig. 1b). When using larger
particles of silicon carbide (grain size 80/63) as cutting elements, the surface mor-
phology of the ferroabrasive particle is formed by separately located particles of silicon
carbide (Fig. 1c). Thus, a finer-grained abrasive provides a higher concentration of
cutting tips on the FAP particles. The filler does not cover the initial microrelief and the
working tips of the particles themselves.

In the clad FAP, along with the particles of the main fraction (500–315 µm), there
are particles of other sizes (Fig. 2a). Particles over 500 µm are agglomerates of fine
particles, interlayers of phenol-formaldehyde resin. Smaller particles (315 µm) are
agglomerates of silicon carbide and phenol-formaldehyde resin FAP (Fig. 2b).

a b c

Fig. 1. Surface morphology of clad FAP (The concentration of phenol-formaldehyde resin in the
solution is 10 wt. %. Grain size of silicon carbide, microns: a - initial FAP, b - 10/7; c - 80/63).

a b c

Fig. 2. Surface morphology of agglomerates (Silicon carbide grain size, microns: a - general
view of FAP, b - 80/63, c - 10/7).
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The use of more concentrated solutions of phenol-formaldehyde resin (20–30 wt.
%) for cladding the FAP changes the surface morphology of composite particles. The
silicon carbide particles are in the polymer layer on the surface of the ferromagnetic
particle, and the cutting edges are poorly expressed. The abrasive ability of such
powders is expectedly low.

A phenol-formaldehyde resin film at the interface also provides the adhesion of the
SiC grain to the ferromagnetic base. Bond strength can be increased by increasing the
thickness of the polymer film by double application of the resin solution (Fig. 3).

After repeated cladding of FAP, drying, and crushing the cake, the content of the
powder fraction in the charge is 100 lmil to 8 wt. %. Thus, the formation of
ferromagnetic-abrasive composite powders by the cladding method makes it possible to
increase the content of abrasive particles on the FAP surface, which should increase the
productivity of magnetic abrasive processing.

It is expected that cladding FAP with diamond should increase its abrasive ability
due to the high hardness of the diamond and the presence of a large number of sharp
peaks on grains of the AC4 grade. The distribution of diamonds over the surface of the
FAP particles provides its developed morphology with the presence of groups of
diamond filler in the deepening of the FAP particles (Fig. 4c). An increase in the
concentration of diamond from 8 to 15 wt. % ensures the presence of sharp elements
over almost the entire surface of the FAP.

a b c

Fig. 3. Surface morphology of a ferroabrasive particle after double cladding with a phenol-
formaldehyde resin solution with SiC grain size 10/7 (The concentration of phenol-formaldehyde
resin in solution, wt. %: a - 10; b - 20; c - 30).
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The study of the surface morphology of ferromagnetic abrasive powders showed
that the cutting elements in the clad FAP are the tops and edges of silicon carbide or
diamond grains. In the Ferabraz composite powder, there are rounded tops of particles
and developed protrusions on their surface.

Magnetic-abrasive treatment of MC111 hard alloy plates with Ferabraz 310 clad
powder leads to forming a characteristic microrelief on the treated surface in the form
of a set of ridges with smoothed peaks and valleys between the ridges. The ridges are
oriented in the direction of the cutting speed vector during machining. Against the
background of ridges and depressions, there are depressions formed by crumbling
titanium carbide crystals (Fig. 5). The use of a composite powder based on copper
ferrite with a uniform arrangement of silicon carbide grains as a FAP and when using a
silicon carbide-clad Ferabraz 310 powder leads to the formation of a similar microrelief
on its surface. However, the difference lies in the absence of crumbling carbide crystals
in the ridges of the relief.

a b c d 

Fig. 4. Surface morphology of FAP Zh15KT 315/250 (a–c) and Ferabraz 310 630/100, clad
with a phenol-formaldehyde resin solution with AS4 diamond with a grain size of 10/7 (Diamond
concentration, wt. %: a, c - 8, b, d - 15).

   a        b        c       d 

Fig. 5. Surface morphology of a plate of hard alloy MC111 after magnetic-abrasive processing
with a clad (Ferabraz 310 630/400-a, composite FAP 400/250 reinforced with SiC 10/7-b, FAP
Zh15KT 400/250 clad with AS4 10/7 - c, FAP Ferabraz 310 315/100. Processing time: a –

5 min; b, c – 10 min; d – 15 min).
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Analysis of the treated surfaces showed that the diamond-clad FAP Zh15KT
exerted the most intense effect on the hard alloy surface. The dynamic effect of FAP
manifests itself in varying degrees of destruction of crystals of titanium carbide and
tungsten.

After the treatment of MC111 with clad abrasive powders, the titanium carbide
grains are partially destroyed, and the cobalt alloy interlayer between them wears out,
and the carbide grains protrude above the hard alloy surface. There are no sharp edges
on the surface in Ferabraz 310 ferromagnetic powder. The hardness of the alloy and
intermetallic particles in it is less than the hardness of silicon carbide grains. As a result,
surface treatment of carbide plates does not lead to the destruction of carbide grains; the
tops of the grains of titanium and tungsten carbide are rounded. The microrelief is
smoother.

The subsequent increase in the duration of the magnetic abrasive processing up to
20 min is accompanied by a change in the microrelief of the surface of the MC111
alloy plates: the initial relief after diamond grinding from the ridges and depressions
disappears. The number of depressions from the chipped grains of titanium and
tungsten carbides decreases (Fig. 6 c, d).

An increase in the concentration of diamond in the clad FAP up to 15 wt. % leads
to a faster change in the hard alloy’s original texture and surface relief with a pro-
cessing time of 3–5 min. An increase in the processing time up to 10 min does not lead
to a significant change in the surface morphology of the hard alloy plate; the number of
depressions from crumbling carbide grains decreases. It may be due to a decrease in the
abrasive ability of the FAP due to brittle fracture, chipping, and a decrease in the
number of cutting tips of the diamond filler and rounding of the FAP particles
themselves.

  a        b        c       d 

Fig. 6. Morphology of the front surface of the SNMA-150412 MC111 plate after magnetic-
abrasive treatment of FAP Zh15KT 400/250 with clad AC4 40/28 - a, AC4 10/7 - b, c, d
(Processing time, min: a – 5; b – 10; c – 15; d – 20).
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When processing the MC241 hard alloy, the microrelief formed on their surface
combines protrusions of tungsten carbide particles and depressions – worn-out layers of
cobalt binder.

Magnetic abrasive treatment of MC241 FAP hard alloy plates with a diamond grain
concentration of 8 wt. % leads to a noticeable change in the initial relief of the surface
of the plate after processing for 5 min (Fig. 7 a). After processing for 15 min, the
original surface texture is partially retained on the surface of the hard alloy plate in the
form of a trace of diamond grinding with single chipped-off grains of tungsten carbide
(Fig. 7 b). After 20–30 min of processing, the surface of the plate acquires a chaoti-
cally worn relief. In this case, only the macrodepressions present on the surface of an
untreated plate of MC241 hard alloy due to sintering defects remain.

After 3–5 min of treatment, magnetic abrasive treatment of the MC241 FAP hard
alloy with a diamond grain concentration of 15 wt. % causes the original texture to
disappear. After treatment for 15 min, the initial surface relief completely disappears,
and a microrelief is formed due to the abrasive action of the FAP on the hard alloy
surface. Magnetic abrasive processing of hard alloys and MC111 and MC241,
regardless of the concentration of diamond powder in the magnetic abrasive powder,
leads, first of all, to wear of the protruding ridges – a trace of diamond grinding. When
processing platinum of the hard alloy MC111, a smoothed microrelief is formed on
their surface, formed by flat tops of titanium carbide particles and interlayers between
them.

Figure 7d shows that the tungsten carbide grains retained their integrity after 10
min of processing. The cobalt interlayers between the grains are not worn out. After the
magnetic-abrasive treatment of the plates of the MC241 FAP 400/100 hard alloy, on
the surface of the plates against the background of waviness, there is a relief oriented in
the direction of the machining marks, the tungsten carbide grains are partially
destroyed, and there are microcracks and scratches on individual grains.

The results showed that with a MAP of hard alloys, the FAP performance decreases
after 10–15 min of operating time. It is confirmed by studying the morphology of the
FAP particles, observations of the kinetics of their composition, shape, and size. Thus,
the clad FAP after 15 min of treatment of the MC241 hard alloy begins to lose the

a        b        c       d 

Fig. 7. Morphology of the front surface of the SNMA-150412 MC241 plate after magnetic-
abrasive treatment of FAP Zh15KT 400/250 with clad AC4 40/28 - a, AC4 10/7 - b, c, d
(Processing time, minutes: 3 a, 10 b, 15 c, 30 g. Diamond concentration 8 wt. %).
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abrasive coating in certain areas of the particle surface (Fig. 8b). Investigation of the
surface morphology of magnetic-abrasive particles of 400/100 lm fraction after pro-
cessing a plate of hard alloy MC241 showed that only individual particles of silicon
carbide remained on the surface of the particles (Fig. 8b). The efficiency of diamond
powder in the process of magnetic-abrasive processing of hard alloy is higher (Fig. 8c).
A more intense abrasive effect on the surface of the FAP hard alloy with a grain size of
400/100 is associated with the participation of large areas of the surface in the contact
interaction processes than 630/500 particles. FAP 400/100 contains both magnetic
particles clad with silicon carbide and agglomerates of silicon carbide particles with a
small magnetic particle. These agglomerates have a different surface morphology than
clad particles, which have more protruding sharp edges and tops of silicon carbide or
diamond particles. In addition, the size of the agglomerates is smaller than the size of
the clad particles of the main fraction 400/250. Therefore, in the process of magnetic
abrasive processing, the agglomerates can be more pressed against the hard alloy plate
by clad particles. Under these conditions, silicon carbide grains can penetrate the
surface of the carbide plate and form tracks characteristic of the abrasive wear
mechanism. The intense abrasive effect on the hard alloy surface of 400/100 ferro-
magnetic composite powders is due to both the fractional composition and the shape of
the smaller magnetic particles, which provide a high concentration of silicon carbide
particles in the cladding layer.

The important positive aspect of magnetic abrasive processing is an increase in the
microhardness of the processed material in the surface layer. It was found that under the
treatment conditions adopted in the study, the microhardness of the MC241 surface
layer increases by 20–47% relative to the initial one. In this case, the phenomena of
plastic deformation caused by the combined action of the FAP particles and the
magnetic field, which cause twisting of the lattice of the structural components of the
hard alloy, an increase in the concentration of dislocations, and refinement of brittle
phases, are of great importance. On hard alloy MC241, a sublayer maximum of

a          b         c 

Fig. 8. Surface morphology of MC241 hard alloy after 10 min of magnetic-abrasive processing
with clad FAP (a-Zh15KT 630/400, b-FAP 400/100 clad SiC 10/7 after 15 min of operation, c-
morphology of FAP 400/100 clad with diamond 40/28 after 10 min of work).
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microhardness is found due to magnetic abrasive processing. It reaches values of 1800–
1940 HV. The depth of the maximum is 10–20 l and grows to 25–35 l with an
increase in the cutting speed and grain size of the FAP from 200/100 to 400/250. The
total thickness of the layer with the changed structure and properties of the hard alloy
after magnetic abrasive processing reaches 100–200 l.

5 Conclusion

It has been established that the morphology of clad ferromagnetic composite powders,
the adhesion strength of silicon carbide and diamond particles to the base depends on
the concentration of the phenol-formaldehyde resin solution. When the concentration of
the binder in the solution is 10 wt. %. The morphology of the FAP surface is a shell of
silicon carbide particles, the spaces between which are filled with resin. Application for
cladding resin solutions with 20 and 30 wt. % changes the surface morphology of FAP
particles, and abrasive grains are in the polymer layer. The adhesion of the abrasive
grains to the ferromagnetic base can be increased by increasing the thickness of the
polymer film by reapplying the phenol-formaldehyde resin solution.

It is shown that during magnetic-abrasive processing of a hard alloy, fine-grained
FAPs (400/100 and less) have a more intense abrasive effect on the plate surface. On
the surface of the plates, against the background of the wavy relief, there are tracks
oriented in the direction of machining. Tungsten carbide grains are partially destroyed,
microcracks and scratches are present on individual grains, cobalt interlayers between
grains are not destroyed. Ferromagnetic powders with a wide range of particle sizes are
more efficient in processing hard alloys due to the participation of a larger number of
silicon carbide and diamond particles in the cladding layer.

In further studies planned to obtain new coated powders containing abrasive par-
ticles of synthetic diamond coated with non-metallic refractory elements, applied by
chemical deposition with subsequent thermolysis.

References

1. Berdichevsky, E.G.: Energetic activation of the processes of abrasive diamond metal
processing. IOP Conf. Ser. Mater. Sci. Eng. 656, 012012 (2019)

2. Singh, S., Gupta, V., Sankar, M.R.: Magnetic abrasive finishing process. In: Das, S., Kibria,
G., Doloi, B., Bhattacharyya, B. (eds.) Advances in Abrasive Based Machining and
Finishing Processes. MFMT, pp. 183–210. Springer, Cham (2020). https://doi.org/10.1007/
978-3-030-43312-3_8

3. Maiboroda, V.S., Belajev, O.O., Dzhulii, D., Slobodianiuk, I.V.: AISI 1045 steel flat
surfaces machining using the magneto-abrasive method. J. Eng. Sci. 7(1), A1–A7 (2020).
https://doi.org/10.21272/jes.2020.7(1).a1

4. Zou, Y., Xie, H.: Investigation on the improvement of surface quality by the magnetic plate-
assisted magnetic abrasive finishing process. Mater. Sci. Forum 1018, 111–116 (2021)

5. Maiboroda, V.S., Nalimov, Y.S., Solovar, A.N., Bobina, M.N., Teslyuk, N.N.: Effect of
complex magnetic-abrasive and chemical/thermal treatment on VT9 alloy fatigue resistance.
Strength Mater. 48(5), 704–712 (2016)

Cladded Ferromagnetic Powders for Magnetic Abrasive Working 311

https://doi.org/10.1007/978-3-030-43312-3_8
https://doi.org/10.1007/978-3-030-43312-3_8
https://doi.org/10.21272/jes.2020.7(1).a1


6. Maiboroda, V., Tarhan, D., Dzhulii, D., Slobodianiuk, I.: Features of magneto-abrasive
machining of taps. Acta Mech. Autom. 14(1), 1–7 (2020)

7. Karpuschewski, B., Byelyayev, O., Maiboroda, V.S.: Magneto-abrasive machining for the
mechanical preparation of high-speed steel twist drills. CIRP Ann. Manuf. Technol. 58(1),
295–298 (2009)

8. Shvets, S.V., Astakhov, V.P.: Effect of insert angles on cutting tool geometry. J. Eng. Sci. 7
(2), A1–A6 (2020). https://doi.org/10.21272/jes.2020.7(2).a1

9. Khattri, K., Choudhary, G., Bhuyan, B.K. and Selokar, A: A Review on Parametric Analysis
of Magnetic Abrasive Machining Process. IOP Conf. Ser.: Mater. Sci. Eng. 330, 012105
(2018).

10. Pavlenko, I., et al.: Parameter identification of cutting forces in crankshaft grinding using
artificial neural networks. Materials 13(23), 5357 (2020). https://doi.org/10.3390/
ma13235357

11. Nahy, A.M., Kadhum, A.H.: Optimizing the micro-hardness of a surface by magnetic
abrasive finishing. IOP Conf. Ser. Mater. Sci. Eng. 870, 012018 (2020)

12. Dra umerič, R., Badger, J., Roininen, R., Krajnik, P.: On geometry and kinematics of
abrasive processes: the theory of aggressiveness. Int. J. Mach. Tools Manuf. 154, 103567
(2020)

13. Ivanov, V., Pavlenko, I., Liaposhchenko, O., Gusak, O., Pavlenko, V.: Determination of
contact points between workpiece and fixture elements as a tool for augmented reality in
fixture design. Wirel. Netw. 27(3), 1657–1664 (2019). https://doi.org/10.1007/s11276-019-
02026-2

14. Farwaha, H.S.: Microstructure and performance investigation of magnetic abrasive particles.
J. Crit. Rev. 7(19), 289–295 (2020)

15. Qian, C., Fan, Z., Tian, Y., Liu, Y., Han, J., Wang, J.: A review on magnetic abrasive
finishing. Int. J. Adv. Manuf. Technol. 112(3–4), 619–634 (2020). https://doi.org/10.1007/
s00170-020-06363-x

16. Jackson, M.J.: Recent advances in ultraprecision abrasive machining processes. SN Appl.
Sci. 2(7), 1–26 (2020). https://doi.org/10.1007/s42452-020-2982-y

17. Baron, Y.M.: Magnetic abrasive deburring technology for blanks. Int. J. Eng. Res. Afr. 25,
1–10 (2016)

18. Zou, Y., Xie, H., Zhang, Y.: Study on surface quality improvement of the plane magnetic
abrasive finishing process. Int. J. Adv. Manuf. Technol. 109(7–8), 1825–1839 (2020).
https://doi.org/10.1007/s00170-020-05759-z

19. Rodichev, Y., Soroka, O., Kovalov, V., Vasilchenko, Y., Maiboroda, V.: Fracture resistance
of the edge of cemented carbide cutting tool. In: Tonkonogyi, V., et al. (eds.) InterPartner
2019. LNME, pp. 281–288. Springer, Cham (2020). https://doi.org/10.1007/978-3-030-
40724-7_29

312 V. Lebedev et al.

https://doi.org/10.21272/jes.2020.7(2).a1
https://doi.org/10.3390/ma13235357
https://doi.org/10.3390/ma13235357
https://doi.org/10.1007/s11276-019-02026-2
https://doi.org/10.1007/s11276-019-02026-2
https://doi.org/10.1007/s00170-020-06363-x
https://doi.org/10.1007/s00170-020-06363-x
https://doi.org/10.1007/s42452-020-2982-y
https://doi.org/10.1007/s00170-020-05759-z
https://doi.org/10.1007/978-3-030-40724-7_29
https://doi.org/10.1007/978-3-030-40724-7_29


Comparison of Effects of Laser, Ultrasonic,
and Combined Laser-Ultrasonic Hardening

Treatments on Surface Properties of AISI 1045
Steel Parts

Dmytro Lesyk1(&) , Walid Alnusirat2 , Silvia Martinez3 ,
Bohdan Mordyuk4 , and Vitaliy Dzhemelinskyi1

1 Igor Sikorsky Kyiv Polytechnic Institute, National Technical University of
Ukraine, 37, Prosp. Peremohy, Kyiv 03056, Ukraine

lesyk_d@ukr.net
2 Al-Balqa Applied University, Al-Salt 19117, Jordan

3 University of the Basque Country, 48170 Zamudio, Spain
4 G.V. Kurdyumov Institute for Metal Physics, NAS of Ukraine, Kyiv 03680,

Ukraine

Abstract. An ultrasonic impact treatment (UIT) in combination with laser heat
treatment (LHT) is proposed to improve surface roughness and enhance the
subsurface grain refinement and residual stress of hypoeutectoid steel. The LHT
treatment was conducted using a fiber laser with 2D scanning optics. The UIT
treatment was performed using a multi-pin ultrasonic tool. The surface texture,
roughness parameters, and surface hardness of the UIT, LHT, UIT+LHT, and
LHT+UIT hardened samples were studied and compared. The surface roughness
and hardness were under special attention as possible key factors to additional
optimization of the UTI duration. The results indicated that the combined UIT
+LHT technique could be applied to get both significant surface hardness and
hardening depth in AISI 1045 medium carbon steel. The combined LHT-UIT
hardened specimens exhibited the lowest surface roughness and highest surface
hardness, which was attributed to the surface attributed to the surface relief and
ultrafine-grained martensitic structure in the subsurface formation.

Keywords: AISI 1045 Carbon Steel � Combined LHT+UIT � Combined UIT
+LHT � Hardness � Roughness � Topography

1 Introduction

Nowadays, selective surface modification is one of the effective ways to increase the
wear and corrosion resistance of carbon steel parts by changing the parameters of the
surface relief parameters and structure of the subsurface layer. Given that a large
number of metal components work in extreme conditions, conventional surface mod-
ification methods often do not allow getting the required surface properties. On the
other hand, the use of high-strength materials is often economically unprofitable.
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On the one hand, the laser surface hardening process can be applied selectively to
increase the wear and corrosion resistance of complexly shaped metal parts, keeping
the same chemical composition. On the other hand, the laser surface hardening com-
bined with the surface plastic deformation techniques allows getting a much greater
impact in increasing the wear and corrosion resistance of carbon steel parts.

Thereby, the development of combined thermo-mechanical hardening and fishing
technologies for surface treatment of carbon steel parts becomes especially relevant.

2 Literature Review

One of the most promising directions is the improvement of technological processes for
surface treatment of carbon steel components hardened by the laser beam [1], plasma arc
[2], and electron beam [3]. For instance, the plasma surface hardening method can be
applied to treat large-scale components, while the electron beam surface hardening method
is used for surface modification of small-sized metallic components. However, recently
advanced laser hardening systems using a diode laser [4], fiber laser [5], and disk laser [6]
can significantly improve the productivity and efficiency of the laser heat treatment (LHT),
both small-sized and large-scale carbon steel parts. At the same time, the application of the
high-tech 2D scanning optics [7, 8] and 3D scanning optics [6, 9] result in an increase in
the laser spot size of more than 50 mm. In most cases, it allows avoiding the overlapping of
the laser beam, which caused the heterogeneous hardness in the subsurface layers of AISI
S7 tool steel [4], AISI T1 tool steel [10], and AISI 1045 carbon steel [10, 11] via the
tempered martensitic structure formation in the overlapping area of the laser beam.

The laser transformation hardening process consists of high-speed local heating of
the surface layer by a laser beam above critical temperature points for the austenitic
structure formation and subsequent rapid cooling of the treated surface using heat
transfer in the inner layers of the material [4, 12]. As a consequence, the fine-grained
martensitic structure is formed due to phase transformations, which are characterized
by a high wear resistance for AISI 1045 steel [13], R260 grade rail steel [14], and
AISI 8620 steel [15], corrosion resistance for AISI 1045 steel [16], and fracture
resistance for AISI 1040 steel [17]. It should also be noted that the martensitic-
austenitic structure formation depends on the laser surface hardening regimes and the
carbon concentration in the alloy. Increasing the concentration of carbon in the carbon
steels is accompanied by an increase in the hardening depth through increment in the
calcination. Conversely, reducing the hardening depth and increasing the hardening
width in the carbon steels occurs with increasing the carbon content due to the
reduction of thermal conductivity [18]. The effect of LHT on the hardening depth
[19, 20], structure [21, 22], phase transformation [23], grain size [13], hardness dis-
tribution [24], and residual stress [25] of hypoeutectoid steels were widely studied.

To significantly increase the fatigue life and wear resistance of hypoeutectoid
steels, the combined thermo-mechanical surface hardening and finishing techniques can
be applied using the LHT process combined with severe surface plastic deformation
methods, such as a laser shock peening [26] or submerged laser shock peening [27],
shot peening [28], submerged cavitation peening [29], ultrasonic impact peening [30],
etc.
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The work aims to study the effects of the UIT, LHT, combined UIT+LHT, and
combined LHT+UIT techniques on the surface texture, roughness, and hardness of
hypoeutectoid steel.

3 Research Methodology

The flat polished specimens 20 mm thick of AISI 1045 medium-carbon steel, which
chemical composition is listed in Table 1, were processed by the ultrasonic impact
treatment (UIT), laser heat treatment (LHT), and their combinations (UIT+LHT and
LHT+UIT) with the optimized parameters [19].

The laser hardening system used was described in more detail elsewhere [13, 16].
The CNC milling center is equipped with a 1 kW fiber laser and galvanometer scanner.
In particular, the laser pass of 10 mm wide was scanned with a speed of 1000 mm/s by
a high-frequency movement of a laser beam in 1 mm diameter (on the treated part).
The LHT parameters of the studied steel are given in Table 2.

The heat energy density of laser beam Elb (kJ/cm
2) was calculated [16]:

Elb ¼ P=ðdlb � SÞ; ð1Þ

where P is the laser power [W], dlb is the diameter of the laser beam [cm], S is the
specimen feed rate of the treated surface [cm/min].

The heat power density of laser beam Wlb (W/cm2) was estimated [16]:

Table 1. Chemical composition of AISI 1045 carbon steel (wt.%.).

Fe C Mn Si Cr Ni Cu P S

Bal 0.45–0.5 0.5–0.8 0.17–0.37 � 0.25 � 0.25 � 0.25 � 0.035 � 0.04

Table 2. Laser heat treatment parameters.

Specimen
marking

Heating
temperature
(°C)

Specimen
feed rate
(mm/min)

Treatment
duration
(s)

Energy
density
of laser beam
(kJ/cm2)

Power density
of laser beam
(W/cm2)

LHT4 1200 40 1.50 97 5.4�103
LHT5 90 0.66 46 5.5�103
LHT6 140 0.42 31 5.8�103
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Wlb ¼ AP=hlbllb; ð2Þ

where A is the absorption coefficient of surface [%], P is the laser power [W], hlb and llb
are the width and length of the laser beam, respectively [cm].

The calculated power density of the laser beam (Table 2) varies in the range of
103…104 W/cm2 at a treatment duration of 1.5…0.42 s, providing the LHT without
surface melting.

The UIT treatment was conducted using an ultrasonic vibration system and ultra-
sonic generator with a frequency of 21.6 kHz and a power output of 0.3 kW.
The ultrasonic system contained a piezoceramic transducer, cylindrical waveguide
horn, and a seven-pin impact head with a contact diameter of 3 mm. The ultrasonic
vibration system was pressed to the treated surface with a static load of 50 N. A seven-
pin impact head was mounted at the horn tip and forcedly rotated by a motor. During
the UIT treatment, the ultrasonic horn vibrations induced stochastic impacts of the pins
(*2 kHz) by the treated surface. The UIT parameters are listed in Table 3.

The mechanical energy WUIT (J/cm2) to the peened surface of the sample was
estimated by the formula [16]:

WUIT ¼ IUIT � tUIT; IUIT ¼ 4EUIT=pd
2; EUIT ¼ 2mpp

2f 2UITA
2
UIT ð3Þ

where IUIT is the impact intensity [J/cm2], tUIT is the treatment duration by UIT [s],
EUIT is the energy of high-frequency impact of horn on the pins [J/cm2], d is the surface
accommodated the impact energy per the surface unit area [cm], mp is the pin mass [g],
vp is the linear speed of the pin, which is equal to the average vibration speed of the
horn tip v? ¼ vp ¼ 2pfUITAUIT (m/s), fUIT is the vibration frequency of the ultrasonic
horn [lm], AUIT is the vibration amplitude of the ultrasonic horn [lm].

The calculated values of the impact pulse ultrasonic energy in accordance with the
formula (3) were given in Table 3.

The 3D surface texture (3 � 3 mm2 area) and roughness parameters were evaluated
using an optical profilometer Leica DCM3D following the ISO 25178 and 4287
standards. The Ra parameter is the arithmetical mean height along the sampling length

Table 3. Ultrasonic impact treatment parameters.

Specimen
marking

Vibration
amplitudes
of ultrasonic
horn (lm)

Treatment
duration
(s)

Static loading
of ultrasonic
vibration
system (N)

Rotation
speed of
impact
head
(rpm)

Specific
mechanical
energy of
pins
(mJ/cm2)

UIT1 18 60 50 76 26
UIT2 120 53
UIT3 180 77
UIT4 240 105
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for a roughness profile. The Sa parameter is the arithmetical mean height of a line to a
3D surface which describes the difference in the height of each point compared to the
arithmetical mean of the surface.

The surface hardness was measured using an FM800 digital tester at a load on an
indenter of 10 N. To estimate the stress state, the X-ray diffraction (XRD) analysis of
the specimens was performed using a Rigaku Ultima IV diffractometer.

4 Results

4.1 Surface Topography

The surface texture was estimated within a cut-off length of 0.8 mm and traverse the
length of 2.5 mm using a non-contact profilometer. Figures 1, 2 and 3 show the
resulting surface texture and average surface roughness (parameter Ra) of the laser,
laser-ultrasonic, ultrasonic, and ultrasonic-laser hardened hypoeutectoid steel samples.
Compared to the LHT-hardened samples, a new surface texture/relief is formed after
the combined LHT+UIT technique due to severe plastic deformation (Fig. 1). By in-
creasing the UIT duration, the waviness of the LHT+UIT-processed surface and con-
sequently the high surface texture parameters are increased.

Fig. 1. Surface topography of AISI 1045 carbon steel in the initial state (a) and after LHT4 (b),
LHT5 (c), LHT6 (d) and combined LHT5+UIT1 (e), LHT5+UIT2 (f), LHT5+UIT3 (g) and
LHT5+UIT4 (h) treatments.
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Compared to the non-treated and LHT-hardened specimens, the UIT technique or
the UIT process followed by the LHT process leads to a significant change of the
surface texture, increasing the surface waviness (Fig. 2). Therefore, the increase the
cost-effective use lubricants to enhance the wear and friction behaviors can be suc-
cessfully achieved by the combined UIT+LHT technique.

It should also be noted that the surface roughness of the LHT-hardened specimen is
enlarged with specimen feed rate (Fig. 3a). The observed Ra surface roughness
parameter (arithmetical mean height of a line) well correlates to the Sa area surface
roughness (arithmetical mean height parameter of the surface). Due to the severe
surface plastic strain, the UIT treatment-induced average surface roughness values were
always let down though in different extents (Fig. 3b). It was observed that for the UIT
or combined UIT+LHT treatment case, the Ra parameter was slightly higher than the
magnitudes for the combined LHT+UIT treatments case.

The application type of the combined thermo-mechanical surface hardening tech-
nique depends on the required surface roughness/waviness parameters.

Fig. 2. Surface topography of AISI 1045 carbon steel after UIT1 (a), UIT2 (b), UIT3 (c), UIT4
(d) and combined UIT1+LHT5 (e), UIT2+LHT5 (f), UIT3+LHT5 (g) and UIT4+LHT5
(g) treatments.
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4.2 Surface Hardness

Figure 4a shows surface macrohardness magnitudes exhibited by the LHT-hardened
specimens, varying the feed rate specimen. The average surface hardness for the
unprocessed samples was around 18.6 HRC5. It was noted for the lower sample feed
rate (40 mm/min) that the average surface hardness was about 52.8 HRC5.

The surface hardness increased with increasing specimen feed rate, reducing the
hardening depth. Despite obtaining the highest surface hardness, the hardening depth
was less than 200 µm at the LHT6 regime. To get higher hardening depth and required
surface hardness, the LHT treatment must conduct at the heating temperature of 1200 °
C and a sample feed rate of *70 mm/min.

The highest surface hardness was found after the UIT duration of 60 s (Fig. 4b).
Further increasing the UIT duration caused a reduction in the average surface

Fig. 3. Surface roughness of AISI 1045 carbon steel of the untreated sample (regime 0) and after
LHT4, LHT5, and LHT6 treatments (a), and after UIT1 (regime 1), UIT2 (regime 2), UIT3
(regime 3), UIT4 (regime 4), combined LHT5+UIT1, LHT5+UIT2, LHT5+UIT3, LHT5+UIT4
and combined UIT1+LHT5, UIT2+LHT5, UIT3+LHT5, and UIT4+LHT5 treatments (b).

Fig. 4. Surface hardness of AISI 1045 carbon steel of the untreated sample (regime 0) and after
LHT4, LHT5, and LHT6 treatments (a), and after UIT1 (regime 1), UIT2 (regime 2), UIT3
(regime 3), UIT4 (regime 4), combined LHT5+UIT1, LHT5+UIT2, LHT5+UIT3, LHT5+UIT4
and combined UIT1+LHT5, UIT2+LHT5, UIT3+LHT5, and UIT4+LHT5 treatments (b).
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roughness due to the studied steel’s surface overstraining. It can be seen that the UIT
technique combined with the LHT technique result in a significant enlarge the hardness
on the surface regardless of the UIT regime.

Compared to the UIT+LHT technique, the surface hardness magnitudes are slightly
higher after the LHT+UIT technique due to the deformation-induced dissolution of
retained cementite particles as well as the finer grain structure and white etching layers
formation, providing a deeper compressive layer of the residual stress (around –

400 MPa) in the subsurface [13, 16]. Moreover, an oxide film on the surface may be
formed after LHT treatment without shielding gas. The main advantage of the com-
bined UIT+LHT technique over the combined LHT+UIT technique is a higher depth of
hardening (*400 µm) through the laser heating followed by rapid cooling of the
preliminary deformed ferrite grains saturated with carbon [13, 19].

Thus, the surface texture/microrelief and structural parameters can significantly
impact such important operational properties as the fatigue, wear, and corrosion
strength of the hypoeutectoid steels, which largely determine the durability and oper-
ational life of the responsible components.

5 Conclusions

The data obtained show that proper selection of the influential LHT and UIT param-
eters can lead to a good combination of surface integrity and properties.

The UIT duration of 60 s is recommended to select for the combined UIT+LHT
method while the UIT duration of 120 s for the combined LHT+UIT method.

The combined UIT+LHT technique can be used to obtain deeper hardening depth
than the combined LHT+UIT technique.

To provide the highest surface hardness (compressive residual stress) and the
lowest surface roughness/waviness, the combined LHT+UIT technique is recom-
mended for surface finishing and hardening of the AISI 1045 carbon steel.
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Abstract. The article presents a systematic block diagram for manufacturing
TiAl titanium alloys. Based on the developed block diagram of TiAl compo-
nents, the main already known stages of powder metallurgy manufacturing
technology were improved. Based on the obtained chemical reaction of struc-
turally inhomogeneous materials, the intermetallic phase relationship of titanium
aluminides was revealed. It is studied that in the zone of interaction of the
composition of titanium and aluminium components, a certain thickness of the
transition layer is formed, which practically does not change with increasing
exposure time. The crystallization process of inhomogeneous TiAl materials
was studied in more detail using the constructed crystal lattice of titanium alloys.
As a result, the formation of an atomic grid in space was observed. It should also
be noted that the recognition of individual areas in microstructural images was
carried out using the Smart-eye software package. The microscopic analysis
allowed us to predict the main structural characteristics of TiAl components. In
particular, to carry out more detailed control of the particles of TiAl compo-
nents, their density, porosity, relationships with each other, the shape and size of
TI and Al powders. The structure of the interaction of TiAl materials and the
interpolation dependence of the formed intermetallic layer are also presented.
Based on the conducted research, the quality indicators of parts with structural
elements, particularly gears, have been improved.

Keywords: TiAl components � Physical properties � Microstructure analysis �
Morphological parameters � Inhomogeneous materials � Technology

1 Introduction

Titanium intermetallides and alloys based on them are attracting more and more
attention in mechanical engineering, aviation, rocket science, and space products. It is
essential that due to the unique combination of their physical and operational prop-
erties, it is possible to solve a number of modern mechanical engineering problems
when designing new parts. It should be noted that an integral part of the development
of modern mechanical engineering is the introduction and improvement of new highly
efficient heterogeneous materials and technologies for their products based on design. It
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is known that titanium and alloys based on it have a unique set of properties. The most
important ones include low specific gravity, high corrosion resistance to many reagents,
sufficient strength at room temperatures, and elevated temperatures. However, the use
of TiAl components is limited due to the high cost compared to other structural
materials. Therefore, the main task of modern mechanical engineering technology is to
expand the scope of improving the processes of obtaining titanium alloys for parts with
structural elements. Also, improving their use by developing new economic tech-
nologies reduces the cost of both structurally heterogeneous materials and finished
products significantly. It is possible to significantly reduce the cost of titanium alloys
and products made from them using classical powder metallurgy methods. The main
technological operations of this method include pressing mixtures into the product of
the required shape and sintering structurally inhomogeneous materials in a vacuum.

Since titanium alloys are structural materials, they are essential for them to achieve
the necessary complex mechanical properties. In alloys manufactured using powder
technologies, this is ensured by chemical and microstructural homogeneity, permissible
impurity content, and achieving a high relative density close to 99% of the theoretical
one. Unfortunately, the specific structure of such composites significantly limits the
possibility of using traditional research methods to obtain them. When manufacturing
such materials, it is necessary to control the structure parameters during the technology
implementation at all its stages. Therefore, progress in creating parts with design
elements requires a broader study, research, and prediction of the structural charac-
teristics of these materials. Thus, the urgent task of modern mechanical engineering
technology is to investigate the physical and mechanical properties of TiAl materials
for manufacturing parts with design elements.

2 Literature Review

Analysis of titanium-aluminium powders is covered in [1]. The biggest problem with
studying these materials is their high cost and manufacturing complexity [2]. In
addition, the results show that different powder particle sizes and concentrations of
hollow material particles lead to high porosity [3]. The disadvantage of these studies is
that the authors study powder particles only of a round spherical shape [4]. In [5],
various technologies for manufacturing titanium-aluminium powders are investigated
and predicted and an increase in their use in the large-scale industry due to the correct
percentage of raw materials selected. It was found that Ti-6Al-4V [6] raw materials
strongly affect the load mode. In [7], the authors of the paper investigated the edge
approach for analyzing inhomogeneous elastic materials. It should be noted that the
results obtained are reduced to a system of particular boundary integral equations,
which is solved by the numerical method of boundary elements. Research teams [8]
investigated the interaction zone between titanium and aluminium in a composite
obtained by immersion and exposure of titanium rods in an aluminium melt. It was [9]
found that the heat treatment time and cooling conditions affect the thickness and
structure of the transition layer formed as a result of the interaction. The results of [10]
show the peculiarity of porosity and coordination number calculations. The results
obtained make it possible to optimize the version of the charge composition, which
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provides an increase in the oil permeability coefficient by 3%, which fully satisfied the
technical operating conditions of the bushings. The authors of [11] investigated the
production of titanium alloys based on titanium aluminides as a material for gas turbine
engine parts. The disadvantages of these methods include high electrical energy costs,
which leads to an increase in the cost of titanium alloys and a large chemical hetero-
geneity of the resulting material [12]. In [13], to establish the possibility of obtaining
layered intermetallic composite materials, titanium-based liquid aluminium was aged
for different times at different temperatures in the air atmosphere using flux and without
it [14].

The authors [15] found that the use of flux based on this powder composition
contributes to forming a thicker and denser layer of intermetallides due to high tem-
perature. The peculiarity of works [16] is that this composition of titanium-aluminium
powders is limited by their existence’s physical and chemical conditions. In many
cases, increased requirements are placed on the performance characteristics of parts
with design elements that are made based on titanium alloys [17]. The leading quality
indicators include physical and mechanical properties of TiAl materials, a wide
operating temperature range, the holding time of titanium-based liquid aluminum,
which affects the width and density of the intermetallic layer, high stability, and reli-
ability [18]. Therefore, the solution to such a problem requires a more comprehensive
approaches such as [19, 20], including new technologies and structures, new ideas,
methods, and principles of building methods and technologies [21–23]. Changes in
their chemical structure [24], therefore conducting fundamental and applied interdis-
ciplinary research using the latest methods and technologies of production.

3 Researches Methodology

3.1 Titanium Alloy Manufacturing Technology

The study aims to investigate the physical and mechanical properties of TiAl materials
for manufacturing parts with design elements, conduct research at the points of the
interaction zone of TiAl materials, and construct an interpolation dependence of the
intermetallic layer based on the results obtained.

Well-known initial structurally inhomogeneous materials (TiAl components) are
commonly used in mass production. At the same time, the manufacturing process takes
place with the help of ceramic molds in the form of castings, which will not be able to
provide defect-free castings. It should be noted that with the help of developed and
optimized technological processes and the technical task set, we produced experimental
samples from TiAl components.

The technological scheme for manufacturing TiAl titanium alloys is shown in
Fig. 1.
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Before mixing, the powders structurally inhomogeneous materials were dried at a
temperature of 70–120 °C for 3 h. Mixing of titanium and aluminium powders was
carried out in steel ball mills for 2 h. The ratio of components was selected from
stoichiometric calculations to obtain G-TiAl intermetallic phases. The mixed reaction
mixture prepared in this way was weighed on an electronic scale of the CAS SW-II
model and poured into the reactor. The temperature of the samples TiAl components
during the synthesis process was controlled using a W-Mo thermocouple with an
accuracy of ±5–7 °C. A PSU-125 hydraulic press was used to seal the powder mixture.
The samples were formed in a cylindrical shape with a diameter of 25 mm and a height
of 30 mm. An important role was played by the density of the samples TiAl compo-
nents since the thermal auto-ignition mode was observed only for high-density samples
at the level of 0,7–0,55 of the density of the starting materials. The porosity of TiAl
materials was evaluated by hydrostatic weighing and microstructural analysis using

Fig. 1. Technological scheme for manufacturing TiAl alloys.
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micrographs of sections and using the Smart-eye program. Hydrostatic weighing was
performed for samples TiAl components without surface protection and protection,
which made it possible to estimate the proportion of closed and open pores. The
weighing was performed in distilled water at a temperature of 25–30 °C with an
accuracy of 0,01. The water density was 0,997 kg/m3.

The structure of the TiAl samples was studied using the Smart-eye software
package. The principle of operation of Smart-eye software is to connect an optical or
electron-raster microscope that displays electrons on samples from TiAl components.
Chemical microanalysis of the main structural components of the inhomogeneous
material was performed on a raster electron microscope model Sarson MAGNI SCOPE
MA-60. It should be noted that the study was carried out at an increased voltage of
19 kV, with a resolution of 1 Nm. It should also be noted that microanalysis was
performed on the surface of an etched micro-grinder of structurally inhomogeneous
materials and using the scanning method. A characteristic feature of X-ray radiation
was studying certain chemical elements at specific points of interaction of raw mate-
rials, which was carried out along the studied trajectory.

3.2 Chemical Reaction and Crystallization Process of TiAl Materials

Aluminium and titanium powders with a dispersion of up to 100 l were used to
produce titanium alloys (TiAl). The ratio of components was selected from stoichio-
metric calculations to obtain the intermetallic phase c-TiAl, in which the combustion
temperature is lower than the melting point, Tburning < T melting. As a result, a com-
pound of titanium alloy TiAl is formed in Table 1.

In order to study in more detail the crystallization process of structurally inho-
mogeneous materials, in particular TiAl components, we constructed a pinched
hexagonal lattice (GSHG). In this scheme of the crystal lattice of titanium alloys, the
atoms are located in the corners and the center of the bases of a hexagonal prism, and
the three atoms are located between their bases. The total number of atoms is 17. It is
also worth noting that the crystal structure of TiAl materials is characterized by a
geometrically correct arrangement of atoms (ions) in space. Metal atoms are located at
a certain distance between each other, at which the interaction energy of positively and
negatively charged particles is minimal. In the plane, atoms form an atomic grid, and in
space – an atomic-crystal lattice (lattice). In addition, the atoms oscillate around the
equilibrium point at a high frequency.

The scheme of the crystal lattice of titanium alloys is shown in Fig. 2.

Table 1. Chemical reaction TiAl.

Reaction
R1 + R2 ! P

Tmel (R1), K Tmel (R2), K Tmel (P), K Tad

Ti + Al ! TiAl 1930 987 1730 1660
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It should also be noted that the crystallization procedure of TiAl components
consists of two main components the formation of embryos, that is, it is the crystal-
lization center. Moreover, the growth of crystals, which occurs in the center of the
embryo. Each of these essential components must have individual velocities, which in
turn determine the main parameters of the crystallization process as a whole. In par-
ticular, the first and main parameter of crystallization is the maximum rate of germ
formation (c). The total amount of embryo formation is determined by the total amount
of embryo formation, which has a ratio of one volume per unit time and is measured in
1/(cm3�s). The second crystallization parameter includes the linear crystal growth rate
(a). This parameter is characterized by a rapid change in its linear dimensions (crystals)
and is measured in centimeters per second (cm/s).

4 Results

4.1 Investigation of Titanium Alloys Based on Microstructural Analysis

During the manufacture of a blank part with design elements, it is necessary to apply
the method of forming teeth by plastic deformation (rolling), which significantly
increases mechanical parameters. In order to improve the quality indicators of gears
and obtain a qualitative assessment of titanium alloy samples, it is necessary to
determine and study the main morphological parameters of their microstructure using
TiAl microanalysis. It should be noted that the focus was on the structure of titanium
alloys in the solid-state after heat treatment and plastic deformation.

Notably, a sample of a micro-grinder of titanium alloys was examined in the part of
the part that, in this case, was of the most significant interest-the destruction of the teeth
of the gear wheel. After the technological process of obtaining titanium-aluminium
composite materials was carried out, separate zones (red and blue regions) of inter-
action between structurally inhomogeneous materials during etching, which were close
to destruction, were studied. It was found that there is a correlation between the original
TiAl components and their properties. This allows us to state that the percentage of raw
materials was correctly selected.

Figure 3 shows the structure of TiAl samples at a magnification of 800 l.

Fig. 2. Diagram of the crystal lattice of titanium alloys TiAl, where: a and c are the lattice
period, c/a = 1,633.
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Microstructure analysis (Fig. 3) at the selected points (red and blue regions) showed
that the interface between titanium and aluminium allows distinguishing a transition
layer of the intermetallic phase of titanium aluminides in the interaction zone of the
titanium composite aged for different times. They also found that during the interaction
between titanium and aluminium, the thickness of the transition layer practically does
not change with increasing holding time and averages 6–8 l (see Fig. 4). At the same
time, the porosity was 16%, the total particle area 35478 mcm2, and the particle size
ranged from 0,45 to 0,54 mcm. The structure of interaction between TiAl materials is
shown in Fig. 4.

From this Fig. 4, the thickness of the transition intermetallic layer, which is formed
during the interaction of TiAl titanium alloys, is too small and allows us to obtain
reliable results. It is also confirmed that in the considered binary system, both titanium
and aluminum powders participate in the diffusion process, regardless of the temper-
ature (above or below the melting point of aluminum).

4.2 Interpolation Dependence of the Intermetallic Layer

Due to significant differences between the molar volumes of titanium and its alu-
minides, an intermetallic layer was formed (Fig. 4). It is in a stressed state, which leads
to its cracking and destruction. As a result, the separated fragments of the layer expose
the surface of titanium, where a chemical reaction is restored between it and aluminum.

Fig. 3. Microstructure of TiAl titanium alloy samples at magnification �800 l.

Fig. 4. Structure of interaction of TiAl materials.
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The consequence of this is the formation of a zone of interaction of the initial com-
ponents of TiAl materials. Thus, the interpolation dependence is shown in Fig. 5
(Table 2).

The interpolation dependence of an intermetallic layer with a thickness of 6–8 l
with increasing exposure times (20–100 min) shows a clear relationship between the
initial components of TiAl materials. This is confirmed by the presence of an inter-
metallic phase of titanium aluminides in the interaction zone of the titanium composite.

4.3 Experimental and Industrial Justification of the Results Obtained

3D part modeling studies were performed in SolidWorks software. To build a 3D
model of a gear wheel, the following main parameters were used: the diameter of the
dividing circle d, the diameter of the circle of protrusions of the wheel teeth d1, and the
circle of depressions d2, and the number of teeth z. From the above material and
manufacturing technology of TiAl titanium alloys, we can present a complete 3D
model of the gear wheel shown in Fig. 6.

Fig. 5. Interpolation dependence of the intermetallic layer

Table 2. Analysis of the study at the points of the interaction zone of TiAl materials.

Materials Exposure time, min Layer thick-ness of TiAl materials, mcm

TiAl 20 35
40 40
45 45
65 50
80 55
100 65
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Based on the calculations of the efficiency factor (performance factor), an analysis
was performed at the points of the TiAl interaction zone of materials. Based on which
calculations were made for the strength of a three-dimensional gear model. Using the
SolidWorks software, the main recommendations for improving the quality of gears are
formulated, which made it possible to optimize and predict the variant of the charge
composition of the TiAl component, which provided an increase in the efficiency
(performance factor) by 2–3%, which fully satisfied the technical conditions of oper-
ation of parts with design elements.

5 Conclusions

Using metallographic analysis, the authors of the article investigated the regularities of
forming the TiAl structure of materials and established the dependence of the influence
of the structure on mechanical, physical, and mechanical properties.

It was found that during the interaction between titanium and aluminium, the
thickness of the transition layer practically does not change with increasing holding
time and averages 6–8 l, which makes it possible to obtain reliable research results.

Experimental and industrial justification of the results obtained showed that the
proposed percentage of the TiAl charge composition variant of materials provides good
antifriction properties, which is fully satisfied with the technical conditions of operation
of structural parts.
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Abstract. The structure and strength properties of vacuum Cu-Mo condensates,
the components of which do not form chemical compounds in equilibrium
conditions and have no mutual solubility in liquid and solid states, are studied
by transmission electron microscopy and X-ray diffractometry. It is found that in
the process of condensation of copper and molybdenum vapor mixtures in a
vacuum, anomalous solutions of molybdenum in the FCC copper crystal lattice
are formed. The regularities of irreversible decomposition of the indicated solid
solutions are studied under isothermal annealing at 620 °C for 3 h. It has been
established that as a result of the thermal influence, a peak of precipitation
hardening arises, which has a two-stage character. The experimental results are
explained by the formation of hardening BCC and FCC molybdenum particles
in the volume of the copper matrix and a change in the mechanism of their
hardening action with increasing annealing time.

Keywords: Solubility � Grain size � Supersaturated solid solution � Lattice
parameter � Electrical resistivity

1 Introduction

The strengthening of metals by dispersed particles is widely used to improve the
mechanical properties of metallic materials. Two groups of objects of this class are the
most widely known: precipitation-hardening or aging alloys (PHA) and dispersion-
strengthened composite materials (DSCM). In the first, strengthening particles are
formed during the decomposition of supersaturated solid solutions. In the second
group, dispersed particles are introduced artificially into the matrix metal at a certain
stage of obtaining the composite. Supersaturated solutions are obtained mainly by
quenching from the solid state from temperatures exceeding the line of limited solu-
bility or by high-speed cooling of melts. The use of vacuum technologies for these
purposes significantly expands the capabilities of these methods. This fact is because
elements and substances can mix in the vapor phase at the atomic and molecular levels
in any proportion. Upon condensation of mixtures of such vapors on a cold substrate in
a vacuum, metallic materials with a wide range of structural states can be obtained.
Examples of such metals are Cu-Mo, Cu-W, Cu-Ta binary systems. Aging alloys in
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terms of strength properties, at moderate temperatures, surpass DSCM with an equal
volume content of the strengthening phase. This is because controlled decomposition of
a supersaturated solid solution, it is possible to realize a better coherent conjugation of
the strengthening particles with the matrix metal and their greater dispersion than in
DSCM obtained by various technologies. However, in terms of thermal stability and
strength at high temperatures, DSCM significantly surpasses precipitation-hardening
alloys. In the latter, when exposed to temperature, coagulation and reverse dissolution
of the second phase particles occur, leading to a decrease in strength properties. On the
contrary, in dispersion-strengthened composites, the described transformations are
absent since their components do not have mutual solubility in the solid state, and the
strengthening particles have a low coagulation rate.

2 Literature Review

The possibility of obtaining a new class of composite materials combining the
advantages of aging alloys and dispersion-strengthened composite materials is due to
the ability of metals mutually insoluble in liquid and solid states to form anomalous
supersaturated solid solutions during the condensation of mixtures of their vapors in a
vacuum. Subsequent heating can lead to their irreversible decomposition with the
second phase particles precipitation and an increase in strength properties [1].

However, studies in this direction have not received further development until now.
The patterns of these processes have practically not been studied. This also applies to
anomalous solutions of molybdenum in copper obtained by mechanical alloying of
mixtures of their powders [2]. Moreover, for such a system, various technological
factors on the solid solubility and structural state of the materials obtained are studied
[3]. The theoretical concepts of the regularities of the formation of such metastable
solutions is also developed [4]. High functional properties of these materials is reported
[5]. The relevance of this problem is enhanced by the fact that the decomposition of
such anomalous supersaturated solutions and the realization of the precipitation
hardening peak in metals with a nanoscale structure may differ significantly from
conventional metallurgical alloys. This can manifest itself in temperature-time inter-
vals, kinetics, and mechanisms of the mentioned processes [6]. It should also be noted
that during the condensation of immiscible metals vapor mixtures, by varying the
technological conditions, it is possible to obtain dispersion-strengthened composite
materials already during deposition [7]. Most research is devoted to studying the
structure and properties of such objects [8].

The next group of publications is devoted to obtaining nanostructured thermally
stable metals of the indicated binary systems by vacuum-plasma [9] and powder
technologies. In the study [10], criteria were developed to select alloying elements that
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form grain boundary segregation in the matrix metal, thereby contributing to the sta-
bilization of the nanostructural state. The diversity of structural-phase states of such
grain boundary segregation is also reported [11]. The influence of the physicochemical
properties of segregating elements on the state of grain boundaries is considered in
[12]. The studies presented in [13] indicate that the state of the internal interfaces in
nanostructured metals has a dominant effect on the combination of their strength and
plasticity.

In this regard, the purpose of this work is to study the effect of the molybdenum
concentration on the regularities of dispersion hardening of vacuum Cu-Mo conden-
sates during isothermal annealing.

3 Research Methodology

Condensates of the Cu-Mo binary system up to 50 lm thick obtained by separate
electron-beam evaporation of the constituent components and subsequent crystalliza-
tion of their vapor mixtures on a non-orienting substrate in a vacuum pressure *10–
3 Pa were studied separated from the substrate. The range of Mo concentrations in the
investigated condensates was 0.1–2.0% at. The annealing was carried out at a tem-
perature of 620 °C, the time of which varied in the range from 15 min to 3 h. The
choice of thermal treatment modes was based on the data of [1]. The condensate
structure was studied by transmission electron microscopy and X-ray diffractometry.
The molybdenum concentration was controlled by X-ray fluorescence analysis. The
electrical resistivity of the condensates was measured by a compensation method. The
strength properties were controlled by measuring the microhardness. The main ana-
lyzed value was the relative microhardness – Han/Hin. Where Han is the microhardness
of the annealed samples; Hin – microhardness of the same samples in the initial state
before annealing. This technique made it possible to exclude the influence of possible
heterogeneity of the composition and other poorly controlled factors on the processes
under study. The objects were annealed in a vacuum with a residual pressure not
exceeding 10–2 Pa.

4 Results

Figure 1 shows the dependences of the grain size (L) and the crystal lattice parameter
(a) of the copper matrix on the Mo content in the condensates, which have a two-stage
nature. Up to a concentration of *0.3 at. %, there is a sharp decrease in the value of
L and a slight increase in the crystal lattice parameter.
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In the electron microscopic images of these samples, no signs indicate second phase
particles’ presence (Fig. 2). The experimental results presented and the data obtained
on similar objects [10] suggest that the main part of molybdenum atoms in condensates
with a concentration corresponding to the descending branch of the L – f(C) depen-
dence is concentrated in grain boundaries in the form of grain boundary segregations.

a 

b

Fig. 1. Dependence of the grain size (a) and the crystal lattice parameter (b) on the Mo content.
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At molybdenum concentrations corresponding to the flat area of the L – f(C) de-
pendence, the structure of the condensates is significantly different. Diffraction
reflections of BCC and FCC molybdenum particles, mainly concentrated in the grain
boundaries, appear on the electron diffraction patterns (Fig. 3). A significant increase in
the crystal lattice parameter in this range of molybdenum concentrations indicates the
formation of an anomalous supersaturated solution with Mo atoms in the copper crystal
lattice under the used technological conditions for condensate obtaining.

The high degree of dispersion of the second phase particles, the nanoscale structure
of the copper matrix, which is a supersaturated solid solution of molybdenum on its
basis, determines the high strength properties of the objects under study and increased
electrical resistivity (Fig. 4).

a    b

Fig. 2. Electron-microscopic images of the structure of the condensate containing 0.4 at. % Mo:
a – bright-field image, b – electron diffraction pattern.

  
a    b   с

Fig. 3. Electron-microscopic images of the structure of the condensate containing 1.6 at. % Mo:
a – bright-field image, b – dark field image, c – electron diffraction pattern.
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Isotherms of relative microhardness (Han/Hin) for condensates annealed at 620 °C
with different Mo concentrations are shown in Fig. 5. It is seen that precipitation
hardening is not observed for condensates with a Mo content of *0.3 at. % over the
entire range of annealing times. An increase in the molybdenum concentration in
condensates leads to the appearance of the precipitation hardening effect, the value of
which rises with an increase in Mo concentration. This process also manifests itself in
two stages as the duration of annealing increases. Figure 6 shows the characteristic
isotherms of the crystal lattice parameter of the copper matrix and the electrical
resistivity of condensates with a concentration of *1 at. % Mo. It can be seen that
within 30 min, the values of a and q decrease sharply, followed by reaching a plateau.
These data allow us to conclude that the first peak of precipitation hardening, which
appears in the region of 30 min of annealing, is caused by the decomposition of a
supersaturated solid solution of Mo in the copper crystal lattice. This conclusion is
confirmed by the results of electron microscopic studies (Fig. 7), in which second
phase particles are observed (both within the grains and at the grain boundaries of the
copper matrix).

a 

b

Fig. 4. Dependence of microhardness (a) and electrical resistivity (b) on the Mo content.
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Fig. 5. Influence of annealing time on the relative microhardness of Cu-Mo condensates.

a 

b

Fig. 6. Dependences of the crystal lattice parameter (a) and electrical resistivity (b) of Cu-Mo
condensates on the time of isothermal annealing.
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An analysis of these results suggests that the second peak of precipitation hardening
is associated with a change in the mechanism of the hardening action of molybdenum
particles and processes occurring in the second dispersed phase, which can be very
diverse simultaneously and have different effects on the properties. They may include
the following: the emergence and relaxation of stresses around particles, their different
growth rates to critical sizes within the grains and in the region of grain boundaries,
changes in the structure of adsorption layers of molybdenum atoms at the grain
boundaries of the copper matrix. It is essential to note that the initial dimension of the
grain structure of the copper matrix remains the same over the entire range of annealing
times used.

5 Conclusions

It has been established that anomalous supersaturated solutions of molybdenum in the
copper crystal lattice undergo irreversible decomposition at temperatures above 600 °
C. The aging process has a two-stage nature. The decomposition of the solid solution
causes the first peak of precipitation hardening. It is suggested that the second maxi-
mum of microhardness is associated with the processes occurring in the second phase,
which induce a change in the mechanisms of their strengthening action. The heights of
precipitation hardening peaks increase with increasing supersaturation of the solid
solution of molybdenum in the copper crystal lattice. The nano- and submicrocrys-
talline structure is retained upon annealing above 600 °C for 3 h.

The results of this study indicate the possibility and prospects of obtaining ther-
mally stable nanocrystalline Cu-Mo pseudoalloys with optimal combinations of
strength and electrical resistivity.

a    b   с

Fig. 7. Electron microscopic images of Cu-Mo condensates annealed at a temperature of 620 °C
(a – bright-field image, b – dark-field image, c – electron diffraction pattern).
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Abstract. The paper discusses the possibility of obtaining polymer composite
materials with a high content of layered carbon filler (over 50 wt %). The
application of the vacuum self-assembly method for this purpose is described.
Graphene oxide synthesized by the modified Hammers method was used as a
filler. Oligoamidoimide and phenol-formaldehyde oligomer were used as a
binder for the preparation of composites. An increase in the ordering of the
structure of the polymer layers adjacent to the filler particles is confirmed by the
data X-ray diffraction analyses. It is shown that the breaking stress in tension
increases by 1.1–1.6 times, and the elongation at the break by 1.2–1.7 times.
The optimal concentration of graphene oxide, in this case, is 60–80 wt %.
A mechanism is proposed that underlies the increase in mechanical properties
based on a change in the nature and spatial density of bonds between functional
groups of the polymer and filler.

Keywords: Graphene � Phenolformaldehyde � Oligoamidoimide

1 Introduction

Most often, nanocomposites with a high filler concentration (more than 50%) are
obtained by the method of gradual layering: a polymer layer is deposited from the
solution onto a substrate, after which a nanofiller layer is applied to it; thus, by gradual
layering and alternating layers, bulk nanocomposite materials are obtained. This
method's formation of a layered structure is caused by strong aggregation between
individual components, which ensures the high strength of the materials [1]. For
example, polymer-clay nanocomposites prepared by alternate layering demonstrate an
increase in the elastic modulus up to 6 GPa [2]. An alternative is the method of self-
assembly of polymer composite materials using a vacuum unit. Vacuum self-assembly
is a flexible and relatively simple method for fabricating ordered materials based on a
polymer-graphene oxide system with a high filler concentration (>50%). Such com-
posites can be easily obtained by filtering the graphene oxide colloidal solution (pre-
dispersed in the polymer solution) through a simple, inexpensive membrane filter. The
advantage of the vacuum self-assembly method is its availability, low cost, the ability
to choose a wide range of materials, the high growth rate of the material layer, and no
need for careful equipment adjustment.
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This work aims to create a composite material based on available thermosetting
oligomers with a high concentration of graphene oxide (as a filler) by vacuum self-
assembly. This approach makes it possible to use the synergism of the interaction of the
composite material components, which will make it possible to achieve high properties
of composites at the macro-level [3]. For antifriction, abrasive materials, and coatings,
the essential properties are mechanical strength, thermal resistance, and thermal
stability.

2 Literature Review

The introduction of nanosized fillers, such as nanoribbons and nanotubes, can radically
affect composite materials based on polymers: increase thermal conductivity [4] and/or
electrical conductivity [5], increase fire resistance [6], or impart antimicrobial resistance
[7]. Nanocomposites with a low filler concentration exhibit isotropic properties because
the nanofiller particles are randomly oriented. This contrasts with traditional com-
posites containing fillers that are elongated (a significant length to width ratio). When
using a high filler concentration (more than 50%), such materials are characterized by
the anisotropic orientation of the filler phase [8]. This anisotropic orientation provides a
significant improvement in properties in the longitudinal direction of the orientation of
the filler. However, in other directions, the effect of the action of the filler is less
pronounced or may even lead to deterioration in properties [9]. The solution can be
using nanoscale fillers, which will simultaneously increase properties and isotropic
structure. However, despite a large array of publications, the effect of high concen-
trations of nanofiller on the properties of polymer materials has not been studied. This
is due to the high cost of such fillers, materials based on them, and the ability of
nanofillers to aggregate [10]. However, successes in the synthesis of graphene oxide
suggest that the issue can be resolved, making it possible to better study the effect of
nanofillers on the structure of polymer composite materials [11].

3 Research Methodology

3.1 Obtaining Materials Based on Graphene Oxide

Source Materials. The starting materials were graphite powders, phenol-
formaldehyde, and oligoimidoimide oligomer, N, N-dimethylformamide (DMF). All
reagents were purchased from Ukrorgsintez.

Ultrasonic treatment of oxidized graphite to obtain graphene oxide was carried out
using an ultrasonic waveguide UZPK-12A (20 kHz) (Ukraine). The vacuum stripping
was performed using a Value VE115N vacuum pump (China). An OPn-3M centrifuge
(Ukraine) was used for centrifugation.

Synthesis of Materials. Graphite was oxidized to graphene oxide by the Hammers
method [12]. The graphite powder (5 g) was pre-oxidized by vigorous stirring for 6 h.
The pre-oxidized powder was filtered and washed with water (3 times 50 ml each) and
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dried at 50 °C for 12 h. Then this powder was stirred for 48 h at 35 °C in a potassium
dichromate solution to increase the amount of oxidized product. This product was
purified by five cycles of resuspension in twice-distilled water (30 ml each), followed
by centrifugation at 8000 rpm for 30 min to remove residual metal cations [13].

Exfoliation was achieved by sonication of an aqueous suspension of graphite oxide
(300 ml, 10 mg/ml) for 1 h in an ultrasonic bath. Non-exfoliated aggregates were
removed from the solution by centrifugation at 9000 rpm for 25 min while maintaining
the supernatant. Complete exfoliation of graphene oxide nanolayers was confirmed by
the absence of a diffraction peak in the diffractogram of a freeze-dried powder prepared
from an aqueous dispersion.

Preparation of Constituent Solutions. The constituent solutions of graphene oxide
and oligomers were prepared by adding dropwise a dilute aqueous dispersion of gra-
phene oxide (30 ml, 1 mg/ml) to the corresponding oligomer solution in DMFA (10–
90 mg in 20 ml of water).

3.2 Instruments and Research Methods

Micrographs of the produced materials (CEM) were obtained on a PEM-106 micro-
scope (Ukraine).

Mechanical properties were measured on a Tiratest-2850 universal testing machine
(Germany). Test pieces (2–6 mm wide and 20–40 mm long) were made by pressing.
Uniaxial tension was measured in air at room temperature.

X-ray phase analysis was performed on a Rigaku 3000 diffractometer (Rigaku
Americas, Inc., The Woodlands, TX) with nickel-filtered CuKa radiation
(X = 0.15406 nm), in the range 4°–90°.

Thermogravimetric measurements and differential scanning calorimetry studies
were performed on a Perkin-Elmer DSC 6000 scanning calorimeter (Perkin-Elmer,
USA) with a heating-cooling apparatus. The sequential heating and cooling rate was
5 °C/min. The temperature range was 25–300 °C, the number of heating-cooling
cycles was 5 cycles/sample.

Composite polymer materials were obtained by the thermal pressing of the starting
oligomers containing a filler. Samples of the composite material were bars with
dimensions of 7 � 7 � 70 mm. Initial pressing parameters: pressure 100 MPa, tem-
perature 180 °C, polymerization time 40 min.

4 Results

For fabricating nanocomposites based on graphene oxide and polymer using the pro-
posed method successfully, initial dispersions containing both graphene oxide
nanolayers and a dissolved polymer were prepared (Fig. 1).

For the experiment, we used two types of oligomers: phenol-formaldehyde oligo-
mer and oligoamidoimide.

Since graphene oxide layers have many acidic functional groups on their surface
[12], they can be easily dispersed in polar solvents using ultrasonic treatment [13].
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For obtaining hydrophilic polymer nanocomposites based on graphene oxide, the
filler is mixed with an aqueous solution of the polymer (oligomer) under the action of
ultrasonic treatment. The preparation of hydrophobic compositions requires an addi-
tional stage of dissolution of the initial polymer/oligomer in a less polar solvent, for
example, in N, N-dimethylformamide (DMFA), which does not cause aggregation of
graphene oxide nanoparticles both in the solvent itself and in the oligomer or polymer
dissolved in it.

The resulting oligomer solution containing a graphene oxide dispersion is filtered
through a membrane under the constant action of ultrasound. Some oligomeric chains
begin to pass through it (Fig. 1b and c); however, this process is inhibited by the
deposition of graphene oxide nanoplates on the membrane surface. This graphene
oxide film on the filter surface reduces further oligomer losses. Combining the
simultaneous action of ultrasound and filtration leads to a uniform deposition of both
filler nanolayers and oligomers inside the finished nanocomposite: graphene oxide
layers and oligomeric chains are deposited on each other. Although solvent molecules
can slowly penetrate the growing structure of the nanocomposite, the oligomer remains
intercalated in the interlayer galleries.

As indicated above, since part of the polymer from the initial dispersion passes
through the membrane during manufacture, not all of the initially dissolved oligomer
remains in the manufactured nanocomposites. However, a significant part of the
original oligomer (up to 84%) is retained in the composition. This fact is confirmed by
the weight analysis method.

(a)

(b)            (c)

Fig. 1. Schematic representation of the production of nanocomposite films by vacuum self-
assembly from a solution containing both graphene oxide nanolayers and a dissolved polymer.
The filter membrane immobilizes graphene oxide layers, which, in turn, interacts with the
polymer solution flowing through it.
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The results of studies of thermogravimetric analysis of materials based on oligo-
mers are shown in Fig. 2a and b:

The curve for the phenol-formaldehyde oligomer without filler demonstrates a two-
stage process of weight loss: in the range 120–200 °C and lower values between 250 °
C and 300 °C, leaving only 6% of the mass of the original sample. The introduction of
graphene oxide into the material led to an increase in thermal stability, reflected in a
shift in the temperature of the beginning of the mass-loss process up to 420 °C, and the
carbon residue was about 43% of the initial mass of the composite. These character-
istics were possessed by a composite that contained 70% filler by weight. Comparative
analysis of the structures (Fig. 3) indicates a better homogeneity of the structure
obtained by vacuum distillation.

(a) (b)

Fig. 2. Thermogravimetric analysis of materials based on oligoamidoimide (a) and phenol-
formaldehyde oligomer (b): 1) graphene oxide 2) without filler and with filler in the amount of
wt %: 3) 50; 4) 60; 5) 70; 6) 80.

(a)         (b)

Fig. 3. The structure of the materials after polymerization: (a) without vacuum distillation
and (b) by the vacuum distillation method.
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It was expected that the polymer interlayers in the composition of the samples
would have a high degree of ordering. This assumption was confirmed using the X-ray
diffraction method. The diffractograms of the obtained compositions had distinct peaks
characterizing broad regions of ordering with long-range order. Diffraction patterns of
polymers based on phenol-formaldehyde oligomer (without graphene oxide) had a halo
characterizing the short-range order of the structures (Fig. 4 and 5).

All fabricated nanocomposites had a high level of mechanical properties (Tables 1
and 2). The mechanical properties for samples with a high filler content were signifi-
cantly higher than for samples with a low concentration. This is due to the following
facts: an increase in the ordering of the polymer in the interplanar space; a decrease in
the distance between the planes of graphene oxide; a decrease in possible chain con-
formations that can be realized in galleries (Table 1 and 2, Fig. 6).

(a) (b) (c)

(d)        (e) 

Fig. 4. Diffraction patterns of composite materials: a) based on oligoamidoimide oligomer
(without filler) and with filler (graphene oxide) in an amount of wt %: b) 50; c) 60; d) 70; e) 80.
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(a)          (b)        (c) 

    
(d)        (e) 

Fig. 5. Diffraction patterns of composite materials: a) based on phenol-formaldehyde oligomer
(without filler) and with filler (graphene oxide) in an amount of wt %: b) 50; c) 60; d) 70; e) 80.

Table 1. Mechanical properties of composite materials based on oligoamidoimide oligomer and
filler (graphene oxide).

The amount of graphene oxide in
oligoamidoimide %, w/w

Maximum stress at the
break, MPa

Maximum
deformation, %

0 14.9 1.11
50 15.1 1.21
60 15.6 1.34
80 14.8 1.09
100 13.3 0.97

Table 2. Mechanical properties of composite materials based on phenol-formaldehyde oligomer
and filler (graphene oxide).

The amount of graphene oxide in
phenol-formaldehyde %, w/w

Maximum stress at
the break, MPa

Maximum
deformation, %

0 22.6 0.51
50 34.2 0.64
60 36.8 0.71
80 37.1 0.84
100 36.4 0.76
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The obtained high indicators of mechanical properties in the first approximation are
associated with the active interaction of functional groups of graphene oxide and
groups of the phenol-formaldehyde oligomer. Graphene oxide contains on its surface a
large number of hydrophilic oxygen-containing functional groups (primarily epoxy and
hydroxyl) [14], and the phenol-formaldehyde oligomer has carbonyl, hydroxyl, and
methylol groups. These groups can easily interact with each other.

The results of similar polymer composite materials tests, but with a lower content of
graphene oxide, showed values of properties lower than those indicated in the article
[14]. For example, for systems based on reduced graphene oxide (0.05–0.25 wt %)
And phenol-formaldehyde oligomer, 80% of the mass is lost at 400 °C versus 800 °C
for the composites we have developed.

Based on the results obtained, it can be assumed that hydrogen bonds play an
essential role in increasing the mechanical properties of the developed composite
material. An experiment can confirm this under the following conditions: graphene
oxide was obtained without polymer, and the obtained samples were pressed without
heating in an undried form and with heating at a temperature of 100 °C.

Graphene oxide has hydrophilic properties due to functional groups on the material
surface [14]. Samples without drying had a rigid structure (modulus of elasticity *1–
2 MPa); after drying, the samples were destroyed by their weight [15]. Thus, water
should play a crucial role in ensuring interaction between adjacent layers, most likely
due to the network of hydrogen bonds (Fig. 6) formed between epoxy and hydroxyl
groups on the surfaces of adjacent graphene oxide layers. The network of such bonds
can be responsible for the rigidity of specimens in composite materials.

It is assumed that the presence of water between the graphene oxide nanolayers can
significantly increase the degrees of freedom associated with creating a network of
hydrogen bonds connecting the layers (Fig. 6b). Such a network would be rare in
anhydrous graphene oxide layers (Fig. 6a). The functional groups are too rigid in
anhydrous material and spaced far enough apart to create hydrogen bonds. The addition
of water molecules with rotational and translational degrees of freedom, which the

(a) (b) (c)

Fig. 6. Schematic diagram showing the ability of intercalated molecules to contribute to the
hydrogen bond bridges spanning the gallery.
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functional groups associated with the layers do not have, allows these functional groups
to bind to water molecules. The ability of water molecules to serve as both an acceptor
and a donor of hydrogen bonds makes them “universal adapters” for forming such a
network. When a graphene oxide sample is dried, the absence of water significantly
reduces the ability of adjacent layers to interact via hydrogen bonds. For example, if
functional groups in adjacent layers cannot form hydrogen bonds, interaction will not
occur. Accordingly, the mechanical properties of the material will decrease at the
macro level. The second problem is that, in an entirely dehydrated sample based on
graphene oxide, the rigidity of the layers significantly limits the degrees of freedom of
surface groups, reducing the possibility of hydrogen bonding. Since such bonds appear
only at short distances less than 3Å [15], their formation requires a particular orien-
tation of the interacting groups.

In graphene oxide-phenolic oligomer nanocomposites, the hydrophilic oligomer
chains in the gap between the galleries play the same role as water in creating a large
network of hydrogen bonds but significantly improved the strength of covalent bonds
between growing polymer chains during polymerization. In other words, an increase in
the mechanical properties observed in graphene oxide-phenolic oligomer nanocom-
posites is due to a combination of hydrogen and covalent bonds, where the side
hydroxyl groups of the oligomer chains interact with oxygen-containing groups on the
graphene oxide surface via hydrogen bonds.

According to the proposed model of the formation of a network of hydrogen bonds
(Fig. 6c), it can be seen that the mechanical properties of nanocomposites based on
graphene oxide and phenol-formaldehyde oligomer varied widely depending on the
change in the content of graphene oxide. As the amount of filler increased, a significant
increase in the density of the hydrogen bond network of the composites was observed.
Hydrogen bonds can provide additional self-organization of composite material for
tribotechnical or instrumental purposes in the contact zone with the material being
processed or a counterbody in a friction pair.

Our proposed model of hydrogen bonds also explains the high tensile strength and
deformation upon fracture for nanocomposites with graphene oxide. Once the stress
reaches a sufficient level to break the hydrogen bonds between the functional groups of
the polymer and the oxygen-containing functional groups on the graphene oxide sur-
face, the layers can accommodate some local slip to reduce defect accumulation.
Further research is needed to thoroughly investigate the role of molecular interactions
in the operational behavior of the developed composite materials.

5 Conclusion

A technological approach to synthesizing homogeneous composites with graphene
oxide content in the range 50–70 wt % is proposed. It is shown that high mechanical
properties can be provided due to a large number of hydrogen bonds, which can create
the possibility of a self-organization process in the composite in the contact zone.

A promising application of the developed materials will be the instrumental direc-
tion, particularly the creation of composites filled with superhard abrasives for grinding
and finishing the most critical parts made of metals and non-metallic materials.
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One of the ways to improve these composites can be the use of a reducing medium
to partially reduce graphene oxide and increase its reactivity. Another promising
direction can be the additional chemical functionalization of graphene oxide layers to
create possibilities for controlling the dynamics of reversible rearrangement of bonds
between the filler and the polymer binder under actual operating conditions.
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Abstract. The presented work aims to construct a plasticity diagram for
SCH20 cast iron, which is necessary to predict the ultimate deformation values
of this material under deformation conditions with significant negative values of
the coefficient of the stress state. A theoretical model of the composite cast iron
sample deformation during its joint compression with plastic materials has been
developed, influencing hydrostatic pressure values and the stress-deformed state
index along with the wall thickness. The calculations performed according to the
developed model made it possible to determine the stress-deformed state
parameters and create the necessary conditions for determining the deformation
accumulated before fracture at various negative values of the coefficient of the
stress state. A technique is proposed for experimental studies of the composite
sample deformation, including a test program and the development of a device
for compressing the studied samples. Experimental studies of a composite
sample compression consisting of SCH20 cast iron and L63 brass confirmed
theoretical calculations results and made it possible for the first time to obtain
significant plastic deformations of cast iron with negative values of the stiffness
coefficient of the stress state. The studies carried out made it possible for the first
time to construct a cast-iron plasticity diagram, including the area where
deformation occurs at significant negative values of the stiffness coefficient of
the stress state.

Keywords: Theoretical model � Stress-deformed state � Cast iron � Composite
sample � Plasticity � Deformation � Stiffness coefficient � Stress state

1 Introduction

The emerging trends in the production and machines and mechanisms operation are
aimed at a significant improvement in their operational properties, primarily by
improving the quality of the working surface of parts [1]. The factors influencing the
surface quality include the physical and mechanical characteristics of the surface layer
properties, which are estimated by the depth of hardening and residual stresses and
geometric properties characterizing the microrelief of the processed part [2]. At present,
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in addition to the listed indicators, the parameter characterizing the microdefectiveness
of the surface layer – the resource of the plasticity used – is increasingly used [3].

The plasticity of a metal depends on several factors. Besides the nature of the
material itself, the most important is the thermomechanical parameters of the process
itself: the type of stress state, temperature, rate of deformation, and history of defor-
mation [4]. The dependence of plasticity on the type of stress state is characterized by
the plasticity diagram, which is a mechanical characteristic of the material [5]. The
plasticity diagram is presented in the coordinates: “the stiffness coefficient of the stress
state η – the accumulated deformation before fracture eult”.

The study of plasticity indicators is significant in processing low-plastic materials
by plastic deformation, such as graphite-containing cast iron SCH20, the possibilities
of plastic deformation limited by destruction.

In [6], the possibility of cast-iron products’ plastic deformation was proved
experimentally, but to quantitatively determine the magnitude of ultimate deformations,
select the expansion deformation values, and residual plasticity, it is necessary to
construct the plasticity diagram of the studied material. The construction of such a
diagram is associated with the performance of studied materials mechanical tests under
simple loading and deformation conditions when stresses and deformations vary in
proportion to one parameter. Moreover, if plastic materials, tensile, torsion, and
compression tests allow achieving significant deformations [7], then for such a low-
plastic material as cast iron, traditional research methods do not ensure significant
ultimate deformations [8].

Thus, studies aimed at constructing the plasticity diagram of low-plastic materials
are becoming relevant.

2 Literature Review

A feature of the plasticity diagram for low-plastic materials, in particular, graphite-
containing cast irons, is the need to create a stress state that provides significant
negative values of the stiffness coefficient of the stress state η, which will make it
possible to achieve significant plastic deformations.

Tensile tests, biaxial tension of cast iron samples showed almost complete absence
of plastic deformation (brittle fracture took place). At the same time, during com-
pression tests, where the coefficient of the stress state η = −1, insignificant plastic
deformation of the tested samples was recorded [9]. Plastic deformation (less than
2.5%) is also present during torsion fracture [7].

In works [10] labor-intensive methods of testing materials under conditions of
strong hydrostatic compression in high-pressure chambers with complex and expensive
equipment are proposed.

Thus, the existing methods for determining the residual deformation for low-plastic
materials, which are practically available for technological practice, provide the value
of the stiffness coefficient of the stress state only within η = −1. This does not allow
obtaining a continuation of the plasticity diagram into the region of strong hydrostatic
compression, where it is possible to achieve large plastic deformations without
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destruction, which would make it possible to study the pressure treatment technological
processes of such materials.

Consequently, there is a need to develop a technique for determining the plastic
deformation before fracture at values η � −1. There are no test data in the literature
for such coefficients of the stress state.

In [11], a theoretical model was developed for a cylindrical sample axial com-
pression case, including a cast-iron sample enclosed along the outer surface in a rigid
cylindrical cage.

The relationship between stress and deformation tensors is known [12]:

rr ¼ 2
3
er
e0

r0 e0ð Þþ r; ru ¼ 2
3
eu
e0

r0 e0ð Þþ r; rz ¼ 2
3
k
e0

r0 e0ð Þþ r ð1Þ

where rr, ru, rz – respectively radial, circumferential and axial stresses; r –

hydrostatic pressure (average stress); r0(e0) is the stress intensity, depending for the
hardened material on the intensity of the accumulated plastic deformation e0; k – rel-
ative axial deformation. This compression model makes it possible to predict large
plastic deformations of a cast iron sample. However, its capabilities in terms of
practical experimental control of deformation parameters are limited.

In [13], it was shown experimentally that under the joint compression of plastic and
low-plastic materials, it becomes possible to influence the parameters of the stress-
deformed state (SDS) and the hydrostatic pressure the stiffness coefficient of the stress
state. Consequently, there is a need to improve the previously proposed technique [11].
For this, it is necessary to develop a theoretical model for the deformation case of a
composite sample in a combination of “cast iron - plastic material”.

The presented work aims to construct a plasticity diagram for graphite-containing
cast iron SCH20, which is necessary to predict the ultimate deformation values at
significant negative values of the coefficient of the stress state.

For achieving this goal, it is necessary to solve the following tasks:

– to develop a theoretical model of a cast iron sample compression while limiting
radial deformation due to the use of a cast iron and plastic material composite
sample;

– according to the developed model, determine the SDS parameters of the composite
sample;

– to develop a methodology and equipment for conducting experimental studies of a
composite sample compression in a combination of cast iron with other materials;

– to determine the SDS parameters for a composite sample under conditions of sig-
nificant plastic deformation.

– to construct a plasticity diagram for cast iron in the area of high hydrostatic
pressure.
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3 Research Methodology

The basis for the development of the calculation method is the SDS presentation of a
composite pipe workpiece in its uniform settlement with limited radial deformation
along the outer surface.

Let us consider the deformation conditions of a composite cast iron sample com-
posed of several cylinders with different materials.

In [11], an equation was obtained to determine the radial stress for the case of a
cylindrical sample axial compression enclosed along the outer surface in a rigid
cylindrical cage:

rr ¼ 2
3
eu
e0

r0 e0ð Þ � 2
3
er
e0

r0 e0ð Þ
� �

dr
r
; ð2Þ

eu, er – circumferential and radial deformations at a point with coordinate r. After
using the example of a composite sample, the integration of Eq. (2) is carried out
sequentially for each layer (Fig. 1) from the inner free surface, on which the normal
stress rr is equal to zero.

Then we get that

– for point A:

ð3Þ

Fig. 1. The calculated scheme for a composite sample.
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– for point B:

rr ¼ Zr1

rB

2
3

eu
e0

r01 e0ð Þ � er
e0

r01 e0ð Þ
� �

dr
r
þ Zr

r1

2
3

eu
e0

r02 e0ð Þ � er
e0

r02 e0ð Þ
� �

dr
r
; ð4Þ

– for point C:

rr ¼ Zr1

rB

2
3

eu
e0

r01 e0ð Þ � er
e0

r01 e0ð Þ
� �

dr
r

þ Zr2

r1

2
3

eu
e0

r02 e0ð Þ � er
e0

r02 e0ð Þ
� �

dr
r

þ Zr

r2

2
3

eu
e0

r03 e0ð Þ � er
e0

r03 e0ð Þ
� �

dr
r

ð5Þ

where r01(e0), r02(e0), r03(e0) are the approximations of the various materials hard-
ening curves, respectively, of the first, second, and third cylindrical layers of the
composite sample.

The hydrostatic pressure r is determined from (1) taking into account the found rr:

r ¼ rz � 2
3
er
e0

r0 e0ð Þ; ð6Þ

Substituting values (6) into (1), we find ru, rz.
Stiffness coefficient of the stress state

g ¼ 3r
r0 e0ð Þ ; ð7Þ

Let us approximate the experimentally obtained curve of SCH20 cast iron hard-
ening by dependence r0 ¼ a e0ð Þb. Parameters a and b were determined by the least-
squares method: r0 ¼ 952; 42 � e0;1670 . Similarly, we approximate the experimentally
obtained dependence under uniaxial compression of L63 brass samples:
r0 ¼ 820þ 120e0.

The calculations were performed with a constant step of axial deformation k = 0.1.
Figure 2 shows the change in the parameters of the deformation tensor, stresses,
hydrostatic pressure, and the stiffness coefficient of the stress state depending on the
hole radius in a composite sample of SCH20 cast iron and L63 brass within 1 � r
3, that is, from the inner surface of the hole to the outer surface sample (Fig. 2).
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Calculations performed for the deformation of a cast iron sample in combination
with L63 brass (Fig. 2) showed the independence of the deformation values from the
material, which is explained by the fact that the deformation values were obtained only
from the condition of material incompressibility.

The performed theoretical studies made it possible to establish that when plastic
materials are used together with cast iron during combined sample compression under
constrained circumferential deformation, it becomes possible to change the hydrostatic
pressure r and the coefficient of the stress state η along with the wall thickness, that is,
depending on the range of variation r (Fig. 2).

  
а)                                                           b)

  
c)                                                     d)

Fig. 2. Changes in the deformation intensity parameters (a), radial stress (b), hydrostatic
pressure (c), the stiffness coefficient of the stress state (d) depending on the composite sample
radius “cast iron SCH20 - brass L63”.
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4 Results

4.1 Experimental Research Technique

The above calculations made it possible to draw up a program for testing composite
samples of cast iron and plastic materials at various negative values of the stiffness
coefficient of the stress state η.

Compression testing of composite samples was carried out on a UIM-50m universal
testing machine with a maximum developed load of 500 kN and operating speeds range
of the movable crosshead from 0.001 mm/min to 200 mm/min. For experimental
studies, a particular device was developed and manufactured (Fig. 3a and b), consisting
of a test composite sample 2, coupled with a clip 1 for compression, as well as two
punches 3.

The tested composite sample 2 (Fig. 3a) is two mating cylinders made of SCH20
cast iron and L63 brass. The outer surface of the composite sample mates with the
compression holder 1 with an infinite wall thickness does not deform plastically and
ensures the absence of plastic deformations on the outer surface of the sample. Axial
compression is performed by two punches 3, moving towards each other with an effort
P and contacting their end planes with sample 2, and cylindrical surfaces with the inner
side surface of the holder 1. Sample 2, when its ends are compressed by punches 3, is
deformed in the axial and radial directions.

A composite sample installed in a special device was smoothly loaded with an
axially compressive force to determine the ultimate deformation before fracture. The
onset of destruction was recorded at the moment of appearance of a characteristic short-
term crunching sound using the tracking arrow of the force-measuring device and a
force and displacement transducer with a recorder.

For visual control of the cast iron sleeve destruction nature, the composite sample
was cut and examined under a microscope.

а) b) 

Fig. 3. Device for compressing samples: a – device scheme; b – general view.
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4.2 Experimental Results

The experimental studies show compression of a composite sample consisting of a cast-
iron thin-walled sleeve and L63 brass. It should be noted that brass L63 is a hardenable
material that is effectively used as an antifriction coating applied by the method of
finishing antifriction non-abrasive treatment on a previously prepared surface of a cast
iron product [14].

Figure 4 shows a composite “cast iron – brass” sample in the initial state. It was
found that for a given pair of composite samples, the compression process is stable.
Axial deformation before fracture is equal to k = −0.096. The dimensions of the
sample (Fig. 4a) ensured the deformation of the cast iron at η = −1.89.

The appearance of the deformed composite sample upon fracture is shown in Fig. 5
(a). A crack on the surface of the cast-iron sleeve is shown in Fig. 5(b).

а)                                  b) 

Fig. 4. Composite sample “cast iron SCH20 – brass L63”: a – sample dimensions; b – general
view.

а)   b) 

Fig. 5. View of the composite sample “cast iron SCH20 – brass L63” after deformation: a –

general view of the composite sample; b – a crack in a cast iron sample.

360 I. Shepelenko et al.



As seen from Fig. 5(b) view of cast iron sample destruction is mixed. It should be
noted that along with the plastic area’s appearance of plasticity resource exhaustion, the
crack has areas of brittle fracture.

Thus, the studies carried out made it possible to establish the deformation indices for
the composite sample “cast iron – brass”: the total deformation of the cast iron sample
was e0 = 39% with a stiffness coefficient η = −1.89. This is a very significant plastic
deformation for such a semi-brittle material as cast iron SCH20, which was achieved by
the proposed theoretical and experimental research programs. Similarly, for the sample
“M1 copper – SCH20 cast iron – M1 copper” composed of three sleeves, a large
deformation e0 = 78% was obtained with a stiffness coefficient η = –3.6.

The data obtained made it possible for the first time to obtain a cast iron plasticity
diagram with significant negative values of the stiffness coefficient of the stress state
(Fig. 6).

5 Conclusions

The studies conducted allowed us to formulate the following conclusions.
A method for obtaining significant plastic deformations of low-plastic cast iron

SCH20 has been developed, which consists of developing a model of deformation of a
composite cast-iron tubular sample during its joint compression in combination with
other materials. This made it possible to influence the values of hydrostatic pressure
and SDS indicators over the wall thickness of the studied sample.

It has been proved that semi-brittle cast iron can plastically deform only at negative
values of the stiffness coefficient of the stress state, which makes it possible to for-
mulate the following statement: holes processing in cast iron products by plastic
deformation is possible only in the absence of plastic deformations near the outer
surface. In this case, only the inner wall thickness applied to the hole is plastically
deformed.

Fig. 6. Plasticity diagram of cast iron SCH20.
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The experiments planned according to the developed theoretical model of the
settlement of the composite sample confirmed the calculation results. They made it
possible for the first time to obtain significant plastic deformations of cast iron with
negative values of the stiffness coefficient of the stress state.

For the first time, a cast iron SCH20 plasticity diagram was constructed, including a
section where deformation occurs at significant negative values of the stiffness coef-
ficient of the stress state.
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Abstract. The article describes the results of the studies focused on the
properties of multilayer composite coatings with nanolayer structures based on
nitrides of Cr, Mo, Zr, Nb, and Al. Tests were carried out to study the influence
of temperature varying in the range of 600–1000 °C on the value of the adhesion
component of the coefficient of friction (COF). The investigation was also
focused on the cutting properties of carbide tools with the coating understudy
during the turning of AISI 321 steel at various cutting speeds. The study
revealed the relationship between the value of the adhesion component of the
COF and the tool life of coated cutting tools. The tool with the Cr,Mo-(Cr,Mo)
N-(Cr,Mo,Al)N coating under study demonstrated good wear resistance on the
tool’s rake face during the cutting of corrosion and heat-resistant AISI 321 steel.
With an increase in the cutting speed, the cutting properties of the tool with the
coating understudy increase compared to the tools with other coatings or
uncoated tools.

Keywords: Physical coatings � Coefficient of friction � Tool life � Thermo
stability � Tool wear

1 Introduction

Tribological and frictional properties of coatings are interrelated and significantly
influence the performance properties of products on the working efficiency of cutting
tools. It should be considered that with an increase in a temperature to 500–1000 °C,
which is typical for the cutting zone, the tribological properties of the coatings change
significantly. This change relates both to an increase in the material ductility and the
formation of tribologically active oxide compounds (Magneli phases) on the surfaces of
the coatings. Certain metal oxides are characterized by particularly favorable tribo-
logical properties at high temperatures in combination with high thermostability. The
inclusion of such metals or their nitrides in the compositions of the coatings for cutting
tools contributes to an increase in their working efficiency.
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2 Literature Review

At high temperatures, nitrogen is replaced by more active oxygen, and thus, oxides are
formed instead of nitrides [1]. Aluminum oxide Al2O3 is characterized by favorable
properties [2, 3]. During the heating of samples with the Al2O3-based coatings, the
COF increases to a certain temperature (about 700 °C) and then the COF decreases
significantly [4, 5]. During heating of the coatings based on the nitrides of such metals
as Al-doped Ti, Cr [6], V, Nb, Mo, W [7], and Y [8], the oxide phase of Al2O3 is being
formed, sometimes in the form of a continuous surface film of nanometric thickness [6–
8]. Apart from aluminum, molybdenum [9, 10] (which forms MoO3 oxide [11, 12]) and
chromium (which forms Cr2O3 oxide) [13] are also able to form strong tribologically
active oxide films. Similar films can also be formed at temperatures above 700 °C [12].
However, during heating to temperatures above 900 °C, the coatings with high
molybdenum content and chromium begin to lose their performance properties due to
the too active oxidation process [14].

Thus, it may be noted that the formation of oxides in the surface layers of the
coatings may have both favorable (due to the improvement of tribological parameters
and formation of protective films) and unfavorable (due to the total fracture of the
surface structure of the coating) influence on the performance properties of the
coatings.

The studies focused on the tribological properties find that the coatings with
multilayer structures demonstrate better values of the COF, hardness, and adhesion to
the substrate compared to the coatings with monolayer structures [15, 16]. However,
the COF does not always play a crucial role in the cutting properties of coated tools. In
particular, although for the (Ti,Al)N coatings, the value of COF is slightly higher than
for the (Cr,Al)N coating, a tool with the (Cr,Al)N coating demonstrated higher wear
resistance during turning [17]. The noticeable influence on the cutting process is
exercised by forming oxides of Cr2O3 and especially MoO3, which contribute to a
noticeable decrease in the COF at temperatures typical for the cutting zone [18]. With
an increase in temperature, the hardness of most coatings decreases, but in some cases,
the opposite effect can occur. In particular, as the temperature rises to 800 °C, the
coherency strains are being formed in the (Ti,Al,Mo)N coating, and they prevent the
sliding of dislocations and thus improve the hardness of the coating [19, 20]. The COF
of the coatings first increases as the temperature rises to 500–600 °C and then decreases
with further growth of the temperature [21, 22]. The development of coatings with a
multi-component composition of a wear-resistant layer (including nitrides of three and
more metals) contributed to an additional mechanical and performance properties
improvement compared to the coatings with mono- or two-component composition
[21, 23]. The main challenge of the article is to study the influence of chromium and
molybdenum on the tribological properties of the coatings. The multilayer composite
coatings based on nitrides of Cr, Mo, Zr, Nb, and Al were chosen as the main object of
the study.
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3 Research Methodology

The coatings under study were deposited using the filtered cathodic vacuum arc
deposition (FCVAD) technology [16, 24, 25]. The technology was implemented on the
VIT-2 unit (developed by VIT–IDTI RAS), which included two evaporators with a
pulsating magnetic field and an evaporator with a curved plasma duct longitudinal,
continuous, and uniform magnetic field [26, 27].

It is extremely difficult, if possible, to measure the COF directly during the cutting
of materials. On the other hand, the standard methods for measuring the COF do not
consider the essential features of the cutting process since they do not consider the
temperature in the cutting zone and related factors (for example, oxidation and diffu-
sion processes). Thus, it is reasonable to use a measurement method that, on the one
hand, simulates the cutting conditions efficiently and, on the other hand, makes it
possible to measure the COF adequately and accurately. The current study used the
equipment and method described in detail in [21, 22].

In the presented mathematical model, a spherical indenter, which is made of the
material identical to the tool material and which simulates a contact patch between a
cutting tool and a workpiece being machined, rotates around its own axis, being
compressed by two plain parallel inserts made of the material identical to the material
being machined [28]. The inserts compress the indenter with certain forces, and a
certain temperature in the range from zero to 1000 °C is provided in the entire system.
The force Fexp required to rotate the indenter compressed by the inserts is measured.
The force relates to the shear strength sn of adhesive bonds.

The strength snп of adhesion bonds on the cut is determined from the relation [29]:

sn ¼ 3
4
Fexp

p
Rexp

r3ind
ð1Þ

where Fexp is the circumferential force on the disk, rotating the indenter; Rexp is the
radius of the disk in which the indenter is fixed; and rind is the radius of the indent on
the samples.

Normal stresses are defined as follows [29]:

pn ¼
N

pr2ind
ð2Þ

Thus, the adhesion (molecular) component of the COF is defined as follows [29]:

f M ¼ sn
pn

¼ 3
4
Fexp

N
Rexp

rind
ð3Þ

where pn is normal stresses acting on the surface of the sphere.
The hardness (HV) of the coatings was determined by measuring the indentation at

low loads according to the method proposed by Oliver and Pharr, which was conducted
on a micro-indentometer hardness tester (CSM Instruments) at a fixed load of 10 mN.
SNUNISO 1832:2012 carbide (WC+15% TiC+6% Co) inserts were used to study the
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cutting properties of coated tools. Indenters of similar compositions (WC+15% TiC
+6% Co) were chosen to investigate the tribological properties of the coated samples.
An ACU 500 MRD lathe (Sliven) with a ZMMCU500MRD variable-speed drive was
involved in the investigation focused on the cutting properties of the tools with the
coatings under study. The cutting geometry parameters were: c = –7°, a = 7°, k = 0,
r = 0.4 mm, at the following cutting conditions: f = 0.1 rpm, ap = 0.5 mm, and vc =
60, 80, 100, and 120 m/min. The nanostructure of the coating was examined with a
JEM 2100 (JEOL, Japan) transmission electron microscope (TEM) using EDX system
INCA Energy (OXFORD Instruments) to determine the chemical composition of the
coatings.

4 Results

The results of the comparative analysis on the chemical composition of the coatings
under study are presented in Table 1. All the coatings are characterized by low content
of aluminum (within 6–16 at%). Since there may be a gradient change in the scope of
elements in the coating nanolayers, Table 1 also indicates ranges of such change.

The nanostructures of the coatings under study are considered (Fig. 1). The pre-
sented images depict the nanolayer structures of all the coatings under investigation.
The first six coatings have close values of the nanolayer period k (100–200 nm), and
two options – with an extremely large (302 nm) and an extremely small (10 nm)
nanolayer period k – are considered for the Ti-TiN-(Ti,Al,Cr)N coatings. The above
methods may be applied to study both the influence of the chemical composition of the
coatings and the impact of their nanostructure on the value of the adhesion component

Table 1. Chemical composition of the coatings under comparison, at %.

Coating composition Cr Mo Al Ti Zr Nb Si

Cr,Mo-(Cr,Mo)N-(Cr,
Mo,Al)N

67–77 18–25 6–13 – – – –

Ti-TiN-(Ti,Cr,Al,Si)N 32–44 – 6–12 44–53 – – 2–3
Zr-ZrN-(Zr,Al,Si)N – – 6–11 – 87–91 – 2–3
Zr-ZrN-(Nb,Zr,Cr,Al)N 25–33 – 6–12 – 25–35 25–35 –

Zr,Nb-(Zr,Nb)N-(Zr,Nb,
Al)N

– – 7–16 – 39–43 39–45 –

Cr,Mo-(Cr,Mo,Zr,Nb)N-
(Cr,Mo,Zr,Nb,Al)N

43–50 16–23 6–8 – 11–14 12–14 –

Ti-TiN-(Ti,Al,Cr)N 29–38 – 8–6 45–55 – – –
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of the COF. Table 2 gives the results of the measurements of the hardness HV and the
nanolayer period k of the coatings under study. The value of k has no significant
influence on hardness [34, 35]. The tribological properties (the value of fadh, the
adhesion component of the COF) of the samples under study are compared (Fig. 2).
While at the temperature of 500 °C, the value of fadh for the sample with the Cr,Mo-
(Cr,Mo)N-(Cr,Mo,Al)N coatings is slightly higher compared to the values of fadh for
the samples with the coatings based on ZrN (Zr-ZrN-(Zr,Al,Si)N and Zr-ZrN-(Nb,Zr,
Cr,Al)N) and is close to the values of fadh for the samples with the coatings of

Cr,Mo-(Cr,Mo)N-
(Cr,Mo,Al)N

Ti-TiN-(Ti,Cr,Al,Si)N Zr-ZrN-(Zr,Al,Si)N

Zr-ZrN-(Nb,Zr,Cr,Al)N Zr,Nb-(Zr,Nb)N-(Zr,Nb,Al)N Cr,Mo-(Cr,Mo,Zr,Nb)N-
(Cr,Mo,Zr,Nb,Al)N

Ti-TiN-(Ti,Al,Cr)N
λ = 302 nm

Ti-TiN-(Ti,Al,Cr)N
λ = 10 nm

Fig. 1. Nanostructure of the coatings under study.
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Ti-TiN-(Ti,Cr,Al,Si)N; Zr,Nb-(Zr,Nb)N-(Zr,Nb,Al)N and uncoated samples, then at
the temperature of 800 °C, the sample with the Cr,Mo-(Cr,Mo)N-(Cr,Mo,Al)N coating
demonstrates the lowest value of fadh among all the samples under study. With a further
increase in the temperature to 900 and 1000 °C, the tendency intensifies and the
importance of fadh for the sample with the Cr,Mo-(Cr,Mo)N-(Cr,Mo,Al)N coating is
noticeably lower than for the other samples under study. At the given temperatures, the
values of fadh for all samples with the (Ti,Cr,Al)N-based coatings become even higher
than for the uncoated sample.

Thus, the value of fadh increases upon heating from 500 to 800 °C for all the
samples under study. During heating to 900 and 1000 °C, the value of fadh begins to
decrease for most of the coated samples under study but almost does not change for the
uncoated sample and the samples with the coatings containing Nb and not containing
Mo: (Zr,Nb-(Zr,Nb)N-(Zr,Nb,Al)N and Zr-ZrN-(Nb,Zr,Cr,Al)N). The Cr,Mo-(Cr,Mo,
Zr,Nb)N-(Cr,Mo,Zr,Nb,Al)N coating, containing both Mo and Nb, demonstrates a
slight decrease in fadh at the given temperatures. Based on the above, it can be assumed
that the presence of Mo in the composition of the coating contributes to a decrease in
fadh upon heating to a temperature of 900 °C and above, while the presence of Nb, on
the contrary, inhibits such a decrease. This phenomenon can be explained: at high
temperatures, the coatings based on the nitrides of Mo, Cr, and Al form solid and dense
oxide films of MoO3, Cr2O3, (Cr,Al)2O3, and Al2O3 [32] that contribute to a decrease
in the value of fadh. At the same time, the Nb-containing coatings form soft porous
oxides of Nb2O5 and CrNbO4 [33] that inhibit a decrease in fadh. Zirconium oxide ZrO2

is also a solid and dense compound. It can positively influence the tribological prop-
erties of the coatings, which may explain a decrease in fadh for the ZrN-based coatings.

The influence of various coatings on the flank wear rate of carbide cutting tools is
considered. Figure 3 depicts the relationship between Hm (the specific value of the
flank wear rate per one meter of the cutting path) and the cutting speed during turning
with carbide tools with the coatings under study. The lower rake wear rate at all cutting
speeds was demonstrated by the tool with the Ti-TiN-(Ti,Al,Cr)N coating (k = 10 nm).
The tool with the Cr,Mo-(Cr,Mo)N-(Cr,Mo,Al)N coating understudy also showed good
resistance to wear on the rake face. It should be noted that with an increase in the
cutting speed, the difference in the wear rate on the samples with the Ti-TiN-(Ti,Al,Cr)
N (k = 10 nm) and Cr,Mo-(Cr,Mo)N-(Cr,Mo,Al)N coatings slightly reduces. Such an
effect may relate to the fact that the temperature rises with an increase in the cutting
speed and, accordingly, it intensifies the formation of the MoO3 oxide film, which has a
positive influence on the cutting conditions. In the course of the earlier tests, the tool
with the Cr,Mo-(Cr,Mo,Zr,Nb)N-(Cr,Mo,Zr,Nb,Al)N coating showed the highest wear
resistance in turning of AISI 1045 steel. Meanwhile, in the course of a current series of
cutting tests, its wear resistance appeared to be lower compared to the tools with the Ti-
TiN-(Ti,Al,Cr)N (k = 10 nm) and Cr,Mo-(Cr,Mo)N-(Cr,Mo,Al)N coatings. Since
corrosion- and heat-resistant AISI 321 steel (HB 179 MPa) is a hard-to-cut material
(M20-M25 ISO), the cutting conditions for AISI 321 steel differ significantly from the
cutting conditions for AISI 1045 steel [34]. The steel being machined contains Cr (18 at
%) and Ni (12 at%), which significantly influences the nature of its machining and wear
of the cutting tool.
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Table 2. Results of coating hardness measurements (HV, GPa).

Coating HV, GPa k, nm

Cr,Mo-(Cr,Mo)N-(Cr,Mo,Al)N 24.0 ± 1.6 82
Ti-TiN-(Ti,Cr,Al,Si)N 36 ± 1 98
Zr-ZrN-(Zr,Al,Si)N 28 ± 1 110
Zr-ZrN-(Nb,Zr,Cr,Al)N 26 ± 1 205
Zr,Nb-(Zr,Nb)N-(Zr,Nb,Al)N 23.2 ± 3.6 96
Cr,Mo-(Cr,Mo,Zr,Nb)N-(Cr,Mo,Zr,Nb,Al)N 28.2 ± 2.1 138
Ti-TiN-(Ti,Al,Cr)N (k = 302 nm) 29.82 ± 1 302
Ti-TiN-(Ti,Al,Cr)N (k = 10 nm) 30.64 ± 1 10

Fig. 2. Comparison of the tribological properties (the value of fadh, the adhesion component of
the COF) for the samples under study.

Fig. 3. Relationship between Hm (the specific value of the flank wear rate per one meter of the
cutting path) and the cutting speed during turning with carbide tools with the coatings under
study.
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5 Conclusions

The properties of multilayer composite coatings of various compositions with a
nanostructured wear-resistant layer were studied. The conducted studies have found the
following.

The Cr,Mo-(Cr,Mo)N-(Cr,Mo,Al)N coating under study demonstrated the lowest
value of fadh, the adhesion component of the COF, among all the tested samples, over
the entire temperature range of the study.

The presence of Mo in the composition of the coating contributes to a decrease in
fadh upon heating to a temperature of 900 °C and above, while the presence of Nb, on
the contrary, inhibits such a decrease in fadh.

The tool with the Cr,Mo-(Cr,Mo)N-(Cr,Mo,Al)N coating under study demonstrated
good wear resistance on the tool’s rake face during the cutting of corrosion and heat-
resistant AISI 321 steel. With an increase in the cutting speed, the cutting properties of
the tool with the coating understudy increase compared to the tools with other coatings
or uncoated tools.

Further planned research on this topic is to study the effect of the magnitude of the
nanolayer period k on the properties of various compositions’ coatings and the cutting
properties of tools with such coatings.
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Abstract. This paper presents the deposition of Ti(TiN)/a-C:Ti(TiN) coatings,
doped by titanium and nitrogen atoms on steel 316L and Si substrates, to study
the microstructures and mechanical properties. The coatings were obtained
using titanium cathode DC and graphite target pulse arc sputtering under
nitrogen pressure of 10–1 Pa. The phase composition in the coatings was studied
by XPS and Raman spectroscopy. XPS results showed that Ti-C bonds formed
in the Ti/TiN/a-C:Ti coating, while Ti-N, Ti-C, C–N bonds were observed in the
Ti/TiN/a-C:Ti:N coatings. Raman spectroscopy exhibited that the doped tita-
nium layers into a-C coatings decrease the size of Csp2 clusters. An increased
disordering was also observed in Csp2 clusters, which is essential for the
mechanical properties. The surface microstructure of the coatings was further
characterized by AFM, which indicated strong dependences on the droplet
phase, grain size, and nature (such as graphite, titanium carbide, titanium car-
bonitride) the coating. The microhardness of coatings rose to 12.5 GPa. The
doped titanium layers decreased internal stresses in Ti/TiN/a-C:Ti, i.e.,
108,1 MPa. The friction coefficient is less than 0.3, dependent on the presence
of Ti atoms in a-C coatings. Internal stresses are reduced due to the introduction
of doping elements and soft metal layers in the coating structure. The change in
the sp2/sp3 ratio determines the change in microhardness values and kinetics of
friction.
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1 Introduction

Modern ion-plasma technologies make it possible to deposit protective coatings of
various stoichiometric and chemical compositions on the functional surfaces of the
cutting tool and various structural elements of machine parts [1, 2]. The thin-film
hardening technology consists of the fact that coatings with a thickness of several
nanometers to several micrometers are deposited on the working surfaces of assembly
parts subjected to increased loads. These coatings provide an increase in the service
life. The a-C coatings containing carbon clusters with different hybridization of bonds
are characterized by an exceptional combination of physical and mechanical properties.
As noted in previous papers on this topic [3, 4, 6, 7], the main variable parameters of
multilayer coatings based on solid layers are the thickness values, the nature, and the
arrangement of individual layers involved in forming a given structure. A considerable
number of papers have been devoted to the peculiarities of the properties of multilayer
coatings based on thin layers, and there are theoretical approaches to choosing the
optimal geometric parameters of a multilayer structure. However, there are a lot of
aspects considering multilayer carbon-containing coatings that remain unclear,
including the influence of the nature and parameters of the metal or nitride layer on the
structure and properties of the carbon-based upper layer. A structural feature of such
coatings is a high proportion of interphase interfaces relative to the total volume of
interfaces, which significantly affect the properties of the multilayer coating. The grain
boundaries are areas with high compositional heterogeneity. They contain structural
defects, which, in particular, are obstacles to the propagation of dislocations and cracks,
which implies an increase in the hardness of the coatings and a decrease in internal
stresses.

The formation of nanostructured layered coatings with high mechanical properties
is possible through a particular selection of conditions and deposition modes, coating
design parameters, and the analysis and study of interphase interaction processes. The
resulting coatings of the given composition and structure with stable performance
properties, resistant to multifactorial operating conditions, are impossible without
analyzing the features of the coating structure formation process.

The presence of the metal coating and/or metal nitride in the Me(MeN)/a-C:Me
(MeN) structure makes it possible to increase the strength of the adhesive bond
between the coating and the substrate, and also to reduce the level of internal stresses
due to the plasticity of the metal layers [5, 6]. The application of such coatings is
limited by the deposition and growth features, catalytic and chemical processes of
interaction between elements in the coating, leading to a change in the structure and,
consequently, in mechanical properties.

Mechanical properties (microhardness, internal stresses, friction, and wear resis-
tance) of coatings containing layers of metals or nitrides Me(MeN)/a-C:Me(MeN)
depend and are determined by the presence and thickness of titanium (titanium nitride)
layers and carbon layers doped with titanium and/or nitrogen [7]. Among the metals
used to create composite carbon coatings, titanium is one of the most common elements
caused by its ability to interact intensively with carbon to form titanium carbide, which
is characterized by high hardness and toughness. The formation of titanium carbide
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phases in the volume of the carbon matrix leads to a decrease in the propagation of
dislocations in the coating volume, which causes a decrease in the growth of cracks in
the contact interaction process, and due to the alternation of the phases “carbon” -
“titanium carbide”, the coating retains high hardness at lower values of internal stresses
[8].

This paper aims at determining the influence of technological conditions and
synthesis modes of multilayer a-C:Ti and a-C:Ti:N coatings, deposited on a titanium
and titanium nitride bilayer, on their structure, morphology, and mechanical properties.

2 Research Methodology

The Ti(TiN)/a-C:Ti(TiN) coatings were deposited on monocrystalline silicon wafers
(111) and 3261 stainless steel substrates using a combined evaporation method that
combines the evaporation of a titanium cathode by a DC arc (discharge current 70 A,
titanium VT-100) and a graphite target by a pulsed arc discharge (f = 15 Hz,
Upulse = 350 V). The nitrogen partial pressure was 10–1 Pa. The thickness of the
coatings was (450 ± 10) nm. The thickness of TiN layers did not exceed 150 nm. The
thickness of Ti layers did not exceed 20 nm The choice of previously sequentially
deposited layers of titanium and titanium nitride as a sublayer makes it possible to
ensure high strength of the adhesive bond of the multilayer coating with the substrate
and individual layers between themselves [9].

The morphology of the coating surface was studied by atomic force microscopy
(AFM) in the modes of topography and phase contrast measurement (scanning area
3 � 3 lm) using a Solver-PRO P47 (NT-MDT).

Raman spectra were recorded using a Senterra Raman microscope (Bruker). The
spectra were recorded in the spectral range of 600 � 2500 cm−1. The spectra were
excited by radiation with a wavelength of 532 nm and a power of 20 mW.

The chemical composition and structure of carbon bonds were determined by the
X-ray photoelectron spectroscopy (XPS) method during the substance excitation by
Ka-radiation of aluminum with quantum energy of 1486.6 eV and total power of 25 W
(PHI Quantera).

The wear tests were carried out according to the “sphere-plane” scheme (UMT 2-
EC, Bruker). The Si3N4 ball with a diameter of 5/32˝ was used as a counterbody.

Friction was carried out at a load of 0.5 N and a sliding speed of 0.1 m/s in an air
environment at a relative humidity (42 � 45)% and a temperature of 22 °C. The
contact pressure, Hertz calculated, was equal to 478.6 MPa.

Internal stress (r) in the coatings was determined using the Stoney formula con-
sidering the change in the curvature radius of the silicon substrate before and after the
deposition of the coatings (Profiler Dektak XT, Bruker) [10].

The microhardness of the coatings was determined by the Knoop method in 15
different places on the coating surface, and the average value was determined on the
basis of the results. The test load and duration were 245 mN and 10 s, respectively.
Since the thickness of the coatings did not exceed 1 lm, the obtained microhardness
values were interpreted as the mechanical characteristic of the entire “coating-
substrate” system.
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3 Results

The concentration of elements in the surface layer of the coating was determined using
the XPS (Table 1).

As can be seen, the coating contains nitrogen, oxygen, titanium, and carbon.
Regardless of the deposition method of the upper layer, traces of titanium and nitrogen
were found in the coating (presumably the reflexes from the underlying layers).
Oxygen in the coating is present as a result of titanium oxidation in the residual
atmosphere of the vacuum chamber or as a result of attachment to carbon after
depressurization of the vacuum chamber. The presence of titanium and nitrogen is
explained by diffusion processes and the coating of sufficiently large titanium particles
formed at the deposition stage of Ti or TiN layers.

Figure 1 shows the spectra of C1s states of carbon atoms in the coatings deposited
on layers of different nature. The C1s spectrum of the Ti/TiN/a-C coating (Fig. 1a)
contains the peaks characteristic of Csp2 (peak at 284.3 eV), Csp3 (peak at 285.2 eV),
and C–O bonds. Similar peaks (Fig. 1b, c) are also present in the spectra of the
Ti/TiN/a-C:Ti and Ti/TiN/a-C:TiN coatings [11]. Some bonds determine the interaction
of the Ti–N, Ti–C type in the spectra of Ti/TiN/a-C:Ti and Ti/TiN/a-C:TiN coatings.
The presence of these connections is determined by the formation processes of the
upper composite layer. The peak characterizing the Ti–C type interaction appears
insignificantly in the spectrum of the C1s state of carbon atoms.

Figure 1(c) shows that doping carbon coatings with titanium and nitrogen leads to
an increase in the intensity of the Csp3 component and a decrease in the Csp2 intensity,

Table 1. The atomic concentration of the elements in the coating

Coating C, at. % O, at. % N, at. % Ti2p3, at. %

Ti/TiN/a-C 89.6 8.6 1.5 0.3
Ti/TiN/a-C:Ti 86.8 8.8 1.2 3.2
Ti/TiN/a-C:Ti:N 64.5 19.6 9.0 6.9

Fig. 1. XPS spectra of C1s peak: a – Ti/TiN/a-C, b – Ti/TiN/a-C:Ti, c – Ti/TiN/a-C:Ti:N
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which is consistent with the data in [12]. Comparing the ratios of the contributions of
the integral areas of the Csp2/Csp3 components for the coatings of different architec-
tures, it can be concluded that binary doping with titanium and nitrogen causes a
decrease in the content of carbon-carbon bonds due to the formation of chemical
compounds of a different type, CN for example.

Figure 2(b) shows the spectrum of the Ti2p3 state for the Ti/TiN/a-C:Ti:N coating.
The Ti2p3 spectrum contains peaks characteristic of chemical bonds such as Ti-O, Ti-
N, and metallic titanium. The position and shape of the peak located at 457.8 eV
characterize the Ti-CN type's bond and are in agreement with the data given in [6].
When the spectrum was decomposed into components, the peak characterizing the
bond of the Ti-C type was not detected, which, according to the data given in [7], is
associated with a low titanium concentration in the surface layer of the coating.

The low content of titanium in the form of carbide can be explained by the higher
chemical activity of titanium and nitrogen than titanium and carbon, as well as by the
bombardment of the growing coating with high-energy metal ions, which leads to the
destruction of Ti–C bonds [13].

In the spectrum fragment corresponding to the N1s peak (see Fig. 2a), four peaks
can be distinguished, localized on the energy scale at (396.0 ± 0.2) eV,
(398.7 � 399.1) eV, (399, 5 � 400.2) eV and (402.0 ± 0.2) eV. Three dominant
peaks located at 396.0, 398.7, and 400.2 eV are attributed to nitrogen chemically
bonded to carbon in the states of Csp2-, Csp3-hybridization, and also characterize the
interaction of the N–Ti type. The fourth peak corresponds to the N–O bond or carbon
bonds [14].

The Csp2/Csp3 ratio is 2.76 for the Ti/TiN/a-C coating, while the value of the Csp2/
Csp3 ratio decreases to 1.68 for the Ti/TiN/a-C:Ti coating. There is a further decrease in
the Csp2/Csp3 ratio to values of 1.01 for the Ti/TiN/a-C:Ti:N coatings. Based on these
data, the introduction of titanium and nitrogen (along with the presence of nitride
sublayers) leads to a decrease in the Csp2/Csp3 ratio. Thus, the introduction of Ti and N
into the coating structure causes an increase in the number of carbon atoms in the state
with sp3-hybridization of bonds compared to undoped and doped only with titanium,
which is typical for the coating with a high content of the diamond phase. This

Fig. 2. N1s and Ti2p3 XPS spectra of the Ti/TiN/a-C:Ti:N coatings
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behavior of Csp2/Csp3 is in close agreement with the data obtained by Raman spec-
troscopy and is confirmed by the results presented in [15, 16].

It is known [17] that the ratio of integrated intensities ID/IG determines the relative
abundance of carbon atoms with sp2 and sp3 bond hybridization, while the position and
width of the G peak determine the change in the size and degree of ordering of carbon
Csp2 clusters. Depending on the deposition mode, the presence of titanium/titanium
nitride layers, and titanium or nitrogen atoms in the upper carbon layer, the decom-
position parameters of the Raman spectra change (Table 2). When titanium and tita-
nium nitride are introduced into the carbon coating, the ID/IG ratio increases, which is
caused by an increase in the number of carbon atoms in the state with sp2 bond
hybridization and the formation of CN or CN/CTi/TiN bonds. This, in turn, leads to a
decrease in the size of Csp2 carbon clusters and is characterized by an increase in the G-
peak width compared to the Ti/TiN/a-C coating. The change in the degree of disor-
dering of Csp2 clusters is ambiguous. In Ti/TiN/a-C:Ti coatings, the degree of ordering
of carbon clusters increases. The subsequent introduction of nitrogen results in the
formation of titanium nitride phases in the coating. This leads to a decrease in the
degree of ordering of the carbon matrix, and is confirmed by the shift of the G peak
position to the low wavenumbers region. Thus, the introduction of nitrogen or
nitrogen/titanium atoms causes an increase in the ordering of carbon clusters compared
to the coating containing the a-C layer [18].

As can be seen from the AFM images shown in Fig. 3, there are single drops with a
size of at least 500 nm on the coating surface. Dispersion of the surface structure of the
composite coatings depends on the nature of doping elements [14].

The results of mathematical processing of the AFM images (see Fig. 3) are shown
in Table 2.

Fig. 3. AFM images of the surface of the coatings: a – Ti/TiN/a-C, b – Ti/TiN/a-C:Ti, c –

Ti/TiN/a-C:Ti:N

Table 2. Statistical processing of AFM results

Coating Ra, nm D, nm ID/IG ratio G peak width, cm−1 G peak position, cm−1

Ti/TiN/a-C:Ti:N 0.6 13.4 1.63 162.4 1567.2
Ti/TiN/a-C:Ti 3.3 18.5 1.64 150.6 1573.1
Ti/TiN/a-C 2.2 19.8 0.66 182.5 1563.5
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It has been found that the nature of the doping element affects the coating
roughness and grain size. Simultaneous doping with titanium and nitrogen allows a
directed change in the grain size and, consequently, control of the parameters of the
roughness of the layer [19]. The Ti/TiN/a-C:Ti:N coatings are characterized by the
smallest roughness Ra and the smallest grain size D. The Ti/TiN/a-C:Ti coatings are
characterized by the highest roughness, and the grain size is comparable to the undoped
carbon layer. The surface morphology is determined by the titanium and carbon
interaction and the formation of titanium carbide phases and a change in the size of the
carbon cluster.

The wear tests showed that the friction kinetics of the Ti/TiN/aC:Ti:N coatings
(Fig. 4 and Table 3) differs from the kinetic friction curves, obtained for other coatings
by higher values of the friction coefficient and the wear coefficient of the counterbody,
as well as by a small running-in area at the initial friction modes (Fig. 4) [20]. The
Ti/TiN/a-C:Ti and Ti/TiN/a-C coatings retain their performance during the entire test
period and are characterized by lower friction and wear coefficient (Table 3).

The main factors leading to such changes are changes in the strength of the
adhesive joint due to the formation of the Ti sublayer. In this case, the formation of Ti
or TiN layers leads to the redistribution of residual stresses between layers in the
coating. An increase in their plasticity is also due to the formation of the structure
containing boundary heterophase layers of a diffusion nature and an increase in the
wear resistance of the coating or counterbody due to the presence of the coating
graphite component in the coating surface layer [21]. As shown in Table 3, the
microhardness of the coatings is determined by the presence of Ti and TiN layers and
titanium in the diamond-like carbon layer. When nitrogen is introduced into the a-C:Ti
coating structure, the microhardness is increased to 11.3 GPa. According to XPS data,
this is determined by the formation of the TiN phase [22].

Fig. 4. Kinetic friction curves of the coatings containing titanium and titanium nitride bilayer
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It is shown (Table 3) that the formation of the a-C coatings doped with titanium or
titanium and nitrogen leads to a decrease in internal stresses. Internal stresses are also
reduced due to the content of titanium and titanium nitride layers in the coating
structure [23]:

1 The Ti/TiN sublayer helps to reduce the effects caused by the difference in the
thermal expansion coefficients of the substrate and the coating, which leads to a
decrease in stresses in the surface carbon layer.

2 The upper layer of the a-C:Ti coating is dominated by bonds characteristic of
titanium carbide and titanium metallic phase formation. Inclusions with a crystalline
structure are formed in the amorphous carbon matrix, which makes it possible to
reduce structural defects due to the alternation of sp2 and sp3 regions.

4 Conclusions

The XPS method has shown that the coating contains the Ti-C compounds. They are
formed for the coatings with Ti and Ti-N, and Ti-C, CN compounds, which are formed
for the coatings with Ti and N. Raman spectroscopy has shown that the introduction of
titanium layers into the a-C coating leads to a decrease in the size of Csp2 clusters and
an increase in the coating structure’s disorder degree. The change in the sp2/sp3 ratio
determines the change in microhardness values and kinetics of friction.

AFM has shown the influence of the location of titanium or titanium nitride layers
and the type of the alloying element on the surface morphology (Ra = 0,6 nm for the
Ti/TiN/aC:TiN coating, and for the Ti/TiN/a-C:Ti Ra = 3,6 nm).

The carbon component of the coating is characterized by a high concentration of
carbon atoms in the state of sp3 bond hybridization, as well as a low degree of ordering
of carbon clusters, which causes an increase in internal stresses due to the formation of
the structure with excessive boundary defects [24]. In coatings of the Ti/TiN/aC:Ti:N
and Ti/TiN/aC:Ti type, the Csp3 bonds decrease due to the formation of carbides and
carbonitride compounds in the coating structure, which, together with the presence of
titanium and titanium nitride sublayers, leads to reduction of internal stresses.

The development of methods for separating plasma flows can be chosen as
advanced research directions, i.e., removing microparticles from the plasma flow.
Furthermore, the development of deposition technological methods and techniques
allowing the formation of carbide/carbon coatings with a minimum content of metal
that is chemically unbound with carbon, i.e., the coating consists of two interconnected
matrices: carbide and carbon. By varying the ratio of carbide and carbon bonds in the

Table 3. Mechanical properties of the coatings containing layers of nitride nature

Coating Hk, GPa r, MPa f j � 10–11, m3/(N � m)

Ti/TiN/a-C 12.5 167.8 0.29 2.4
Ti/TiN/a-C:Ti:N 11.3 116.3 0.21 10.1
Ti/TiN/a-C:Ti 10.5 108.1 0.14 7.2
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coating, it is possible to obtain a coating characterized by a polymatrix structure,
representing compounds based on carbides/nitrides and diamond-like compounds.
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Abstract. Fasteners of aircraft gas turbine engines are made of heat-resistant
steels and alloys and are operated in intensive conditions under the action of
high temperatures. For ensuring reliability, the connecting elements of aircraft
engines are made of heat-resistant alloy steels. But under the influence of an
aggressive environment, these elements are destroyed, resulting in problems
during repairs. The structure of the material of fasteners during the threaded
connection by cutting and plastic deformation is considered. The concentration
of stresses in the thread plane depends on the density of dislocations, and the
depth of corrosion penetration on the outer surfaces of the thread reaches
100 lm. It is proposed to introduce additional heat treatment of parts to improve
the physical and mechanical characteristics of the alloy. After additional heat
treatment, the r-phase plates dissolve and prevent the development of micro-
cracks. It is proved that the density of material dislocations in the state of
delivery reaches critical values, but the introduction of additional heat treatment
allows to increase the performance of parts made of alloy HX – Alloy Type
66Ni-17Cr regardless of the method of threading. Prerequisites for the rational
selection of heat treatment modes have been developed, which provide the best
mechanical and technological characteristics and the necessary structure of the
materials used.

Keywords: Alloy � Deformation � Engine � Fractogram � Load � Resource �
Wear resistance

1 Introduction

Threaded and riveted connections of parts, assemblies, and units of various types of
equipment, including aircrafts [1] and engines [2] are the most common and reliable.
Fasteners of gas turbines of aircraft engines work in particularly stressed conditions
under static, dynamic, and vibration loads. As a result, these parts are subject to
increased reliability requirements [3].

To increase aircraft engines’ economic and operational performance, use various
technological techniques that reduce the size of the relevant components, such as
combustion chambers, but increase the load on the parts and, consequently, reduce their
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durability. Gas flows at the entrance to the turbine have a temperature of about 1500°K.
Therefore, during operation, the damage of the surface layers from gas corrosion and
the action of thermal and mechanical factors increases significantly [4]. Traditionally,
the fasteners of gas turbine engines of aircraft are operated for one maintenance period,
and to ensure the required resource, they are made of complex alloy heat-resistant steels
and alloys such as follows: HD – Alloy Type 28Cr-6Ni; HN – Alloy Type 25Ni-20Cr;
HX – Alloy Type 66Ni-17Cr; HW – Alloy Type 60Ni-12Cr; HX – Alloy Type 66Ni-
17Cr [1]. The studied steels and alloys belong to the group: Heat Resistant Steel and
Alloys ASTM A297 (Specification for Steel Castings; Iron-Chromium and Iron-
Chromium-Nickel. For general application/ ANSI/ASTM A297/A297M-97) [5].
However, during the repair, there are some difficulties in disassembling such fasteners
because the surface layers of the working surfaces of such parts have various types of
damage [6]. Therefore, it is essential to solving the problem of increasing heat resis-
tance and durability, reducing the level of various types of damage to parts made of
heat-resistant steels and alloys [7].

2 Literature Review

The yield strength for the test material is 750 MPa. Thus, in the state of supply, the
internal stresses exceed the yield strength, which can lead to relaxation processes,
during which the deformation of the grains can cause microcracks [8]. After high-
temperature heating, the internal stresses are less and do not exceed the yield strength,
and the possibility of microcracks disappears or is significantly reduced [9]. In addition,
it can be assumed that as a result of additional heat treatment [10], it is possible to
eliminate existing microcracks [11].

The microstresses of the second kind, which occur during plastic deformation, are
balanced in the volumes of individual crystallites (or blocks), associated with the
inhomogeneous elastic deformation of crystallites and an inhomogeneous change
interplanar distances [12]. In [13, 14], it was shown that dislocations lead to changes in
interplanar distances, while impurity atoms and point defects, due to the relaxation of
the lattice around them, do not make a significant contribution to the effect of the
expansion of lines on radiographs.

The particles of the secondary phases released from the supersaturated solid
solution significantly strengthen the alloy [15]. The increase in the yield strength rT

depends on the strength, structure, size, shape, distribution method, distance between
the released particles, and degree of coherence of the particle lattices and the matrix
[16]. All these factors affect the interaction of dislocations with the particles of the
secondary phases [17]. In this case, there may be close interaction and long-distance
effects associated with stresses caused by particle lattices and matrices [18].
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3 Research Methodology

To solve the increasing heat resistance and durability of fasteners of aircraft gas turbine
engines, parts (Fig. 1) of the most widely used material HX – Alloy Type 66Ni-17Cr
were studied, mechanical properties of which are given in Table 1. As is known, this
alloy belongs to heat-resistant [19].

X-ray diffraction analysis of the samples was performed to assess the substructural
state of the alloys for different methods of threading and, after the operation, additional
heat treatment of parts. The DRON-3M unit was used for such studies. For determining
the macro stresses in the test material, the X-ray diffractometric method was chosen,
based on the exact determination of the deformation of the crystal lattice, because this
express method has the following advantages: it is non-destructive and non-contact [20].

Fractographic studies were performed using a scanning electron microscope
REMMA-102A at a magnification of 120 to 1.2k times, which provides a significant
depth of field (about 0.5 mm) and sufficient resolution (about 100…200 Å), which
allowed to detect irregularities break and see all the details of the phase composition of
the upper layers and identify the inclusion or selection [21]. The samples were cut from
the destroyed fasteners taken in the state of delivery, after their operation, and after
additional heat treatment, the elements of the destroyed surface were also examined
(Fig. 1c).

Fig. 1. General view of the surfaces of the fasteners of the aircraft engine: a) the surface of the
part that has not been used; b) the surface of detail, after the exploitation with traces of various
damages; c) the fracture surface of the threaded connection.

Table 1. Mechanical characteristics of HX – Alloy Type 66Ni-17Cr alloy.

Material rT, MPa rB, MPa rB
750, MPa d, % w, %

HX – Alloy Type 66Ni-17Cr 72 750 1150 17 19
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4 Results

Characterizing the mechanical characteristics of the alloy HX – Alloy Type 66Ni-17Cr,
according to Table 1, it is clear that this material has high values of rB

750, d, w, which
is an assessment of its operational reliability. However, under the action of high
temperatures, such mechanical properties [22] as elasticity, yield strength, and strength
are significantly reduced. Therefore, even at stress values that are less than the yield
strength, the phenomenon of creep can occur, which is manifested in a gradual increase
in plastic deformation. Since heat-resistant steels and alloys operate in a complex stress
state (tension, compression, bending, torsion), combined with alternating vibration
loads, these materials must resist fatigue at high temperatures and have high creep
characteristics at normal temperature conditions [23].

Fasteners (bolts, studs, spokes) are made by cutting, and therefore the materials
must be well subjected to this type of processing. However, it is known that cutting,
including threading, heat-resistant steel parts, and alloys, is associated with significant
difficulties. This primarily concerns the provision of the necessary roughness and the
elimination of various types of damage to work surfaces during cutting in the form of
material tears and burrs. Therefore, in this case, the thread on the fasteners is usually
applied by rolling [1], which contributes to the appearance of a perfectly smooth
surface that has sufficient depth and a strictly periodic step. This design allows you to
securely fasten the connected parts and provide the necessary tightening force. How-
ever, this technology of cutting causes significant damage to the surface structure of the
metal. Plastic deformation in the material when applying the thread promotes periodic
zones with tensile and compressive stresses with increased dislocation density
(� 1�1012 cm–2). The possibility of forming and propagating cracks in the cut made by
the rolling method is more significant than in the manufacture of threads by cutting
[20]. The results of studies of the material HX – Alloy Type 66Ni-17Cr, conducted
using an X-ray machine DRON-3M in iron radiation, show that the density of dislo-
cations during rolling is more than twice as high as the density of dislocations during
cutting. The concentration of stresses also depends on the density of dislocations,
which significantly increases along the entire plane of the thread compared to non-
working surfaces. It is known that the stress concentration for plastics materials is
harmful under variable loads, elevated temperatures, and vibrations. Peak stresses near
the concentrator can exceed the allowable resistance of the material under variable
load, which leads to premature failure. The complex operating conditions of the gas
turbine engine contribute to the emergence of various diffusion processes that adversely
affect the fasteners of the alloy HX – Alloy Type 66Ni-17Cr. In particular, in places of
high-stress concentration, microcracks often occur, which penetrate the active com-
ponents from the environment and can cause a wedging effect (Rebinder effect), the
development of corrosion, and other negative processes that significantly affect the
durability of such parts and can cause significant difficulties disassembly of the gas
turbine engine. This type of brittle fracture occurs under the action of surface-active or
corrosive media due to overheating and when exposed to the material of other molten
metals.
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Appropriate protective coatings are often used to protect against corrosion and
various diffusion processes. However, this approach complicates the technological
process of manufacturing fasteners and does not always lead to the desired result. In
addition, when tightening the fasteners, the protective coatings can be damaged while
facilitating the diffusion of active gases from the environment due to the accumulation
of dislocations in the places of the cut. The fracture surface of an emergency part is
usually contaminated with soot, grease, corrosion products, or oxide film, the formation
of which is associated with the action of high temperatures on the part (Fig. 1b).
Analysis of the surface layer structure shows that the depth of corrosion penetration on
the outer surfaces of the threads operating in the zone of high temperatures reaches
100 lm. In some cases, it was found that the separation of oxide films can occur. Such
damage at the mentioned loads is the main reason for the development of fatigue
failure. The fractograms of HX – Alloy Type 66Ni-17Cr alloy in the state of delivery
and after hardening and aging (Fig. 2) show signs of brittle fracture in the form of a
chip near the thread with a gradual transition to intergranular fracture with increasing
distance from the thread surface.

Figure 2 clearly shows the signs of hollow fracture and fracture along the grain
boundaries of the alloy HX – Alloy Type 66Ni-17Cr, visible microcracks located at the
boundaries of the inclusions.

In the study of these same samples after heat treatment at 900 °C for 20 min, a
brittle intergranular fracture is observed (Fig. 3): at the grain boundaries weakened by
carbide emissions (Fig. 3a) and at grain boundaries enlarged by coagulated emissions
Fig. 3b).

In the structure (Fig. 3b), microcracks are visible, located along the boundaries of
inclusions and microzones with a hollow structure.

As deformation at the drawing of a carving (rolling or cutting) is conducted at low
temperatures, in a near-surface layer, the slander is formed. Therefore, a fine-grained
structure with thin-plate or fibrous grains is observed (Fig. 4a).

Changes also occur in the near-surface layer after conducting studies of the impact
of operation (s = 40…80 h). After the long-term operation at elevated temperatures, a
fine-grained, partially recrystallized structure is observed (Fig. 4b) with signs of
recrystallization texture.

Fig. 2. Fractogram of HX – alloy type 66Ni-17Cr alloy in the state of delivery (�120): a) in the
center of the sample; b) near the cut.
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The surface formation of the alloys for an oxide layer is accompanied by a redistri-
bution in the surface layer of the matrix of alloying elements and the formation of an
intermediate zone in the form of an oxidized white zone. Alloying elements diffuse into
the scale material. The formation of a layer depleted by the alloying element leads to a
decrease in hardness, strength, reduction of the crystal lattice period, and the occurrence
of stresses. The stresses at any temperature and cause the accumulation of defects and
accelerate nucleation and development of cracks. In fasteners made of HX – Alloy Type
66Ni-17Cr alloy, which has worked less than the estimated technical resource, the
metallographic analysis revealed r-phase plates, which may be one of the causes of
premature failure of parts (Fig. 5). For addressing this issue, additional heat treatment
was performed. After additional heat treatment (1200 ºC, 20 min), the r-phase plates
dissolved and, accordingly, the plastic characteristics of the alloy significantly improved.

Fig. 3. Fractogram of alloy HX – Alloy Type 66Ni-17Cr after heat treatment at 900 ˚C (�120):
a) near the cut; b) in the sample center.

Fig. 4. The structure of the etched surface layer of the alloy HX – Alloy Type 66Ni-17Cr (1 –

subsurface layer, 2 – base metal): a) before exploitation (�400); b) after exploitation (�200).

Fig. 5. r-phase in the alloy HX – Alloy Type 66Ni-17Cr (�1200); (1 – plates of the r-phase in
the main matrix; 2 – the base metal): a) after exploitation; b) after dissolution as a result of
additional heat treatment.
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Prolonged exposure to high temperatures (500…800 °C) during operation leads to
the release of secondary phases – intermetallic compounds at the grain boundaries,
making them part of the alloy brittle, significantly reducing their plastic properties and
toughness. According to the analysis of the conducted research, r-phase
(NiCo)7(WMo)6 and l-phase (NiCoCr)(WMo) are formed in chromium-nickel alloys
and steels, due to which this embrittlement process is called “sigmatation”. The
intensity of the sigmatation process is determined by the intensity of diffusion pro-
cesses, and therefore its duration at low temperatures of 500…600 °C is very signif-
icant (100…1000 h) and is significantly accelerated at temperatures of the order of
800 °C.

These phases are unstable. The elementary cell of the r-phase crystal lattice
consists of 30 atoms (Fig. 6).

These phases are formed on carbides. As a result of growth, they penetrate all the
grain of the metal matrix. The lamellar shape of the phases contributes to the brittle
destruction of the alloy. In addition, by extracting refractory metals from the solid
solution, these phases weaken it. r-phases are formed in the form of segregations with
chromium carbides in nickel-chromium alloys with a high total content of Al and Ti
(more than 10% by weight). The presence of these phases increases the fragility and
reduces the ductility, especially under dynamic loads, and reduces the long-term
strength at high temperatures, i.e., heat resistance.

Using X-ray diffraction analysis on the DRON-3M device, the details of the HX –

Alloy Type 66Ni-17Cr alloy were investigated, and the crystal lattice parameter a, the
size of the X-ray scattering blocks D, the relative change of the lattice parameter Da/a,

the mean square displacement of atoms from the equilibrium position
ffiffiffiffiffi

u2
p

and density
q were evaluated. In addition, the main component of the studied steels and alloys (Fea
and Fec) was evaluated. From the obtained results Fea � 5%, Fec � 95%. The mea-
surement error in determining D and Da/a was 16…18%, the error in determining the
density of dislocations did not exceed 30…40%. The crystal lattice period was cal-
culated with an accuracy of 0.02…0.03% of the specified value. The research results
are presented in Table 2.

From the results shown in Table 2, it is seen that the density of dislocations q after
standard heat treatment, i.e., in the state of delivery, reaches almost a critical value of
1012 1/cm2 and depends little on the method of threading (cutting or thread rolling).
This density of dislocations causes increased fragility of aircraft engine mounts in the

Fig. 6. General view of the r-phase lattice.
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state of delivery and is one of the reasons for their premature destruction. The dislo-
cation density decreases slightly during operation because the operating temperature
(850 °C) is lower than the recrystallization temperature (900 ºC). Further evolution of
the dislocation structure is associated with the consolidation of dislocations due to the
formation of Cottrell atmospheres during operation and the formation, development,
and propagation of microcracks under static and alternating loads, which cause fatigue
failure of parts.

This high density of dislocations can be explained by phase hardening due to the
release of secondary strengthening phases during aging studied the metastable c΄-
phase.

Therefore, it is evident that the additional heat treatment can significantly increase
the performance of parts made of alloy HX – Alloy Type 66Ni-17Cr, regardless of the
threading method.

5 Conclusions

To slow down the fatigue failure of parts and increase their durability, it is necessary to
improve the structure of the surface layer of fasteners significantly. The creep of metals
causes stress relaxation in pre-loaded parts (tightened fasteners gradually weaken).
Therefore, the coarse-grained structure is unacceptable, as it provides increased sen-
sitivity to stress concentrators, which will be the cutting of parts. The manufacture of
parts should consider the appearance of zones with tensile and compressive stresses
with high dislocation density, which depends on the stress concentration. It is necessary
to carefully select the mode of heat treatment, which could provide better mechanical
and technological characteristics and the required structure of the materials used. The
performed research will be continued and serve to improve the technological process of
manufacturing threaded parts from heat-resistant steels and alloys and improve the heat
resistance of these materials by optimizing the heat treatment modes.

Table 2. The results of X-ray-structural studies.

Object of
research

a, Å D, sm Da/a
ffiffiffiffiffi

u2
p

; Å q, sm−2 Remark

HX – Alloy
Type 66Ni-17Cr

3.5953 8.4 � 10–6 – 0.11 0.14 � 1012 In the initial state

HX – Alloy
Type 66Ni-17Cr

3.5940 2.1 � 10–5 0.18 � 10–2 0.08 6.8 � 109 After additional
heat treatment
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Abstract. Drilling oil and gas wells is always accompanied by the process of
screwing and unscrewing the drill-pipe connector. Its effectiveness largely
depends on the accuracy and quality of the thread profile, including the profile
height’s accuracy. Studies show a decrease in the contact pressures and stresses
between the threaded surfaces of the box and the pin of the drill string tool-joint
as the working height of the profile increases. It is a positive factor influencing
the durability and reliability of the drill pipe connector. On the other hand, the
same increase of the working height leads to the improvement of the screwing
process itself, which is an integral part of lowering and lifting operations during
the operation of drill strings. The increased contact area allows the joint to
handle high make-up torques without damaging the thread profile. It is also
advisable to consider the design of the roots not of around but of an elliptical
profile. To ensure leak-tightness and fatigue strength, the operation of joints
with a reduced value of h should be avoided.

Keywords: Tapered thread � Screwing-in criterion � Stress distribution �
Fatigue � FEM

1 Introduction

The structure of the drill-string includes elements that combine drilling pipes between
each other and other objects. These connectors are called tool-joints for drill string
elements. They consist of two parts (Error! Reference source not found.): a box 1,
the female end of the connection, and pin 2, the male end of the connection. One of the
quality indicators of the tool–joint is its screwing and unscrewing that is the value that
indicates the number of unobstructed screwing and unscrewing processes in it. Such
operations always accompany the lowering and lifting process of the drill string. One of
the parameters influencing this process is the working height of the thread profile. In its
turn, this parameter affects other tool-joint characteristics, including stresses and con-
tact pressures distribution along the thread profile flank side. They occur in a state of
complete screwing and affect the reliability and durability of the drill-string connection
(Fig. 1).
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2 Literature Review

There are many studies on the mechanical properties of threaded joints and threaded
surfaces.

The scientific approach to the frictional lock of bolted joints to prevent uninten-
tional self-unscrewing is developed [1]. The value of the friction torque that counteracts
the self-unscrewing of the collet nut is evaluated. But the distribution of the contact
stress along the thread surfaces isn’t taken into consideration. A fundamental fretting
fatigue test is conducted in [2] to investigate the fretting fatigue mechanism in the
threaded connection. The test of the fretting fatigue failure at the middle of the contact
surface is achieved only in it. In paper [3], Schneider’s method is enhanced to generate
an efficient procedure for calculating the fatigue-induced damage at the screws. The
failure criterion is the technical relevant incipient crack length in the first load-bearing
thread turn of the screw [3]. Using the oil-based fluids in drilling, from the point of
view of the fatigue strength of the tool-joints, is preferred [4]. The paper [5] shows the
influence of the process parameters on the quality of thread connections, notably,
thread formation axial force on the opposite sides of the roots. The articles [3–8] do not
demonstrate research of the screwing make-up process.

Several papers demonstrate the technological and design parameters of thread
properties improvement.

The experimental researches of comparative wear resistance of the threaded drill-
pipe connection Z-117 after their improvement using electromechanical surface hard-
ening are given in [9]. The machining influence on surface roughness obtained during
thread grinding is grounded in the article [10]. The machining error influence on the
stress state of the conical thread joint is investigated in [11]. The research work of the
article [12] is directed on variable pitch thread that enhances the bearing capacity of the
casing joint.

Fig. 1. Scheme of the drill string tool-joint consisting: 1 – box; 2 – pin.
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The design methods include improving the configuration of drill pipes, and
threaded connections are shown in [13, 14]. The contact stresses on the surfaces of the
pin and box are determined depending on the size of the technological gap but not on
the distribution of the stresses along the thread surfaces [13].

The authors in [15] use ANSYS software to carry out a 3D simulation of the
wireline core drill string and joint and determined that the thread root had the highest
stress but without considering the distribution of the stresses along the thread surfaces.
In [16], a quasi-three-dimensional model for an ∅89 mm wireline core string joint
under the condition of neglecting the influence of the helix angle. In paper [17], static
mechanics analyze the stress state of the negative angle thread of a (74 mm wireline
core drill string and calculate the torsional resistance of the thread.

The authors [18] analyzed the stress and strain distribution with the 3D whole
structure finite element model’s computing results under torque moment, compression
force, tension load, and bend moment. But their investigations do not take into con-
sideration the thread parameters, including height of profile. The distributions of von
Mises stress and contact pressure in various cases but in the cylindrical thread are
studied only [19].

In the [20], the suggested connection design allows the efficient transmission of
strain wave energy to a drill bit and the automation of making-up and breaking-out drill
pipes but not including the thread profile influence. The general approach for the
quality assessment is presented in [21].

The dependences of the contact pressure and the fatigue safety factor on the major
diameter of the pin thread were studied in [22]. In [23], the contact pressures at the time
of insertion of the pin into the box are investigated based on theoretical assumptions
about the effect of the weight of the drill pipe stand. There are no studies of the
influence of the working height of the profile h on the strength indicators. In connection
with the change of the thread profile, it is also necessary to study the process of
connecting the pin into the box because the screwing and unscrewing are very
important part-time of the drilling operation of oil and gas wells.

3 Research Methodology

The tool–joint tapered thread parameters are: h1 is the height of the thread profile (mm),
h - the working height of the thread profile (mm), P - the pitch of the thread (mm), a -
the width of the thread crest (mm), a/2 - the half of the thread profile angle (Fig. 2).

Abaqus/CAE 6.14 and fe-safe 6.5 were used for FEA. The finite element model
technique is chosen due to its suitability for use for geometrically complex structures.
An axisymmetric model was used to speed up the calculations and increase the accuracy
of the calculation in zones of stress concentration. The parametric axisymmetric finite-
element model of the drilling tool joint ZN-197 GOST 5286 with Z-152 GOST 28487
thread (6 5/8 REG API Spec. 7 equivalent) has been developed. The material of the parts
is SAE-4140 steel with Young’s modulus E = 201 GPa, a Poisson’s ratio m = 0.33, a
yield strength ry = 965 MPa, an ultimate tensile strength rt = 1076 MPa). Material
plasticity and friction are simulated. The joint make-up was simulated by axial defor-
mation (“bolt load”) D = 0.25 mm of the box shoulder. The Brown-Miller strain-life
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dependence was used to calculate the fatigue life N [24]. The calculations were per-
formed using the fe-safe 6.5 software. The fatigue characteristics of SAE-4140 steel
(with a material endurance limit of 572 MPa) from the fe-safe material database were
used. The Brown-Miller criterion was chosen because it provides an adequate estimation
of the fatigue life of the considered material. We considered the fatigue loading cycle
with external tensile load Fmin = 0 MN, Fmax = 4 MN.

4 Results

4.1 FEA-Results

The influence of the deviations Dh of the h parameter (with a nominal value of
3.293 mm) on the equivalent stresses, the logarithm of the fatigue life lgN, and the
contact pressure Pc in the unsafe zones of the joint was investigated. The following
connection designs were considered (Fig. 3): h = 3.293 + 0.6 mm (a),
h = 3.293 − 0.6 mm (b), h = 3.293 mm (c), h = 3.293 + 0.6 mm with additional
reduction of the thread root radius to r = 0.55 mm (d).

It is noticeable that Dh = +0.6 mm leads to an increase in stresses (Fig. 3a) and
contact pressures Pc (Fig. 4) at the beginning and end of the flank of the thread. In the
zone of crest Pcmax = 1908 MPa. It is significantly higher than the ultimate tensile
strength and is due to the interference of the theoretical thread profiles of the pin and
box. This phenomenon is less typical for Dh = −0.6 mm (Pcmax = 897 MPa) (Fig. 3b)
and Δh = 0 mm (Pcmax = 852 MPa) (Fig. 3c).

To prevent interference, the radii of the thread roots should be reduced to
r = 0.55 mm. In this case, the value Dh = +0.6 mm does not lead to a significant
increase in stresses (Fig. 3d) and contact pressures (Pcmax = 733 MPa) (Fig. 4). In
general, the distribution of stresses and contact pressures is somewhat better than for

Fig. 2. Scheme of the tool joint tapered thread according to standard API.
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the nominal version Dh = 0 mm (Fig. 4). This reduces the possibility of operational
damage to the thread profile.

The fatigue strength (Fig. 5) of the joint Dh = +0.6 mm sharply decreases in the
zone of the first (Pin1) unloaded thread of the pin (lgN = 3.18). This is also typical for
Δh = −0.6 mm (lgN = 3.06). For the variant Dh = +0.6 mm, r = 0.55 mm, the fati-
gue strength remained almost unchanged (lgN = 3.83) in comparison with the nominal
variant Dh = 0 mm (lgN = 3.9) (Fig. 5). A slight decrease in the value of lgN is
explained by a decrease in the radius r.

The standard provides for the rounding radii of the crest of the turns. They are
designed to decrease the Pc values. However, to consider the limiting case, they are not
taken into account in the model.

The contact pressure at the shoulder for all considered joints does not change
almost and is approximately equal to 80 MPa. Therefore, it is not necessary to correct
the D value.

a b 

c d 

Fig. 3. Distribution of the von Mises stress (MPa) in tool-joints: Δh = +0.6 mm (a);
Δh = −0.6 mm (b); Δh = 0 mm (c); Δh = +0.6 mm, r = 0.55 mm (d).
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4.2 The Determination of the Criterions H and M

The screwing process is determined using special parameters of rejection of the tapered
thread tool-joint. It is a very important technique because it provides quality thread
screws. The criterion of rejection of the tool joint tapered thread most often in drilling is
the value of H (Fig. 6). This value is defined between the pin end and box end when the
pin is set into the box before their screwing starts. The box is displayed as a number 1
and pin – number 2. The value of H decreases due to thread flank wearing, and, in
theory, the value of H can approach zero. It means that the tool-joint is defective and
must be rejected. The criterion of rejection can be achieved by this formula:

a b 

Fig. 4. Scheme of nodes numbering on the loaded flank of the pin thread (a) and values of the
contact pressure Pc (MPa) on the first loaded flank of the pin thread in the points i (b).

Fig. 5. Values of lgN in thread roots of pin (Pin1–3) and box (Box17).
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H ¼ 2h
K

; mm ð1Þ

where:
h – the working height of the thread profile (mm).
K – thread taper.

The number of revolutions m that must be carried out for the complete screw-in of
elements of the tapered thread tool-joint also depends on the working height of the
profile h and the thread taper K:

m ¼ 2h
KP

; mm ð2Þ

where P – thread pitch.
For tool-joint 6 5/8 REG API Spec. 7 parameters are h = 3.293 mm, P = 6.35 mm,

K = 0.17.

4.3 Theoretical Calculations and Practical Results of Measurements
of Screwing Criteria

For practical implementation, the tool-joint with a standard value of h = 3.293 mm and
an increased value of hp = h + 0.3 (mm) were made. The measurements were per-
formed with a caliper on four sides, and the average value was taken (Fig. 6b).
Screwing in was made after the measurement, and the rotations were calculated. The
results are shown in Table 1.

Fig. 6. Scheme for determining the H-criterion (a), before screwing (b), full screwed (make up
connector) (c): 1 – box, 2 – pin.
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The discrepancy between the obtained practical and calculated theoretical results is
explained by the fact that formulas 1 and 2 describe only the ideal result. The relative
magnification values shown in the last line show the increase in screwing by all criteria.
These data indicate that the criterion of rejection H and the amount of rotations of
screwing m increases approximately equally – by 7–8% as work height increases by
0.3 mm.

5 Conclusions

An increase in the value of h by 0.6 mm with a mandatory decrease in the radii of the
root of the thread to 0.55 mm leads to a decrease in stresses and maximum contact
pressures on the flank of the thread by a factor of 1.2 and almost does not decrease the
fatigue life of the joint and the values of contact pressure at the shoulder. It reduces the
area of the gap and ensures a high leak-tightness of the joint. The increased contact area
allows the joint to handle high make-up torques without damaging the thread profile. It
is also advisable to consider the design of the roots not of around but an elliptical
profile. To ensure leak-tightness and fatigue strength, the operation of joints with a
reduced value of h should be avoided.

The criterion of rejection H and the number of rotations of screwing m increases
approximately equally – by 7–8% as work height increases by 0.3 mm.

In the forthcoming researches, we plan to carry out comparative tests of the
machined thread and theoretical deeper calculations of criteria of screwing instead of
only those applied in present practice.

The computer model is further planned to be verified by experimental tests of
modified threaded joints for leak-tightness, fatigue strength, and increased torque.
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Abstract. The article deals with fragments of technological heredity, which is
the basis of a new scientific and practical direction in mechanical engineering
technology aimed at improving machine parts’ performance by technological
methods in manufacturing parts. The purpose is to study thermomechanical
phenomena affecting the quality of the surface layer, taking into account the
processing of products and genetic heterogeneities formed in previous techno-
logical operations, to establish the influence of these inhomogeneities on crack
and burn formation based on quantitative analysis of the thermal and stress state,
as well as with taking into account the heterogeneity of the material of the
products. The problem of determining the stress-strain state of a piecewise
homogeneous product material, the upper layer containing thin inclusions and
crack-like defects, and the active layer of which is subject to mechanical pro-
cessing, is considered. It was found that the presence of various defects in the
surface layer of the processed products, introduced at the stage of obtaining the
workpiece and subsequent types of processing, requires the formulation of
fracture mechanics criteria in the study of the causes of crack formation.

Keywords: Crack � Stress intensity factor � Heat flux � Grinding � Defect �
Critical state � Solid

1 Introduction

The linkages between the essential operational properties of details (such as wear
resistance, fatigue, and creep strength, contact stiffness, magnetic properties) and
technological parameters such as the microrelief of the treated surface, microhardness,
presence of microcracks, chipping, the depth distribution of the hardened layer are one
of the most critical tasks of engineering technology [1, 2].

The study of the effect of mechanical processing only on the functional properties
of products is insufficient, since processing (such as thermal, thermomechanical,
chemical-thermal) and especially the methods of obtaining blanks, make a significant
contribution to changing the properties of the surface layer, which is subjected sub-
sequently to mechanical processing [3, 4].
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The complexity of the processes occurring in the metal of the surface layer sub-
jected to mechanical processing and these parts’ operation makes it necessary to
consider technological heredity only at the final processing operation [5, 6].

2 Literature Review

The most common final processing method is grinding, ensuring high accuracy and
manufacturing parts [7].

However, grinding is associated with the appearance of cauterization, cracks, and
tensile stresses in the surface layers of parts, which significantly affects the reliability
and durability of these parts during their operation [8].

The following methods currently solve the task of improving the quality of the
surface layer of the ground products:

1. Selection of the the rational grinding modes for the material, and the corresponding
tool’s characteristics.

2. Grinding wheels and belts with an intermittent working surface are used.
3. Automatic control systems of the active cutting power are used.
4. Lubricating and cooling media is recommended, significantly reducing the grinding

operation's heat stress and the likelihood of cauterization and cracks.

However, with the existing manufacturing technology, including composite
materials, these methods do not entirely exclude the surface layer’s defects. It is
facilitated by the inevitable fluctuations of the allowance from the errors of previous
machining operations; microheterogeneity of the material itself, characterized by the
grain size; packaging defects; dislocations and structural transformations; warpage of
parts during the heat, and similar treatments [9, 10].

The high thermal intensity of diamond-abrasive processing processes leads to the
fact that these processes’ thermal physics is often dominant in forming the treated
surface’s quality characteristics [11]. This position is confirmed by some scientists’
research on these processes’ specific problems [12, 13].

3 Research Methodology

The purpose is to study thermomechanical phenomena affecting the quality of the
surface layer, taking into account the processing of products and genetic hetero-
geneities formed in previous technological operations, to establish the influence of
these inhomogeneities on crack and burn formation based on quantitative analysis of
the thermal and stress state, as well as with taking into account the heterogeneity of the
material of the products.

Many researchers attribute magnetic alloys’ predisposition to cracking when pro-
cessed by grinding to their magnetic and crystal structure features, designed to obtain
high magnetic properties [14, 15]. The presence of stress concentrators in the surface
layer of the ground products, which include various kinds of defects introduced in
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obtaining the workpiece and subsequent types of processing, fundamentally compli-
cates the study of cracking causes [16, 17]. Therefore, when determining the
deformable surface layer’s maximum equilibrium state, it is necessary to substitute the
stress and strain components’ values at the top of the concentrator into the classical
strength criteria [18]. This approach is used in fracture mechanics [20], where new
strength criteria are formulated, which are certain invariants, both in models of con-
tinuum mechanics and models that consider the material’s structural features [21].

The stress intensity factors KI , KII , and KIII serve as a measure of the stress
singularity near the tip of a crack-like defect. The critical value of the intensity stress
KC is a material’s characteristic. When the loading causes the stress intensity to become
equal to the critical one, the crack-like defect turns into the main crack. The critical
stress is inversely proportional to the square root of the initial length of the crack-like
defect [21]:

rC ¼ K1Cffiffiffiffi
pl

p ð1Þ

where 2l is the initial length of the crack-like defect, and index 1 is the first type of
failure.

Consider the problem of determining the stress-strain state of a piecewise homo-
geneous product material, the upper layer containing thin inclusions and crack-like
defects, and the active layer of which is subject to mechanical processing. The
boundary of the treated surface �a; að Þ is affected by the heat flow, and on the
remaining part, the heat exchange is realized according to Newton’s law. Under con-
ditions of uneven heating, stresses arise in the surface layer, which, if there are crack-
like defects in the body, can lead to their propagation even in the absence of external
mechanical loads. Let the surface layer of the products on the lines ~x1 ¼ 0, ~x2 ¼
0; . . .;~xK ¼ 0 there are defects ~y1j j\l1, ~y2j j\l2; . . .; ~yKj j\lK in the transition through
which the displacement and stress fields suffer discontinuities. In what follows, we will
consider a system of defects consisting of 2 cracks k ¼ 1; 2ð Þ located in local coor-
dinates, respectively ~x1o1~y1 k ¼ 1ð Þ and ~x2o2~y2 k ¼ 2ð Þ. Figure 1 presents a design
scheme for determining the effect of defects on crack formation under thermal load.

Let us introduce the jumps of displacements and stresses on defects:

h~Vk ~yð Þi ¼ ~Vk �0;~yð Þ � ~Vk þ 0;~yð Þ; hkrx ~yð Þi ¼ k
rx �0;~yð Þ � k

rx þ 0;~yð Þ;
h~Uk ~yð Þi ¼ ~Uk �0;~yð Þ � ~Uk þ 0;~yð Þ; hksxy ~yð Þi ¼ k

sxy �0;~yð Þ � k
sxy þ 0;~yð Þ: ð2Þ
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According to conditions (2), the jumps of normal and tangential stresses on defects
such as cracks are equal to zero, that is, \K

rr yð Þ� 0, \K
Txy

yð Þ� 0. The displacements

~UK ~x;~yð Þ, ~VK ~x;~yð Þ, ~hK ~x;~yð Þ must satisfy the Lamé equations [22]:

~H
0

1�2l þD~Uk ¼ bTT 0; ~H
0

1�2l þD~Vk ¼ bTT 0

~Hk ¼ ~U0
k þ ~V 0

k; b
T ¼ 4G 1þlð Þdt

1�2l

ð3Þ

After carrying out the necessary transformations, the final solution of the systems
(2) and (3) concerning jumps of displacements and stresses will have the form:

fU0
D E

; fV 0
D E

; rx
k

D E
sxy
k

D E��� ��� ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� s2

p Ck þ 2
N

XN�1

m¼1
Tm tð Þ

XN

m¼1
g�kmTm smð Þ

� �
ð4Þ

where T tð Þ – Chebyshev polynomials. So, jumps (10) have been found, and the for-
mulas can determine the stress and displacement fields in a heterogeneous material:

Fig. 1. Calculation scheme for determining the mutual influence of defects on the intensity of
the treated surface’s crack formation from the thermomechanical load formed during the
product’s machining.
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krx; sxy;U 0
;V

0 k ¼ Pn
i¼1

Rli
�li

kR mð Þ
i x� n; yð ÞkP ið Þ nð Þdn

Rm
i x; yð Þ ¼ � aið ÞmV mð Þ

i K Si�mð Þ
n

� �
;m ¼ 0:1

K 1ð Þ
n x; yð Þ ¼ �sgnyð Þnx

4p x2 þ y2ð Þ
2y2

x2 þ y2 � n� 1ð Þ
h i

K 0ð Þ
n x; yð Þ ¼ �sgnyð Þn yj j

4p x2 þ y2ð Þ
x2�y2

x2 þ y2 � n� 1ð Þ
h i

; n ¼ 0; 1; 2. . .

aið ÞmRm
i x; yð Þ ¼ CiV

mð Þ
i K Si�mð Þ

n

� �� Ci þ ai Ci þ dð Þ½ �V m�2ð Þ
i K Si�mð Þ

n

� �
Si ¼ sin2 1

2kp ; Ci ¼ 1�l2i
Ei

; di ¼ li 1þ lið Þ
Ei

P 0ð Þ yð Þ ¼ hrx 0; yð Þi;P 1ð Þ yð Þ ¼ hsxy 0; yð Þi;�P 2ð Þ yð Þ ¼ h�
U

0 0; yð Þi
�P 3ð Þ yð Þ ¼ h�V0 0; yð Þi; P jð Þ xð Þ � 0; yj j[ lk; j ¼ 0; 3

ð5Þ

Of most significant interest is the behavior of stresses rx o; yð Þþ isxy o; yð Þ at
y ! lK 	 0. These stresses determine the nature of the stress intensity factors SIF
KI � KIIð Þ.

Let us consider the case of a crack-type defect with a length of 2l, which is located
in a surface layer with a thickness of 2h and oriented arbitrarily. The surface layer’s
stress state is due to the perturbation near the crack of a given temperature field
Tq x; y; sð Þ. If the T0 x; y; sð Þ ¼ q sð Þ y cosbþ x sinbð Þ function describes the temperature
field, then to determine SIF, we have the formula:

K	
I � iK	

II ¼ 
i
ffiffiffi
pl

p
Hql
k sin b� /ð Þ

� 1� d2

2 a1 � N11ð Þ � d4

4 d2 þ 3
2 d3 � d1N11 � N2

11 þN31
� �þ 0 d6

� 	n o ð6Þ

where b is the angle between the direction of the heat flow and the Oy axis; / is the
angle between the axis of the defect and the Ox axis; d ¼ l

h – the dimensionless
bandwidth:

d1 ¼ � i sin 2/þ e�4i/� 	
I1 � 1

2
e�2i/I1 � 1� 2e�2i/ � e�4i/� 	

A2 � 4e�4i/E4

d3 ¼ 1
6 sin4u� 2e�4iu þ 2e�6iu
� 	�

I3 þ 1
2 e

�4iuI3
þ 4e�2iu � e�4iu � 4e�4iu � e�6iu
� 	�

A4 � 4e�6iuE6

d2 ¼ 1
8 1� cos4/þ 8sin2/þ 5isin/ e�5i/ � 2e�i/

� 	� �
I1

þ 1
2 cos4/� 5isin/e�5i/
� 	

I3 þ I3=4 þ 2e�i/E6

þ isin/ 3e�i/ � 2e�i/
� 	� e�2i/

� �
þ 1

2 2i 3ei/ � 3e�i/ � 2e�i/ þ e3i/
� 	

sin/þ e2i/ � 2e�2i/ � 16sin2/e�4i/
� �

E4

In ¼ 4
Z1
0

ynþ 2sh2ye yð Þdy; In ¼
Z1
0

yn 1� e�2y� 	
sh2y� 4y2

� �
e yð Þdy
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An ¼
Z1
0

yn ch2y� 1ð Þe yð Þdy;En ¼
Z1
0

yne yð Þdy; e yð Þ ¼ 1

4y2 � sh22y

N11 ¼ p2

48
cos2/	 3ð Þ;N31 ¼ p4

256
cos4/=15	 cos2/ð Þ;N33 ¼ N31

3

The upper sign corresponds to the right end of the defect and the lower one – to the left.
In Fig. 2(a) and Fig. 2(b), the dependences of K�

I ¼ kKI=
ffiffiffiffi
pl

p
Hql and K�

II ¼
kKI=

ffiffiffiffi
pl

p
Hql on the angle of rotation of the crack / are shown at l=h ¼ d ¼ 0:1. Curve

№1 and curve№2 are curves corresponding to the heat conduction problem’s boundary
conditions. If the temperature is set at the boundary – curve №1, if the heat flux and
heat transfer conditions – curve №2. When the heat flux is perpendicular to OY , solid
lines correspond to the right end of the crack, dashed lines – to the left.

It follows from the figures that the values of KI and KII in the absence of heat
transfer (curves №2) are more significant in absolute value if the boundary outside the
zone of contact of the tool with the machined surface is thermally insulated.

The parameter KII reaches its highest value when the heat flux is perpendicular to
the fracture.

Let us investigate the stress intensity at the tops of a crack located at a depth d�

when the temperature T0 is maintained on its edges, and a heat flux q T; yð Þ is specified
on the body surface x ¼ 0ð Þ directed perpendicularly (b ¼ 0 is the angle between the
direction of the flow and axis Ox) to this surface. The thermoelastic state of the body
will be determined only by the perturbed temperature field. Taking into account that on
the crack line T0 ¼ 2q0�d� from relations (6), we find:

Fig. 2. The dependences of (a) K�
I ¼ kKI=

ffiffiffiffi
pl

p
Hql and (b) K�

II ¼ kKI=
ffiffiffiffi
pl

p
Hql on the angle of

rotation of the crack / at l=h ¼ d ¼ 0:1.
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K�	
I ¼ 
q�0Hl

ffiffiffiffi
pl

p
;K�	

II ¼ 	2HT0

ffiffiffi
l
p

r
ð7Þ

If we consider the value of Pg ¼ q0�Hld�, where P is the tensile forces formed under
the action of temperatures, and g is a parameter, then the following essential charac-
teristics for the behavior of defects can be established. If we know the value of the
stress intensity factors, then the angle of the initial crack propagation h�, and the
limiting value of the heat flux are determined from the following relations [22]:

h� ¼ 2arctanD;D ¼
KI �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

I þ 8K2
II

q
4KII

; q0� ¼
ffiffiffi
3

p
kK1C

Hl
ffiffiffiffi
pl

p
d�

ð8Þ

Under the influence of the heat flow, the heat-insulated crack begins to grow from both
ends simultaneously. With an increase in the heat flux, the limiting forces decrease; that
is, the body’s strength decreases with a crack.

Let us consider the mutual influence of defects on the stress intensity by the
example of 2 arbitrarily oriented cracks. We select the origin of coordinates on one of
the cracks, and the second can be arbitrarily moved relative to the first. From relations
(6), (7), and (8) at lK ¼ l, aij ¼ a, u1 ¼ 0, u2 ¼ u, d ¼ l=d, after calculations with an
accuracy of d7, the stress intensity factor expression for the upper crack has the form:

K	
I ¼ 1ffiffiffiffi

pl
p

Hql
0; 5d� 0; 25d3 þ 0; 207d5 � 0; 0371d7
� � ð9Þ

K	
II ¼

1ffiffiffiffi
pl

p
Hql

1� 0; 25d2 þ 0; 195d4 � 0; 1787d8
� � ð10Þ

In Fig. 2(b) for the upper crack, the dependence of the Ks values (S ¼ I – red line,
S ¼ II – blue line) on the dimensionless distance between the cracks ~a ¼ a=2l, cal-
culated numerically by formulas (9) and (10), is given. At d\0:5, the presence of the
second defect has little effect on the value of KII , while the coefficient KI still signif-
icantly depends on the distance between the cracks. Figure 3(a) shows the dependence
of SIF on the angle u (the angle of rotation of the second crack is relative to the first) at
d ¼ 1=3 a ¼ 3lð Þ when w ¼ 0; p=6; p=3; p=2 (the curves are designated respectively for
a moving crack by numbers 1–4, for a stationary crack – 1’–4’; solid lines correspond

to SIF at the right tops of the crack K þ
j


 �
, dashed lines – at the left ones K�

j


 �
. For

some locations of the cracks, the coefficient KI at one of the ends can be negative (this
means that in the vicinity of this end of the crack edge, the cracks come into contact). In
the case of SIF, in the vicinity of the other end, the macrocracks practically do not
change, and they can be used to determine the value of the critical force at which the
crack comes to the state of ultimate equilibrium.

It follows from the above figures that at 0�w� p=6, a stationary crack starts to
propagate first, and for all values of u at vertex I, except for a specific region in the
vicinity of u ¼ p=2. The critical heat flux has the smallest value for w ¼ 0, u ¼ 0, and
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w ¼ p=6 at u ¼ p=6. If w ¼ p=3, then the propagation of cracks starts from the
bulkhead’s side, and the smallest value of ~q� is reached at u ¼ p=4. When
p=2�u� 5p=6, the cracks mutually strengthen each other; that is, the strength of the
body, in this case, is higher than in the presence of only one crack. At w ¼ p=2 and
d ¼ 1=3, the cracks practically do not interact.

4 Results

In the case of a power load, a rigid inclusion leads to an increase in the value of KI . In
the case of a thermal load, a rigid inclusion leads to a decrease in the value of KI .
Simultaneously, the coefficients of linear thermal expansion of the coating made of
composite material have a more significant effect on the character of SIF change. For
example, for at1\at2, KI [ 0, and for at1 [ at2, KI\0. The thermal conductivity
coefficients k1 and k2 do not qualitatively affect KI and KII but change them only
quantitatively. Thus, at ~k ¼ 4, the absolute value of SIF is more significant than at
~k ¼ 0:5.

The above examples demonstrate the interaction of cracks and inclusions and the
stress state of a material containing the indicated inhomogeneities. It is shown that
under certain conditions, more rigid inclusions strengthen the material, while soft
structural components make it possible to inhibit microcracks’ development into the
main ones. By appropriately selecting the inclusions, it is possible to reduce the stress
concentration in crack-like defects.

Fig. 3. (a) Dependence of the value of KS (S ¼ I – red line, S ¼ II – blue line) on the
dimensionless distance between cracks ~a¼ a=2l; (b) Microsection of the surface layer of the alloy
Alnico 8HC (R1-1-13) after grinding treatment.
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Thus, for defect-free machining of alloys, it is necessary to take into account their
structural inhomogeneity. The presence of crack-like defects and inclusions contributes
to the fact that one should be guided by the limiting values of the forming heat flux
when choosing the tool’s processing modes and characteristics.

For example, grinding of hard magnetic alloys Alnico 8HC (R1-1-13) (Al – 7%;
Ni – 14%; Co – 38%; Cu – 3%; Ti – 8%; Fe – other) with soft inclusions of the c-phase
and the harder a

0
-phase of the matrix should be carried out qmax ¼ 107 W/m2. If we

take a grinding circle 25AF46O7B, Dcr ¼ 0:26 m as a tool, and perform processing in
the following modes: Vcr ¼ 35 m/s, Vg ¼ 0:17 m/s, t ¼ 1:8 without lubricating-
cooling liquid, then the heat flux going into the alloy is 107 W/m2. It leads to the fact
that the pores present in the alloys turn into microcracks, the trajectory of which passes
through ellipsoidal c-inclusions (Fig. 3(b)).

5 Conclusions

The carried out theoretical studies of the influence of structural heterogeneity of
materials on the mechanism of initiation and development of cracks under the action of
a thermomechanical load formed during finishing operations allow us to draw the
following conclusions.

The presence of various types of defects in the surface layer of the ground products,
introduced at the stage of obtaining the workpiece and subsequent types of processing,
requires the formulation of fracture mechanics criteria to study the causes of crack
formation.

The magnitude of the stress intensity factors for defects (e.g., cracks) is influenced
by the following factors: size and orientation of these defects, the depth of their
occurrence and relative position, and the magnitude of the heat flux.

For any coefficients of thermal conductivity, linear thermal expansion and shear
moduli of the matrix and inclusion of the workpiece, the stress intensity factors are
KI ¼ 0 and KII ¼ 0, if the heat flux is directed perpendicular to the crack in the
inclusion, and vice versa, if parallel to the crack, KI ¼ 0 and KII ¼ 0.

If the CLTE of the inclusion is less than the CLTE of the matrix, a decrease in the
rigidity of the inclusion leads to a decrease in the stress intensity factors KI (KII ¼ 0)
for the exact ratios of the thermal conductivity coefficients, that is, there are favorable
conditions for the non-propagation of microcracks in the treated surface.

References

1. Soboleva, E.: Microscopy investigation of the surface of some modern magnetic materials.
Lappeenranta-Lahti University of Technology LUT, Finland (2021)

2. Yagodkin, Y.D., Lileev, A.S., Menushenkov, V.P., Skakov, Y.A.: Structure of alloys for
permanent magnets based on compounds of rare-earth metals. Met. Sci. Heat Treat. 42(8),
314–318 (2000). https://doi.org/10.1007/BF02471307

3. Li, Y., Zhang, W., Li, J., Lin, X., Gao, X., Wei, F., Zhang, G., Li, L.: Microstructure and
high temperature mechanical properties of advanced W–3Re alloy reinforced with HfC

Impact of the Heterogeneous Structure of Magnetic Hard Alloys 413

https://doi.org/10.1007/BF02471307


particles. Mater. Sci. Eng. A 814, 141198 (2021). https://doi.org/10.1016/j.msea.2021.
141198

4. Neelima, B., Rao, N.R., Chary, V.R., Pandian, S.: Influence of mechanical milling on
structure, particle size, morphology and magnetic properties of rare earth free permanent
magnetic Zr2Co11 alloy. J. Alloy. Compd. 661, 72–76 (2016)

5. Zhao, Z., Qian, N., Ding, W., Wang, Y., Fu, Y.: Profile grinding of DZ125 nickel-based
superalloy: grinding heat, temperature field, and surface quality. J. Manuf. Process. 57, 10–
22 (2020)

6. Pourabbas, M., Abdollah-zadeh, A., Sarvari, M., Pouranvari, M., Miresmaeili, R.:
Investigation of structural and mechanical properties of magnetic pulse welded dissimilar
aluminum alloys. J. Manuf. Process. 37, 292–304 (2019)

7. Kansal, H., Singh, A.K., Grover, V.: Magnetorheological nano-finishing of diamagnetic
material using permanent magnets tool. Precis. Eng. 51, 30–39 (2018)

8. Tian, Y., Shi, C., Fan, Z., Zhou, Q.: Experimental investigations on magnetic abrasive
finishing of Ti-6Al-4V using a multiple pole-tip finishing tool. Int. J. Adv. Manuf. Technol.
106(7–8), 3071–3080 (2020)

9. Hayashi, E., Kikuchi, M., Okuno, O., Kimura, K.: Grindability of dental magnetic alloys.
Dent. Mater. J. 24(2), 163–171 (2005)

10. Korneva, A., Korznikova, G., Kashaev, R., Straumal, B.: Microstructure evolution and some
properties of hard magnetic FeCr30Co8 alloy subjected to torsion combined with tension.
Materials 12(18), 3019 (2019)

11. Sun, X.Y., Xu, C.Y., Zhen, L., Gao, R.S., Xu, R.G.: Microstructure and magnetic properties
of Fe–25Cr–12Co–1Si alloy thermo-magnetically treated in intense magnetic field. J. Magn.
Magn. Mater. 283(2–3), 231–237 (2004)

12. Stel’mashok, S.I., Milyaev, I.M., Yusupov, V.S., Milyaev, A.I.: Magnetic and mechanical
properties of hard magnetic alloys 30Kh21K3M and 30Kh20K2M2V. Met. Sci. Heat Treat.
58((9–10)), 622–627 (2017)

13. Korznikova, G.F.: The structure and mechanical properties of Fe-15% Co-25% Cr hard
magnetic alloy subjected to torsion under high pressure. Rev. Adv. Mater. Sci. 11, 109–115
(2006)

14. Ahmad, Z., Ul Haq, A., Husain, S.W., Abbas, T.: Effect of Mo addition on magnetic
properties of Fe–28Cr–15Co hard magnets. Physica B 321(1–4), 96–103 (2002)

15. Vuong Nguyen, V., Poudyal, N., Liu, X.B., Ping Liu, J., Sun, K., Kramer, M.J., Cui, J.:
Novel processing of high-performance MnBi magnets. Mater. Res. Exp. 1(3), 036108 (2014)

16. Nichterwitz, M., Honnali, S., Kutuzau, M., Guo, S., Zehner, J., Nielsch, K., Leistner, K.:
Advances in magneto-ionic materials and perspectives for their application. APL Mater. 9
(3), 030903 (2021)

17. Wohlfarth, E.P.: Hard magnetic materials. Adv. Phys. 8(30), 87–224 (1959)
18. Oliveira, J.F.G.D., Silva, E.J.D., Guo, C., Hashimoto, F.: Industrial challenges in grinding.

CIRP Ann. 58(2), 663–680 (2009)
19. Wang, Y., et al.: Experimental evaluation on tribological performance of the

wheel/workpiece interface in minimum quantity lubrication grinding with different
concentrations of Al2O3 nanofluids. J. Clean. Prod. 142, 3571–3583 (2017)

20. Na, S.M., Lambert, P.K., Jones, N.J.: Hard magnetic properties of FeCoNiAlCuXTiX based
high entropy alloys. AIP Adv. 11(1), 015210 (2021)

21. Lawal, L.O., Mahmoud, M., Adebayo, A., Sultan, A.: Brittleness and microcracks: a new
approach of brittleness characterization for shale fracking. J. Nat. Gas Sci. Eng. 87, 103793
(2021)

22. Popov, G.Y.: The Concentration of Elastic Stresses Near the Stamps of Cuts, Thin Inclusions
and Reinforcements. Science, Moscow (1982). (in Russian)

414 M. Kunitsyn et al.

https://doi.org/10.1016/j.msea.2021.141198
https://doi.org/10.1016/j.msea.2021.141198


Mathematic Model of the General Approach
to Tolerance Control in Quality Assessment

Oleksandr Kupriyanov1(&) , Roman Trishch1 ,
Dimitar Dichev2 , and Tetiana Bondarenko1

1 Ukrainian Engineering Pedagogics Academy, 16, Universitetskaya Street,
Kharkiv 61003, Ukraine

a_kupriyanov@uipa.edu.ua
2 Technical University of Gabrovo,

4, H. Dimitar Street, Gabrovo 5300, Bulgaria

Abstract. A mathematical model for the numerical determination of the quality
indicator value allowing one to obtain non-dimensional values in the range from
minus infinity to 1 (the maximum usable value) is proposed. Unlike the tradi-
tional system of tolerances, in which the suitability can take two values – 0 or 1,
the proposed model allows you to obtain intermediate values of the suitability,
depending on the proximity of the actual parameter to the desired value. The
model uses the suitability function suggested in the paper, and the shape indi-
cator drives it. The characteristic ranges of the shape indicator of the suitability
function have been considered. Those of practical importance has been high-
lighted. In addition to the general dependence, exceptional cases (linear and
parabolic suitability functions, which are mathematically simpler) are also given.
It is shown how the use of the proposed model allows sorting parts into quality
grades and introducing a technological margin of accuracy. The mathematical
model is illustrated by the example of the dimensional suitability of an engi-
neering part. The traditional system of dimensional tolerances is a particular case
of the proposed generalized system, which is recommended for high-precision
manufacturing.

Keywords: Tolerance � Actual dimension � Quality system � Desirability
function � Continuous quality improvement

1 Introduction

The traditional system of tolerances, ubiquitous in mechanical engineering, is quite
effective for medium-precision products in mass production. Recently, however, serial
production has been declining, and high-precision production, in which the finishing
operations are fitting, is becoming more widespread.

Tolerance control of the suitability of dimensions implies that dimensions within
certain limits, called tolerances, are considered to be equally fit, and their quality does
not differ. First, this does not correspond to the operating conditions under which there
is some best design value of the dimension, which we will call the optimal dimension.
Secondly, it does not stimulate production in the shop to produce parts with the
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narrowest possible range of actual dimensions. In the current tolerance control system,
the only way to improve quality is to reduce the dimensional tolerance.

Conversely, the concept of continuous quality improvement is aimed at continuous
improvement of design and technology. Therefore, the idea seems to be quite fruitful,
in which the quality of dimension, part, and product as a whole is assessed not in a
discrete binary system: accepted or rejected, but in a continuous one in which suit-
ability can receive values intermediate between 1 and 0. Such systems are already
found in the food (several food quality levels) and electronics industries (sorting
structurally identical processors on the models), and they can be helpful in mechanical
engineering.

2 Literature Review

For a comparative assessment of the quality of several technologies, the result should
be translated into a non-dimensional value. Part dimension standardizing is one
mathematical approach for doing this, for which the desirability function can be
applied.

Harrington Jr. [1] was one of those who first introduced the desirability function.
Using this function, he solved the problem of optimizing a function of several variables
and converted the dimensional parameters of products to non-dimensional ones to
obtain a generalized quality parameter. G. Derringer and R. Suich [2] set the task of
optimizing the parameters of the production conditions to obtain the optimal combi-
nation of product properties for the chemical industry. G. Derringer and R. Suich
generalized the desirability function for the case when the variables have both upper
and lower constraints, and there is also an optimal value.

Kim and Lin [3] proposed a different kind of desirability function, but it lost the
ability to influence the shape. Moreover, the proposed functions have not negative
values.

If there are several quality parameters of different dimensions, the authors propose
calculating the generalized quality indicator as to the geometric mean of the indicators
included in it. Safety and quality are “hot topics” in the medical device industry [4].
Regulatory requirements are becoming increasingly stringent throughout the entire
product lifecycle, including life cycle and shipping. More and more organizations are
expected to demonstrate quality management processes and ensure that they follow
best practices for what they do.

The authors slightly modified the functions, but they did not fundamentally remain
the same [5]. In mechanical engineering, desirability functions were used to construct
quality management systems for enterprises and are intended to summarize quality
indicators on a single non-dimensional scale.

Other authors used desirability functions for multicriteria assessment of qualimetry
objects of different nature (processes and systems). In these studies, assessment
methods were developed considering the nature of the research objects [6]. The method
of analysis of hierarchies was used to select the nonlinearity degree of the assessment
on a single criterion indicator. Such studies concerned the multicriteria assessment of
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the labor safety system in machine-building production and the processes of the quality
management system of industrial enterprises.

Quality management consists of four main components: quality planning, quality
assurance, quality control, and quality improvement. For many decades, the system of
tolerances has been the primary means of quality management.

The development of tolerance has come a significant way from manual methods to
modern computer models. Many techniques have emerged over the years. But, the area
of constructing geometric tolerances has not received much attention [7].

In addition to the arithmetic interpretation of the tolerance, statistical is quite widely
used for dimensional chains. It does not guarantee that all products will be in the
required range, but only most of them [8].

Traditional tolerance assumes that all data within tolerance is equally acceptable.
Genichi Taguchi was one of the first to propose an alternative approach that agrees that
the very best product has exactly as a target. The more the deviation from the target, the
more the loss. This is called the quality loss function, and it is the fundamental prin-
ciple of an alternative system called inertial tolerance [9].

Inertial tolerance is a statistical expression of a tolerance without specifying an
interval [10], but it is associated with the influence of the characteristics of parts on the
quality of the assembled product.

Taguchi tolerancing method offers many advantages and the increasing of product
quality among them. On the other hand, a problem of quality assurance of product for
the customer appeared [11].

Using dimension information can significantly increase the dimensional accuracy
of joints without increasing the accuracy of manufacturing parts. An approach using
marking and a specific selection of parts into kits can be arranged for all dimensions
and parts [12]. Thus, the result is a significant increase in dimensional accuracy of
joints without changing the manufacturing technology of parts.

Statistical Process Control is widely used to monitor processes now [13]. Although,
developments in Industry 4.0 and improvements of machine tools made it traditional
[14]. Using Statistical and Engineering Process Control can slightly improve the quality
of processes [15]. Nowadays, Automated Process Control became widely popular. It is
based on three main innovations: machine learning to control processes more accu-
rately, the simultaneous consideration of all available characteristics in multidimen-
sional processes, and the dissociation between conformity and control for these
characteristics [16]. In Automated Process Control production, it is possible to calculate
in real-time suitability depending on the proximity of the actual parameter to the
desired value.

3 Research Methodology

Proposed in the work terms are illustrated by the example of dimensional suitability.
However, they can also be applied to other types of defects and quality parameters,
both in manufacturing engineering and other industries.
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For quantifying the deviation value of the actual dimension x from the optimal one
ko, it is proposed to use the dimensional suitability function K(x), which standardizes
the dimensional suitability value along the entire numerical axis.

The function K(x) has the following properties:

1. K(ko) = 1.
2. K(ei) = K(es) = 0, where ei and es can be the boundaries of the standard tolerance

band.
3. Within the permissible values, it changes in the range [0, 1] so that one function

value corresponds to two argument values located on opposite sides of ko.
4. Negative, out of permissible values.

An important parameter of this function is the shape index when deviating from the
optimal dimension b. Let us consider in more detail the influence of the shape index b
on the dimensional suitability function K(x). Figure 1 shows examples of dimensional
suitability functions. Dimensions x in mm are plotted along the horizontal axis, non-
dimensional values of suitability for dimensions K(x) are plotted along the vertical axis.
The shape of the suitability function is established based on the operating conditions of
the part. The shape of the suitability function determines how desirable it is to obtain
dimensions close to the ko optimal value. The greater its acceleration, the narrower the
range of the dimension value should be provided technologically. The suitability
function can be asymmetrical if the value of the optimal dimension ko is offset from the
center of the permissible values. An asymmetric shape is advisable if structurally
required to provide dimensions close to one of the permissible values. From the point
of view of operating conditions and manufacturing technology, it is advisable to dis-
tinguish the following characteristic values and ranges of b:

1. When b ! 0, the function is simplified to the traditional tolerance control (Fig. 1a).
The value of the dimensional suitability function is equal to 1 within the tolerance
band and tends to −∞ outside it. A jump in the function is observed at the
boundaries of the tolerance band [ei, es].

2. At 0 < b < 0.5, the function is characterized by the use of a technological margin
of accuracy, in which the range of dimensions with suitability K(x) � 1 narrows
from the permissible values [ei, es] to the desired ones [ki, ks]. In this case, the
values of the dimensions outside [ki, ks], but within [ei, es] have 0 < K(x) < 1
(Fig. 1b), when they are permissible but undesirable. Outside the range [ei, es], the
suitability function is K(x) < 0, which means that the production of parts with such
dimensions is penalized.

3. For 0.5 < b � 1, only the value of the optimal dimension corresponds to K(x) = 1
(Fig. 1c). As the actual dimension moves away from the optimal one, K(x)
decreases, at the points of the boundaries of the permissible values K(x) = 0,
outside them K(x) < 0.

4. In the case b = 1, the left and right halves of the dimensional suitability function are
linear (Fig. 1d). This simplifies the mathematical task of determining the suitability
value of the actual dimension and constructing the distribution function of the
dimensional suitability.
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5. For b > 1, the dimensional suitability function has a downward bulge (Fig. 1e).
Such a shape is of limited interest for practice since it is challenging to ensure
technologically, the deviation value from the optimal dimension is very high. In the
limiting case, when b ! ∞, K(x) = 1 in the value of the optimal dimension, K
(x) = 0 within the permissible values and K(x) = −∞ outside them (Fig. 1f).

It should be noted that the value of the optimal dimension should be within the
range of boundary permissible values, ei < ko < es; otherwise, the requirements for the
dimensional suitability function K(x) will not be met.

The suitability function can be described by the following proposed by the authors’
expression:

K xð Þ ¼ 1� x�ko
ei�ko

� �1
b; x� ko;

1� x�ko
es�ko

� �1
b; x� ko:

(
ð1Þ

The further the actual dimension is from the optimal one, in which the value of K(x) is
equal to one, the lower the suitability is. Subtracting the second term (for example,
x�ko
ei�ko

� �1
b for the left half of the function) from one decreases the value of the function.

There are quality parameters for which the zero levels is the best: shape geometry
errors, roughness, and runout. In this case, the optimal level is ko = 0, and only the
right half of the suitability function has a physical meaning. Accordingly, expression
(1) is simplified to the form:

K xð Þ ¼ 1� x
es

� �1
b
; ð2Þ

where es has the meaning of the quality parameter limit.

Fig. 1. Family of dimensional suitability functions.
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A generalized approach to constructing the suitability function described by for-
mulas (1) and (2) is not always justified. You can often use a more mathematically
simple formula for functions.

The use of a linear suitability function (Fig. 1d), for which b = 1, significantly
simplifies the mathematical problem of calculating the suitability value of the actual
dimension. In this case, the dimension suitability value is determined by the formula:

K xð Þ ¼ x� eið Þ= ko� eið Þ;
x� esð Þ= ko� esð Þ;

x� ko;
x� ko:

�
ð3Þ

For a given suitability value K, the corresponding suitability values can be determined:

x Kð Þ ¼ eiþK ko� eið Þ;
esþK ko� esð Þ;

x� ko;
x� ko:

�
ð4Þ

In formulas (3) and (4), ko 6¼ ei 6¼ es.
Using a parabola as the suitability function gives a curve (Fig. 1c), in appearance

similar to the normalized curve of the value of obtaining parts with a specific range of
dimensions. For this reason, as well as its mathematical simplicity, the parabola as the
suitability function will find wide application. The parabola is symmetrical; therefore,
the disadvantage of using it as the suitability function will be the impossibility of
shifting the value of the optimal dimension relative to the center of the permissible
dimensions, i.e., always ko = (ei + es)/2. The suitability value of the actual dimension,
due to the symmetry of the solution for the left and right halves, can be written in one
equation:

K xð Þ ¼ 1� 2x� es� ei
es� ei

� �2

: ð5Þ

The following formula determines the value of the two dimensions corresponding to
the specified suitability K:

x Kð Þ ¼ ko� es� ei
2

ffiffiffiffiffiffiffiffiffiffiffiffi
1� K

p
: ð6Þ

4 Results

We will illustrate the influence of the shape indicator of the suitability of dimensions b
on the dimensional suitability function using the example of the dimensions
£90F8ðþ 0:09

þ 0:036Þ.We have, respectively, ei = 90.036, es = 90.09. Let the optimal
dimension be slightly shifted relative to the middle of the tolerance band and be equal
to ko = 90.055mm. The graphs of the suitability function are shown in Fig. 2 for the
cases b1 = 2, b2 = 1, b3 = 0.5, and b4 = 0.05. Calculating was done in Maple.
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For b > 1, even a small deviation from the optimal dimension significantly
decreases the suitability, and the suitability function is concave. For b = 1, it is linear.
For b < 1, the suitability function is convex. At b ! 0, we have a traditional tolerance
control, in which within the tolerance band [ei, es], the dimensional suitability K(x) = 1
outside of it is negative.

Thus, as b decreases, the deviation from the optimal dimension decreases. The
range 0 � b � 1 is of practical importance. At 0 � b < 0.25, the function charac-
terizes a well-known technological method: the use of a technological margin of
accuracy, in which the dimension range with the optimality K(x) = 1 narrows from the
permissible values [ei, es] to the desired values [ki, ks] (Fig. 2).

The dimensional suitability function K(x) allows us to apply the approach of
dividing parts into quality grades according to the criterion of the proximity of the
actual dimensions to the optimal one. As an example, Fig. 2 shows the division of the
part dimensions into two grades of quality for b2 = 1. Grade I with a suitability value of
K > 0.7 includes parts with dimensions in the Ib2 range. Grade II with a suitability
value of 0 < K < 0.7 includes parts with other dimensions within the tolerance [ei, es],
ranges IIb2. With an increase in the selected limit value of suitability K, the dimension
range of quality grade I narrows, correspondingly increasing the dimension ranges of
grade II parts. Figure 2 also shows the division into the first Ib3 and the second IIb3
quality grades for b3 = 0.5.

Dimensions can be divided into more grades, but a large number of them are
impractical. Apparently, for practical cases, it is sufficient to use 2–3 grades.

Fig. 2. Suitability function for various parameters of the b shape.
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With the same suitability value K, the range of dimension values for a particular
quality grade decreases with decreasing b. For the above example and K = 0.7, the
limit values for the dimensions of the first quality grade are given in Table 1.

5 Conclusions

A control system in which the quality indicators do not have a discrete value: 0 or 1,
but a continuous suitability one, decreasing as they deviate from the optimal value, is
proposed. Simultaneously, depending on the indicator values’ range, the parts can be
divided into grades according to the quality criterion. This criterion has a different
value for suitability and a different value for the selling price. When assembling a
product from parts of a certain quality, we can say that the product corresponds to this
quality.

The dimensional suitability function with the selected b can be used to organize
labor remuneration to minimize deviations of the actual dimension from the optimal
one. In this case, the actual dimensions are measured, and the worker is entitled to
payment for each manufactured part, proportional to the value of the suitability
function K(x). This approach can be considered appropriate for high-precision critical
parts because with careful adjustment of the equipment, workers, as a rule, can obtain
dimensions in a narrowed interval within the tolerance band.

This will stimulate production to continuously improve quality and expand product
sales through a differentiated approach to customers with different financial
capabilities.

Thus, in the proposed control system, the actual dimensions will have a non-
dimensional value of suitability, ranging from 1 for coinciding with the optimal value
to negative values outside of the permissible values. The traditional system of
dimensional tolerances is a particular case of the proposed generalized system.

In further studies, the authors consider linking the suitability function with tech-
nological options.
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Abstract. The article developed a qualimetric method for assessing the state of
the animals’ central nervous system when studying the biological activity of
mineral waters to identify them as mineral (and their further industrial pack-
aging) or medicinal. The current «open field» method does not cover all
behavioral and vegetative reactions of animals; this can lead to an incorrect
interpretation of the research results and the studied mineral water classification
as biologically active. A qualimetric method is proposed, in which single
indicators of the state of the central nervous system of animals are assessed
using 17 criteria developed by experts, and a complex indicator is the arithmetic
weighted average of single indicators, which allows one to determine the level
of biological activity of mineral waters quantitatively. The difference in the
interpretation of the results for the study of mineral water’s biological activity of
well No. 1, located in the village of Dovge, Lviv region, of the existing and
developed methods is shown. In the first case, the effect of water was assessed as
intensely soothing. In the second case, a moderate change in behavioral
responses was observed. In comparison with the current one, the qualimetric
method allows a more differentiated approach to the description of changes in
the dynamics of animals’ behavioral reactions when studying the biological
activity of mineral waters and assessing the possibilities of their industrial
packaging.

Keywords: Natural mineral waters � Biological activity � Central nervous
system � Qualimetric method
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1 Introduction

Ukraine is now in the process of reforming the national technical regulation system.
Concerning mineral waters, legal and regulatory requirements are harmonized with
European [1].

Mineral waters (MW) are used for therapeutic and prophylactic purposes for many
diseases ‒ the musculoskeletal system [2], in particular, to improve bone metabolism
[3], in diseases of the gastrointestinal tract [4, 5], with functional disorders of the biliary
tract [6], with cardiovascular diseases [7, 8] ‒ reduce biomarkers of cardiometabolic
risk [9], in metabolic diseases [10, 11] and peripheral nervous system) [12]. Compared
to synthetic drugs, MW rarely shows side effects with treatment [13], etc.

In Ukraine, for the practical use of MW following with Order of Ministry of Public
Health of Ukraine from 02.06.2003, 243, studies of their physicochemical properties,
harmlessness, orientation, and nature of the biological activity (BA) should be pre-
ceded, that is, full-fledged preclinical studies in an experiment on animals. According
to the Order of Ministry of Public Health of Ukraine from 28.09.2009, № 692, a set of
indicators is used that characterize the response to the impact of the morpho-functional
structures of organs and tissues, the response from the immune system, and individual
links of metabolism. It makes it possible to expand the range of the obtained BA
characteristics of new MW sources and to provide a scientific basis for recommen-
dations for their further testing or to justify the absence of BA.

According to Order from 02.06.2003, 243, during physiological studies in the study
of the functional state (FS) of the central and autonomic nervous systems, the
behavioral responses of animals (white rats) to the effect of MW are assessed by the
«open field» method, which is considered a stress stimulus for animals. At the same
time, their emotional, motor, and orientation-research activity is assessed. However,
when interpreting the data obtained using this method, not all indicators characterizing
the features of the functional state of the central nervous system (CNS) and vegetative
reactions of animals are taken into account.

2 Literature Review

MW contains a set of cations and anions of different quality and quantities. The intake
of these components into the body directly affects the state of biochemical reactions
and, indirectly, through the autonomic nervous system’s activity, on the of the body’s
functional systems [2]. It is due to the influence on the hypothalamic-pituitary-adrenal
axis, the level of adrenocorticotropic, cortisol, and adrenaline, which changes the
protective and adaptive mechanisms’ activity in the body [14, 15].

When using MW, attention is paid to the elemental composition of salts and the
small number of microelements that, in combination, can carry BA on the body, since
they are in a perfect form for absorption, they do not affect independently, but in
combination with a complex of basic MW salts as a single bioactive complex [15, 16].

In the European Union, the assessment of BA of MW is carried out by analogy with
its chemical composition and the assessing the implementation of one or more
homeostasis indicators [16]. But our long-term experience allows us to believe that the
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assessment of BA of any MW should be carried out based on a study of the complex
implementation of the main functional systems of the body to identify the features of
target organs and mechanisms of BA of MW action [17].

The study of MW concerning their effect on the FS of the CNS and ANS is carried
out according to Order from 28.09.2009, 692 in two aspects of MW study: confir-
mation of its safety during use and to determine the degree of BA, the nature and
features of which allow predicting the presence of medicinal properties MW, including
for the treatment of neurological pathology. There is evidence that MW can correct
(together with other treatment complexes) the state of psychoemotional overstrain and
dysadaptation in persons with the consequences of psychological trauma and social
disorders. The state of activity of the central nervous system, which is assessed by
changes in orienting-exploratory behavior (OEB), motor activity, and the level of the
emotional state of animals, is studied using the “open field” method. Features of rats’
behavior in the “open field” is a predictive criterion for the central nervous system’s
state [18]. The test is traditionally used to analyze the effects of new compounds on
behavioral responses and complexly coordinated motor activity in rodents; it is quite
popular because of its simplicity and adequacy [19]. The open field model can be used
for understanding the basic neural mechanisms of anxiety responses [20]. Placing
animals in a new environment leads to the emergence of research motivation,
accompanied by the formation of passive-protective behavior.

A characteristic manifestation of this condition is the vegetative reaction of animals
in the form of defecation (bolus) and urination and a change in the level of motor
activity. Grooming (cosmetic behavior of animals) is an essential characteristic of rats’
behavior and belongs to the category of comfort. But in the case of short-term
grooming and its increased amount, this indicates that the animals are in a state of
anxiety [21].

Behavioral indicators are:

– physical activity (number of squares crossed) (according to Order from 28.09.2009,
692 and [22], the norm is (32.1 ± 1.73) crossed squares in 3 min);

– exits to the center;
– vertical stands (norm 18.2 ± 1.1) in 3 min;
– “mink reflex” (norm 13.2 ± 1.0) in 3 min;
– defecation and diuresis;
– duration of grooming and fading, expressed in seconds.

Defecation and running are considered as values associated with the manifestation of
emotionality in rodents.

But according to Order from 28.09.2009, 692 and [22], this technique does not
describe all behavioral reactions of animals and cardiovascular dysfunction [23]. So it
is necessary to develop a complex of behavioral responses that will cover various types
of activity and a method for assessing the state of the central nervous system and ANS.

Qualimetry, the science of measuring and quantifying the quality of various objects
and processes, can cope with this task in the best way [22, 24]. The purpose of
qualimetry is to express the quality of any product with several parameters, with a
single digit, which can be used to rank products for a similar purpose [25, 26].
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From all the methods for assessing quality (instrumental, calculated, statistical,
organoleptic, expert, and sociological) [27, 28], we have chosen the expert method to
solve our problem [29].

The individual qualities of an expert depending on his knowledge, experience,
intelligence, and other factors. When interviewing experts, certain limitations may arise
that will lead to errors in assessing events. The use of statistical methods expands the
possibility of using experts’ information [30]. The disadvantages of these methods
include their inherent subjectivity. When compiling the list of experts, their competence
in a particular field should be taken into account.

Assessment of product quality level can be determined by differential, complex and
mixed methods [26].

Therefore, the purpose of this work is to develop a qualimetric method for assessing
the FS of the central nervous system of animals by the «open field» method when
studying BA of MW.

3 Research Methodology

At the first stage of the work, studies of BA of MW were carried out in an experiment
using white rats ‒ the FS of the central nervous system of animals was assessed by the
«open field» method according to the approved method. We used 40 rats weighing
180–200 g (20 were intact animals, 20 were healthy animals that received a course of
MW administration). According to Order from 28.09.2009, 692, MW was injected into
the stomach of rats using a probe (1% of the rat body weight) once a day for six days.
«Open field» ‒ a rectangular chamber 80 � 80 sm with plastic walls 40 sm high. The
floor is a sheet of white plastic, on which a lattice is applied in black paint, dividing the
field into 16 equal squares. There are caves in the middle of each square. The rats were
placed in a lighted chamber, set in a corner and oriented toward the center, and allowed
to move across the field for 6 min. The behavior of the rats was determined by a
researcher who was sitting close to the camera. Evaluated: the number of exits to the
center, the number, and duration of stops, the number of squares crossed, the number of
racks, the number and time of grooming, boluses, and urinations.

Statistical data processing was carried out according to [31]. Significant changes
were considered those in which the Student’s coefficient was <0.05.

The selection of experts took into account the limited number of experts available
in this area. The formation of a group of experts was carried out among specialists with
professional knowledge in higher professional education. The group must include at
least five and no more than ten people [29] (7 selected). The qualitative composition of
the expert group was determined by calculating competence.

Each expert was assigned a specific set of evaluation criteria on a point scale
(Table 1). The sum of points for all criteria was calculated for each expert Ci (i = 1, 2,
3,…, N, N is the number of experts). For each expert, the relative Ci

* value was
determined. The range of permissible values of the parameter qmin � q � Qmax was
set, depending on the order of the estimated numerical characteristic and the absolute
acceptable error. According to [30], the following values are proposed for q:
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0.05 � 0.30. Moreover, the smaller q, the more competent the expert is. For each
expert, the parameter q was calculated for the membership function:

qi ¼ qmax � ðqmax � qminÞ
C�
max

� C�
i ð1Þ

The quality level was assessed using an integrated method based on comparing
complex quality indicators and a baseline indicator:

Uj ¼ qki � qk6
qk6

; ð2Þ

where qki, qkb are single estimates of the i-th indicator of the sample, which is being
evaluated, and the base one [26].

4 Results

In the study, we used MW of well No. 1 of the village of Dovge, Lviv region, a
medicinal low-mineralized hydrocarbonate-chloride calcium-sodium hydrochloric acid
with increased content of organic substances. Table 1 shows the data demonstrating the
influence of the MW of well No. 1 of Dovge on animals’ behavioral reactions and
emotional state.

Table 1. Influence of MW of well No. 1 of Dovge in the course of ingestion on the FS of the
CNS and the emotional state of rats, (M ± m)*

Indicators Control Experience (course
of the MW)

D** P***

(M1 ± m1) (M2 ± m2)

Number of exits to the
center, n

2,50 ± 0,23 1,04 ± 0,07 – 1,46 < 0,001

Stops, n 1,75 ± 0,24 1,66 ± 0,05 – 0,09 > 0,5
Stops, s 74,58 ± 4,54 192,34 ± 2,72 + 117,76 < 0,001
Number of squares
crossed, n

66,41 ± 2,72 35,29 ± 0,69 – 31,12 < 0,001

Number of racks, n 9,36 ± 0,35 6,99 ± 0,38 – 2,37 < 0,001
Number of burrowing
visits, n

12,91 ± 0,46 6,16 ± 0,27 – 6,75 < 0,001

Grooming, n 2,31 ± 0,37 1,56 ± 0,04 – 0,75 > 0,05
Grooming, s 28,37 ± 1,64 15,92 ± 1,09 – 12,45 < 0,001
The number of acts of
defecation, n

3,80 ± 0,09 2,78 ± 0,10 – 1,02 < 0,001

Number of urination
acts, n

5,10 ± 0,40 2,68 ± 0,15 – 2,42 < 0,001

* ‒ (M1 ± m1) и (M2 ± m2) ‒ arithmetic means with an error of indicators; ** D ‒ the difference
in indicators; *** ‒ P ‒ probability of comparison between.
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In rats that consumed MW well No. 1 of Dovge, the number of exits to the center
decreases, and the duration of stops increases while their number remains unchanged.
The number of crossed squares, uprights, and peeking into burrows was significantly
reduced, which indicates a weakening of the exploratory behavior. The following
changes characterize the state of vigorous activity in rats: the number of grooming acts
does not change with a decrease in their total duration. The number of bowel move-
ments and urination decreases. Based on the results obtained, the researchers concluded
that the of the MW’ influence of well No. 1 of Dovge with ingestion on the FS of the
central nervous system could be characterized as a pronounced sedative. This inter-
pretation of the research results contains the subjective assessment of the researcher,
who concludes.

The results of assessing the competence of experts are presented in Table 2.

As can be seen from Table 2, the most competent expert received the value
q = 0.05, the least competent expert ‒ q = 0.263. Considering that the minimum group
should consist of at least five, it was decided to exclude the two least competent
experts.

For a comprehensive characterization of quality in qualimetry, a multilevel struc-
ture of indicators (a hierarchical «quality tree») is used. When constructing it, the
complex quality is decomposed into a set of simple, single indicators using a multilevel
decomposition of each more complex property into a group of less complex ones [29].
To build a «quality tree», the experts used the «brainstorming» method [29] (Fig. 1).

Table 2. Calculation of the competence of experts.

Criterion Assessment scale Experts

№ 1 № 2 № 3 № 4 № 5 № 6 № 7

The level of education Doctor of Science – 5
Ph.D. – 4
Researcher – 2
Laboratory assistant − 1

5 4 4 2 2 1 1

Work experience in the field Up to 10 years – 1
10–20 years – 2
20–30 years – 3
30 years and more − 5

5 5 3 3 2 1 1

Work experience in the field Participated – 3
Did not participate − 0

3 3 0 3 0 0 0

Calculated part

Cmax − 13 − − − −

Ci (sum of points) − 13 12 7 8 4 2 2

Ci
* − 1,00 0,92 0,53 0,62 0,31 0,15 0,15

qi − 0,05 0,07 0,167 0,145 0,222 0,263 0,263
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According to the assessment of individual indicators, all experts agreed that the
ranking method is not suitable for this case. All indicators are weighty; that is, the
formula for a complex indicator should be in the form of weighted average arithmetic.
The indices of the FS of the central nervous system and the ANS have numerical
values, are equally expressed. Indicators of the intensity and direction of changes in the
central nervous system and ANS have different expressions of individual indicators
(number and duration); therefore, formalization of indicators is necessary.

Considering that when assessing the FS of the CNS and ANS, the changes between
the controlled animals’ behavioral reactions and the subjects are set, the experts pro-
posed values for each of the 17 obtained indicators, expressed in points from 0 to 3
(Table 3).

To formalize the change in the dynamics of the state of animals’ behavior, we
applied scaling. The Harrington psychophysical desirability scale and its numerical
intervals are best suited for our case [32]; therefore, the following criteria are proposed

The functional 
state of the CNS 
and ANS in rats

indicators of the 
state of the 

central nervous 
system and ANS

indicators of 
intensity and 

direction of action

number of grooming

number of urinats

duration of stops

number of burrow visits

number of uprights

number of entries to the center

number of squares crossed

number of stops

number of acts of defecation

short (interested) look into the mink

long-term (stimulating) peeking into the mink

long-term deep (scary) peeking into the mink

duration of grooming

grooming long-lasting (comfortable)

grooming long-term (concerned)

large urination (from fear) in the center of the field

small urination throughout the field

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Fig. 1. «Quality tree» for assessing the FS of the CNS and ANS of animals.

Table 3. Scoring of single indices of FS of the central nervous system and ANS of animals.

№* Intervals/Points №* Intervals/Points

1 (0 − 2) = 1 (3 − 5) = 2 (6 − 10) = 3 10 (0 − 5) = 1 (6 − 12) = 2 (13 − 20) = 3

2 (0 − 2) = 1 (3 − 5) = 2 (6 − 10) = 3 11 (0 − 5) = 1 (6 − 12) = 2 (13 − 20) = 3

3 (0 − 5) = 1 (6 − 12) = 2 (13 − 20) = 3 12 (0 − 5) = 1 (6 − 12) = 2 (13 − 20) = 3

4 (0 − 5) = 1 (6 − 12) = 2 (13 − 20) = 3 13 (0 − 30) = 1 (31 − 60) = 2 (61 − 100) = 3

5 (0 − 3) = 1 (4 − 7) = 2 (9 − 12) = 3 14 (0 − 2) = 1 (3 − 5) = 2 (6 − 10) = 3

6 (0 − 2) = 1 (3 − 5) = 2 (6 − 10) = 3 15 (0 − 2) = 1 (3 − 5) = 2 (6 − 10) = 3

7 (0 − 30) = 1 (31 − 60) = 2 (61 − 100) = 3 16 (0 − 2) = 1 (3 − 5) = 2 (6 − 10) = 3

8 (0 − 2) = 1 (3 − 5) = 2 (6 − 10) = 3 17 (0 − 2) = 1 (3 − 5) = 2 (6 − 10) = 3

9 (0 − 50) = 1 (51 − 100) = 2 (101 − 200) = 3 ‒ ‒ ‒ ‒
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for making decisions on assessing the functional state (FS) of the central nervous
system and ANS of animals: <20% ‒ very poorly expressed a change in behavioral
indicators; (20–<37)% ‒ moderately expressed; (37–<63)% ‒ expressed; (63–<80)% ‒
strongly pronounced; (80–100)% ‒ very pronounced.

Estimating the MW of well No. 1 of Dovge using the developed qualimetric
method, the following results were obtained (Table 4, Fig. 2).

When calculating the percentage of changes in behavioral reactions of animals,
33% were obtained. According to the criteria of the qualimetric method in animals
under the influence of MW well. No. 1 of Dovge, moderate changes in behavioral and
autonomic reactions occur. This result is somewhat different from the pronounced
calming effect obtained when using the current method. It should be noted that these
data require additional interpretation by clinicians and rehabilitologists to assess the
therapeutic potential of specific MW and its further clinical trials.

Table 4. Scoring of single indices of FS of the central nervous system and ANS of animals in
the study of the biological action of the MW of well No. 1 of Dovge.

№ * Scores № * Scores № * Scores
Control Experience Control Experience Control Experience

1 1 2 7 2 3 13 1 2
2 1 1 8 1 2 14 1 2
3 2 3 9 3 2 15 1 2
4 2 2 10 1 2 16 1 2
5 1 1 11 1 2 17 1 2
6 1 1 12 1 2 Total: 22 33

0
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17

Experience

Fig. 2. Cyclogram of assessing the FS of the central nervous system and ANS of animals in
studying the biological effect of the MW of well No. 1 of Dovge.
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5 Conclusions

The work developed a qualimetric method for assessing the functional state of the
central nervous system of animals by the «open field» method in the study of the
biological action of mineral waters.

Compared with the current method, it allows a more differentiated approach to the
description of changes in the dynamics of animals’ behavioral reactions when studying
the biological action of mineral waters.

Application of this method in a comprehensive preclinical study of mineral waters
will make it possible to scientifically substantiate and develop differentiated recom-
mendations for further clinical testing to clarify their effectiveness and harmlessness
and assess their industrial packaging possibilities.
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Abstract. The article is devoted to the prospects for the integration of cryp-
tocurrencies into the national and world economy. The views of various
researchers on the essence of cryptocurrency, its strengths and weaknesses are
systematized, the impact of differences in state regulation of cryptocurrency
circulation on the nature of its use and the risks of money laundering is assessed,
the factors that complicate the implementation of the main functions of money
are identified. It has been revealed that in a broad sense, cryptocurrency is a new
transaction technology that embodies the properties of money, goods, property,
and financial assets but does not fully correspond to any of them. A cross-
country analysis of the impact of changes in the economic and political situation
on cryptocurrency and financial assets has confirmed a growing interest in
investing in cryptocurrency, including institutional investors, which opens up
the opportunity to become not just a speculative but also a protective investment
asset. Taking into account the identified trends in government regulation of
cryptocurrencies creates new opportunities for economic growth.

Keywords: Bitcoin � Blockchain � Electronic money � State regulation �
Money laundering � Investment

1 Introduction

The relevance of the research topic is determined by the growing popularity of cryp-
tocurrencies and the ambiguous attitude towards them on the part of investors and the
state.

Despite the increasingly broad use of cryptocurrencies to pay for goods and ser-
vices, as well as an investment assets, the economic essence of this phenomenon
remains discussable.

Also, there is no unified approach to defining the role of cryptocurrency in the
global financial system and state regulation of cryptocurrency circulations and evalu-
ating the opportunities and threats it creates for the development of the global and
national economies and the stability of international financial markets.

The paper aims to define the role, trends, and prospects of the development of
cryptocurrency in the global financial system. To achieve it, the following tasks are set:

• To systematize and to precise views on the nature and role of cryptocurrencies.
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• To identify the advantages, disadvantages, and risks of using cryptocurrencies for
investors and national as well as international financial markets.

• To assess the prospects for using cryptocurrency as a means of payment and as an
investment asset.

2 Literature Review

There is a significant difference in the views of different authors on the content and
essence of cryptocurrencies. Table 1 reflects the systems of theoretical views of various
researchers on the main aspects of the emergence and development of cryptocurrencies.

The authors believe that cryptocurrency is a contractual means of payment that has
value only to the extent that members of a particular community recognize it. Thus, the
main functions of money can be sufficiently manifested in a certain virtual currency
only when the scope of participants in this community is wide enough.

Numerous researchers point to two factors that hinder the performance of the main
functions of money by cryptocurrency - the uncertainty of the legal status and extre-
mely high volatility. The second factor is largely a consequence of the first one.

Table 1. Systems of theoretical views of different authors on the content and essence of
cryptocurrencies

Author(s) Definition Economic essence

P. Vigna, M.
Casey

Currency is a digital unit of value used
by people to exchange goods, services,
or in exchange for other currencies that
tend to fluctuate widely relative to
traditional government-issued
currencies [1]

Similarity to fiduciary money, based
on the concept of Chartalism,
according to which the value of money
is determined by social agreement,
regardless of their material
embodiment

L. Leloup Unlike other currencies, a currency is
not the embodiment of a government
agency, bank, or company, and each
bitcoin is identified in the ledger using
the history of all transactions in which
it has been involved from the moment
of its creation [2]

Not defined

A. Tepper Open protocol of a decentralized
payment system [3]

Currency, and thus money

A. Tapscott,
D. Tapscott

An alternative means of payment that
does not require the services of third
parties to establish trust between the
parties of the transaction [4]

An alternative to the traditional
banking system
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The results of a SWOT analysis of the theoretical views of various researchers on
the impact of cryptocurrency development on the financial system and the external
environment are given in Table 2.

It should be noted that the overwhelming majority of researchers also characterize
to the advantages of cryptocurrency the decentralized model of its construction and the
ability to create a payment system based on blockchain technology, completely inde-
pendent of state control.

At the same time, they overlook the fact that such a decentralized system is
implemented through the global computer network Internet, which is ensured by
Internet providers, whose activities are regulated by the state in most countries.

Digital money has numerous advantages, but there is also the possibility of using
cryptocurrency for illegal activities. At the same time, this probability is not higher than
cash, providing the required level of anonymity.

Practice shows that the situation with money laundering in the country is largely
determined not by the rigidity of regulation but by geographical, historical, and
institutional factors [5].

3 Research Methodology

The theoretical basis of the study is the following:

• Theories on the nature of money and its payment and savings functions;
• Portfolio theory of investment on asset diversification as a method of risk

mitigation;
• Theories of financial markets on the main factors of development - supply and

demand for financial services, the composition and level of risks, the level of
competition and the development of new technologies, government regulation,
economic cycles, and crises.

Table 2. The results of a SWOT analysis of the theoretical bases of the development of
cryptocurrencies

Strengths Weaknesses Opportunities Threats

1) Low fees
for transfers
2) High
fault-
tolerance
3) Trust,
guaranteed
by the
network
protocol

1) High
volatility
2) Theoretical
probability of
attack - 51%
3) Negative
reputation
4) Incomplete
protection of
operators from
state restrictions

1) Involvement of people
without access to banking
services in the global
financial system
2) Creation of new working
places in the IT sector
3) Use of smart contracts
and derivatives thereof for
raising investments and
activities in other areas

1) Use of cryptocurrencies
for illegal activities
2) Job cuts in the financial
sector
3) The carbon footprint,
created by the
infrastructure and, as a
result, a contribution to
global warming
4) Unproductive use of
electricity
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The methods of logical and statistical analysis, generalization and classification, cross-
country comparisons, induction, abstraction, mathematical and expert assessment have
been used in the study.

The analysis of the nature and prospects for the development of cryptocurrency is
carried out based on:

• Systematization and generalization of theoretical views on the main characteristics
of cryptocurrency and its advantages and disadvantages;

• Assessment of the results of opinion polls of the residents of different countries on
their attitude to cryptocurrency;

• Statistical data on the trends and factors of dynamics and interrelation of bitcoin
market prices with major currencies and classic protective and speculative assets in
the conditions of global economic crisis, caused by the COVID-19 pandemic in
early 2020;

• Cross-country analysis of the differences in approaches to the regulation of the
cryptocurrency market.

4 Results

The analysis of the approaches to state regulation of cryptocurrency circulation, the
data from opinion polls of the residents of different countries on their attitude to
cryptocurrency, as well as statistical data on the development of the COVID-19 pan-
demic and the market prices of bitcoin, major currencies and financial assets enabled to
reveal the trends and factors and to assess the prospects for the development of
cryptocurrency.

4.1 Regulation of Cryptocurrency Turnover

The difference in the approaches to state regulation of cryptocurrencies’ circulation is
caused by the difference in evaluating the opportunities and threats it creates for
developing the global and national economies and the stability of international financial
markets.

The analysis of the existing approaches to the regulation of cryptocurrencies’ cir-
culation shows that some jurisdictions allow the use of cryptocurrencies as a means of
payment (Venezuela, Japan), while in others, they are completely prohibited (Ban-
gladesh, Ecuador) or significantly limited (Lithuania, China, Vietnam, India, Italy, Iran,
etc.) [6].

Most countries are still “observing” this phenomenon, determining the balance
between the potential for digital technology development and the risks pertaining to the
weakening of state control.
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There is no clear policy of legal regulation of cryptocurrencies’ circulation in the
EU. Cryptocurrencies are mentioned mainly in the directives pertaining to money
laundering and terrorist financing, which does not stimulate the use of their positive
opportunities [7].

In countries with greater opportunities for citizens to influence government deci-
sions and greater availability of electricity, there is greater predictability of financial
regulators regarding the free circulation of cryptocurrencies [8].

4.2 Cryptocurrencies in the Global Financial System

The results of sociological surveys conducted in the USA and the EU indicate that the
interest of residents of these regions in cryptocurrency is growing [9]. There are also
trends in the growth of public confidence in cryptocurrency and the development of
interest in it from small and medium-sized businesses [10]. The observed increase in
volatility driven by the growth in the number of cryptocurrency acceptance venues is
further evidence of its growing acceptance by market participants [11].

The volume of money transfers between cryptocurrency users is also steadily
growing. As of May 2020, 19,350 business entities worldwide, including 44 in the
territory of Latvia, voluntarily and publicly announced the acceptance of payments in
cryptocurrency [12].

In some countries (for example, the USA), cryptocurrency is recognized as an
investment product at the level of state regulation. The start of trading futures contracts
on Bitcont (CME: BTC, CBOE: XBT) in December 2017 indicates the institutional-
ization of cryptocurrency on the leading trading platforms Chicago Mercant Exchange
(CME) and Chicago Board Option Exchange (CBOE). Cryptocurrency quotes started
to be published on the front pages of leading financial portals such as Bloomberg [13]
and Yahoo Finance [14].

Thus, in the activities related to cryptocurrencies, development trends are being
observed.

The possibilities of using cryptocurrency as an investment asset for the period
2019–2020 were significantly affected by the COVID-19 pandemic. At the beginning
of 2020, it moved from a state of moderate growth, close to a recession, to a state of
global economic crisis.

Figure 1 shows the dynamics of the development of the pandemic, measured by the
number of newly diagnosed cases of COVID-19 disease worldwide, as well as the
dynamics of the bitcoin cryptocurrency rate from January 22, 2020, to January 22,
2021.
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The left Y-axis of the graph (Fig. 1) reflects the rise in the bitcoin rate, while the
right axis increases the incidence of COVID-19. The graph data (Fig. 1) indicate the
presence of a positive correlation between the studied data. The authors believe that this
may be due to investors’ growing interest in cryptocurrencies as a protective asset amid
the economic crisis caused by the COVID-19 pandemic.

The first phase of growth in the bitcoin rate in 2020 (March - June) coincides in
time with the first wave of the pandemic. This is followed by a certain period of
consolidation (July - September) and the beginning of intensive growth, which coin-
cides in time with the second wave of the pandemic.
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A comparison of bitcoin and leading world currency rates over a wider time interval
to test this assumption is presented in Fig. 2.

The nature of the bitcoin rate dynamics indicates that before the onset of the crisis,
it could be used as a defensive asset to hedge the currency risk for the euro and pound.
However, with the onset of the pandemic, especially its second wave, the situation
changed dramatically.

The results obtained indicate a low correlation between the bitcoin rate and the
leading world currencies during the period of moderate growth of the world economy
(2019 - early 2020). It can be explained by the difference in factors affecting the
dynamics of the exchange rate of traditional national currencies and cryptocurrencies.
In the case of traditional national currencies, these are the economic indicators of the
issuing country, the actions of national banks and other financial institutions, and
geopolitical factors (the latter is especially characteristic of the British pound). In
cryptocurrencies, the main factors determining the exchange rate dynamics are the
speculative expectations of market participants and the technical aspects of using a
particular cryptocurrency.

The dynamics of the bitcoin rate concerning the Japanese yen deserves special
attention (Fig. 3).

Figure 3 shows the dynamics of the bitcoin rate to the national currency of Japan,
where, unlike most other countries, bitcoin is a legal mode of payment.

The graph data (Fig. 3) indicate a stable positive correlation between the considered
financial instruments, which may be because, in Japan, unlike most other countries,
bitcoin is recognized as a legal means of payment.

Let us study the dynamics of gold prices, quotations of long-term US Treasury
bonds (US 10-years Treasury Bonds), the S&P 500 stock index, and bitcoin cryp-
tocurrency for the period 01.01.2019–31.12.2020 in percent (Fig. 4).
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Analysis of the graph data (Fig. 4) indicates that in the considered time interval up
to September 2020, there is a stable positive correlation between bitcoin quotes and the
price of gold. However, in September 2020, the situation changed—this correlation
became negative. Bitcoin quotes continued to rise, while gold prices began to decline.
This period is characterized by the onset of the second wave of the COVID-19 pan-
demic and the development of an accompanying economic crisis and political insta-
bility in the USA due to the presidential election campaign.

On this background, not only gold prices fell (−4.13% from 08/01/2020 to
12/31/2020), but also the quotations of 10-year US Treasury bonds (−1.47%), tradi-
tionally considered a defensive asset, while the S&P index 500, reflecting the state of
the US economy as a whole, rose by 5.77%, while bitcoin quotes rose by 154.43%.

This may indicate an increase in interest in cryptocurrency as a protective asset on
the part of institutional investors. Thus, the volume of cryptocurrency assets of the US
investment fund Grayscale Investments in December 2020 reached 17.5 billion US
dollars, while at the beginning of 2020, it was 1.8 billion US dollars [15]. The con-
clusion of JPMorgan analysts evidences the high prospects for the use of bitcoin that if
bitcoin manages to establish itself as an alternative to gold as an investment asset, its
value could reach $146,000 in the foreseeable future [16].

The results of mathematical model analysis of the redistribution of risk between
cryptocurrencies and traditional currencies and gold during the COVID-19 pandemic
show that in more stable markets, cryptocurrencies can be seen as defensive assets [17].

5 Conclusion

In today’s world, cryptocurrency is used to pay for goods and services but is not as
active as financial speculations.

The main functions of money can appear in a particular virtual currency only
provided that the number of its users increases significantly.
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The limiting factors of the performance of the functions of money by a cryp-
tocurrency are its shortcomings, such as possible use for illegal activities, unproductive
use of power energy, high volatility, the uncertainty of legal status, and incomplete
protection of operators against state restrictions.

In a broad sense, cryptocurrency is more than money. It is a new technology for
accounting of transactions, which has a universal ability to embody the characteristics
of money, goods, property, financial asset, and payment systems without fully
matching any of them.

There are risks of using cryptocurrency for illegal activities, but their level is
generally not higher than cash.

The role of cryptocurrency in the global financial system today is closer to a high-
risk speculative digital asset.

Such advantages determine the prospects for using cryptocurrency as its high
resiliency, trust guaranteed by the network protocol, low transfer fees, opportunities for
high profitability, and diversification to hedge currency risks. These advantages are the
drivers of a persistent trend of increasing the interest of individuals and businesses of
economically developed countries in investing and money transfer and in paying for
goods and services in cryptocurrency.

Certain jurisdictions allow the use of cryptocurrencies as a means of payment and
apply favorable tax regulation to transactions in cryptocurrencies, which creates new
opportunities for economic growth.
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Abstract. There are many threats to the quality of human life in the environ-
ment of the modern world. Among them, one can single out the growing pol-
lution of the environment and water resources, which leads to crop failures,
hunger, and disease. Concomitantly, narrowly targeted measures often lead to an
aggravation of the situation as a whole. For example, an attempt to solve the
problem of yield quality deterioration by increasing the use of synthetic fertil-
izers leads to accelerated destruction of the fertile layer due to the irreversible
loss of organic matter. It is proposed to use complex technology, including
standard dewatering of sewage sludge at wastewater treatment plants, trans-
portation, disinfection, and processing into a highly effective organic fertilizer.
This paper deals with the problems of transportation of a viscous, epidemically
dangerous, biologically aggressive substance for its further processing. To
improve the quality of working conditions directly at treatment facilities to
protect the environment, human health and counteract the emergence of epi-
demics, it is necessary to develop sealed systems for safe sludge transportation,
maximally isolated from the environment – with taking into account many
variables, such as environmental temperature, intern biological processes, var-
ious tribometric, rheological and thermophysical properties. Upon the laboratory
studies and bench tests, the main affected factors were identified. Fundamental
design solutions for transporting substances with rheological characteristics of
the sludge below 80% humidity level are proposed. Research has been carried
out to decontaminate the substance during its transportation.
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1 Introduction

The volume of sewage sludge, requiring deposition and disposal, is growing from year
to year. In industrially developed countries, about 1.2 kg of dry substance is collected
per inhabitant every day, which is about 6 kg of sediment with a moisture content of
80%. [1]. As a result of the standard dewatering of sewage sludge at city sewage
treatment plants, a viscous, epidemically dangerous, biologically aggressive substance
that is subject to further disposal is produced daily, which is moved openly on con-
veyor belts, cars, or manually. To improve the quality of the working conditions
directly at the treatment facilities as well as to protect the environment and human
health, especially in the context of the problem regarding counteracting the emergence
of epidemics, it becomes increasingly important to develop the most isolated from the
environment hermetic systems for the safe movement of viscous biopathogenic sub-
stances up to the moment of their disinfection and disposal.

Sewage sludge is a natural epidemic focus, making it necessary to comply with
hygiene and biological safety standards when interacting with sewage sludge [2]. In
connection with the growing volume of transported sewage sludge masses, containing a
naturally high concentration of the widest range of human prion, viral, and bacterial
pathogens, the complexity of logistic problems also increases. The situation is aggra-
vated by the high concentration of the population and the fact that water treatment
plants are located in close proximity to cities, and the personnel of the stations
themselves often work in conditions of insufficient security, which creates a risk of
infection and further spread of infection [3, 4]. An additional risk factor is that haz-
ardous chemical compounds can enter the municipal sewer system, affecting human
health and damaging the environment [5, 6]. It is also important that sewage sludge is
unstable and biochemical processes continue in it, leading to the release of bad-
smelling substances into the atmosphere. To reduce risks, it is necessary to:

• minimize the contact of a hazardous substance with the environment;
• automate the transportation of such a substance as much as possible;
• reduce the influence of the “human factor” in the course of daily ongoing work;
• reduce the delivery time and distance to the place of disinfection or another method

of depositing sewage sludge [7].

The most common methods of transporting dewatered sewage sludge today can be
divided into two main groups:

• traditional, known since antiquity - with the only difference that carts were replaced
by cars, and belt conveyors are used instead of wheelbarrows;

• modern uses more complex technologies but is expensive to manufacture and
operate special equipment for transporting hazardous substances.

The purpose of this study is to determine and improve the conditions for working with
urban wastewater sludge, as well as the selection of equipment that ensures the
reduction of the risks listed above, as well as the definition of requirements for tech-
nology and equipment that meet environmental and biological safety standards.
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2 Literature Review

The scientific literature provides data on the texture of sewage sludge. The biochemical
composition of WWS [8, 9] and the biological processes occurring in it [10, 11] have
been well studied. The high agronomic value of sewage sludge is noted [12, 13]. Much
attention in different countries (Italy [14], Oman [15], Sweden [16]) is paid to various
methods of utilization and disinfection of sewage sludge in connection with the need to
return organic material to agronomic circulation [17, 18]. Practical developments in
sludge decontamination, including through heat treatment, are described [19, 20].

The topic of epidemiological safety is especially important in the context of the
COVID-19 pandemic. In particular, the detection of SARS-CoV-2 in fecal masses is
reported, and a lack of data on the period of inactivation of the virus in sewage is stated.
Concerning the sediment formed during the epidemic and undergoing thermal disin-
fection treatment, the risk of infection with SARS-CoV-2 is considered in the range
from low to negligible (“low to negligible”). Nevertheless, it is recommended to
strengthen control over the observance of protective measures to be taken by workers
of treatment facilities and specialists associated with the work with sewage sludge [21].

The problem of sewage sludge contamination by heavy metals and the methods of
sorption of heavy metals are also important and sufficiently represented [22]. In
addition to the data on sewage sludge’s mineral and biochemical composition, the
granulometric characteristics of the initially stabilized sediment from gravity sedi-
mentation tanks are also given. The sediment obtained from digesters is much finer and
more homogeneous [1]. As the humidity decreases, it is noted that the use of various
pumping equipment is faced with problems arising from the viscoplastic properties of
sewage sludge, which are characteristic of non-Newtonian fluids [23, 24].

3 Research Methodology

Laboratory experiments were carried out in the laboratory of Earth Revival Tech-
nologies. The characteristics of the experiments were determined according to the
standards accepted in pharmaceuticals [25]. The company’s complex laboratory
experiments were carried out to preliminary determine the principal approaches to the
transportation of biologically active substances with a moisture content below 80%.
Shear resistance and plastic viscosity of the substance were determined as the key
characteristics in the simulation of material movement. When the moisture content of
the material is less than 70% in the static state, the material’s texture becomes highly
homogeneous; at temperatures below, mesophilic biological processes slowed down or
stopped.

However, at room temperature, as a result of continuing exothermic biological
processes, accompanied by the decomposition of organic matter, a gradual release of
moisture was observed with an active release of heat and strong gas release. During
long-term (day or more) observation in the WWS layer with a moisture content of up to
*35%, active exothermic biological processes resembling composting were noted.
The decomposition of organic matter in the wastewater sludge proceeded with active
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steam and gas separation, with the release of thiols, methane, ammonia, and, in some
cases, arenes.

The safety of sewage sludge use is determined by its composition, reflected in the
relevant national standards. Chemical analysis of WWS from several treatment plants
in the EU, Israel, Ukraine, and comparison of standards by countries showed
insignificant discrepancies in terms of the situation with heavy metals pollution. The
similarity of these indicators allows us to assume that chemical pollutants can be
considered within the framework of a unified approach, both from the point of view of
mechanics and in terms of ensuring safety. In the event of a threat, recorded using
express tests or regularly scheduled analyses, it is possible to add sorbents to reduce the
mobility of heavy metals purposefully.

At the same time, the indicators of ash content differed significantly (approxi-
mately: from 30% to 50% of ash impurities), which is probably due to the discrepancy
between national standards and practices regarding the separation of the fecal, storm,
and industrial effluents, as well as with the state of infrastructure.

There is a significant difference in the part of unseparated garbage: small hygienic
garbage, rags of clothing, polyethylene, small wooden, metal, etc., fragments.

Bench tests were carried out at the Earth Revival Technologies testbed, commis-
sioned by Micron Corporations.

The test bench for practical tests and equipment tests is mounted inside a ther-
moconstant container with an autonomous climate system. The stand consists of the
following main units, devices, and assemblies:

• Material feeding device in the form of a feeder.
• High-pressure pipeline system, consisting of several different types of pumps,

independently connected to the pipeline.
• Vibration transport system made in the form of a conveyor located in an isolation

chamber (Fig. 1).
• Infrared heaters located along the conveyor of the transport system (Fig. 2).
• Intermediate storage hopper (Fig. 3).
• Feeding, distribution, control and measuring devices.

Since the stand design provided for an auxiliary system for thermal disinfection of
sewage sludge directly in sediment transfer, the vibration conveyor isolation chamber
was equipped with infrared heaters, a thermocouple, and a temperature controller. At
the same time, due to the threat of pipeline destruction with significant heating of the
transported sediment at the design stage, it was decided to abandon thermal disinfection
in the pipeline itself.

Infrared heaters are located along the conveyor belt of the vibratory conveying
system. The heating elements are made in the form of quick-mount panels, each of
which is a set of ceramic infrared heaters installed in a metal structure made in the form
of a reflector. The choice of infrared emitters for disinfection is because the use of
inertial thermal elements with low efficiency requires a lot of energy, which leads to
high requirements for the energy class of equipment and an increase in production
costs.
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An intermediate storage hopper, the presence of which is because if the pipeline
length needs to be increased, a sequential installation of an additional intermediate
pump can be required.

The high-pressure piping system includes piston diaphragm, gerotor and peristaltic
pumps selected for simulation and testing. The transported raw materials are picked up
by the auger from the closed intermediate storage hopper and fed to the distributor
directly to the pumps. The direction of movement of the material is changed to per-
pendicular. In the process of further movement, the material, with the help of a special
mechanical device, can be fed into pipelines of one configuration or another, which
makes it possible to study the behavior of the transported material in various
environments.

Fig. 1. Vibration transport system in the form of a conveyor, placed in an isolation chamber.

Fig. 2. Infrared heaters located along the conveyor belt of the vibratory transport system.

Fig. 3. Intermediate storage hopper.
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Then the material is returned to the storage bin, which means the conditional
delivery of the material to the endpoint; or, with the help of a special feeder common to
all pipeline lines, it is fed to the tray of the vibratory transport system. The vibratory
transport system consists of one or several metal vibrating trays located at an incli-
nation of 2.5–3°; includes an oscillatory electromagnetic circuit and an elastic
mechanical system capable of oscillating in a state of resonance, ensuring the
advancement of the material in the direction of inclination. Also, the vibration transport
system is equipped with vibration drives with the main power circuit and, in the
presence of a forced heating source, can be equipped with an additional forced cooling
circuit. Depending on the rheological properties of the transported material, the speed
of its passage along the vibrating conveyor can be flexibly regulated by the intensity of
vibration and by changing the angles of inclination in a given range. The vibration
transport system can consist of several sequentially located similar devices, each lower
than the previous one. Thus, if the need to compensate for the height difference arises,
the vibration transport system must be operated in conjunction with a pipeline system
that allows the transported material to be raised to the desired height.

Using which the material is distributed over the tray of the vibratory transport
system, the feeder ensures a uniform supply of the viscous substance over the entire
plane of the tray. Layer thickness is determined by the design of the feeder with a given
opening height, and the width of the feeder corresponds to the width of the tray. The
material enters the tray and then moves in an even layer and at approximately the same
speed. In the case of a multisection vibrating conveyor, the material is moved from tray
to tray sequentially, under the action of gravity. In the same way, the material is
unloaded into the receiving hopper.

After that, the cycle of supply to the pipeline system and, then, to the vibrating
conveyor can be resumed, simulating a multi-segment transport system, or the material
will be considered delivered to the destination.

Control of the level of raw materials in the storage bin can be carried out tenso-
metrically, using ultrasonic sensors and visual control. As it moves along the vibro-
conveyor for disinfection, the material is exposed to infrared radiation from heating
panels mounted above the trays. Neutralization of biopathogens is ensured by heating
to the required temperature for some time sufficient for guaranteed heating and dis-
infection of the sediment volume throughout the layer thickness. If a disinfection
system is used, the speed of the sludge advance must meet the requirements for the
intensity and duration of heat treatment required for reliable sludge disinfection. It
seems the most rational to heat the material to 90–95 °C, which makes it possible to
significantly (up to several minutes, according to the formulae of the time-temperature
regimes for thermally treated “Class A” sludge with the solid content of the sludge
being more than 7% [17]) reduce the time of thermal exposure without switching to a
higher class of equipment performance in terms of heat resistance and without reaching
the boiling point of water.

At the same time, it should be taken into account that the thermally treated material
comes out with a reduced percentage of moisture compared to the initial state.
Although a significant drop in humidity in the closed chamber of the vibroconveyor
does not occur, a change in the material’s rheological properties with strong heating is
inevitable, which must be considered when planning a multi-segment combined
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pipeline-vibration transport system. It should be especially noted that, despite many
advantages (intuitive clarity, the ability to transport dry and viscous materials in a
relatively wide range of positive and negative angles), the use of belt conveyor devices
does not seem to be a good alternative to the vibrational method of movement. The
main reason is that many moving elements impart movement to the conveyor belt, low
efficiency, high wear of moving parts of equipment in obviously difficult operating
conditions, and aggressive environments, combined with low practical maintainability.

Also, moving with a slope, especially with a slope opposite to the direction of
movement, is difficult or inapplicable in the separation of sewage sludge with the
release of water. The design of the belt conveyor also makes it difficult to compactly
place it in isolation from the external environment, which, combined with the need for
frequent manual cleaning of equipment, conflicts to minimize the risk of human illness.
In addition, thermal disinfection of the transported material in using a belt conveyor is
difficult due to the increased cost of manufacturing and operation under conditions of
increased temperature exposure. At the same time, the uneven temperature gradient in
the disinfected layer on the conveyor belt does not allow achieving stable disinfection
at gentle temperatures in any acceptable period of time.

4 Results

As a result of the bench tests, information was obtained that made it possible to
determine the necessary equipment configuration, as well as the features of its oper-
ation, in particular:

A piston diaphragm pump does not provide a stable sewage sludge supply with a
humidity of 80% and below. A tight plug of the pressed material forms within a few
minutes, and further operation becomes impossible.

Peristaltic hose and gerotor pumps of various designs have shown their funda-
mental suitability for moving sewage sludge with a moisture content of 80% and
below.

The duration of operation of gerotor pumps depends on the consistency of the
sewage sludge (first of all, from accidental foreign inclusions: pieces of metal, small
stones, hard plastic) and varies from tens to hundreds of hours without replacing the
stator and from hundreds to thousands of hours without replacing the rotor.

The main problem of wear of the rotor-stator pair is the ingress of solid fractions
that grossly damage the stator material directly or indirectly through damage to the
working surface of the rotor. Special attention should be focused on the quality of the
rotor-stator pair assembly, rotor’s quality, stator’s material, and quality of the sludge
cleaning. The best performance in terms of service life was achieved for stators made of
rubber with a high rubber content, which is explained by the diffusion of abrasive
particles into the stator body, which increases its resistance to further wear.

The high maintainability of gerotor pumps is an important positive factor. When
replacing a worn stator or as the rotor wears out, a new rotor-stator pair is selected. It,
however, is fraught with some difficulty: due to the error in the shape of the stator bore
and, to a lesser extent, in the shape of the rotor, there is a problem of the inaccuracy of
the preload oscillation [26].
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A task requiring direct human participation is the need for periodic (once per shift)
cleaning of the compression chamber. It is a simple and quick operation but requires
adherence to appropriate safety standards.

A possible alternative is to use peristaltic pumps as they do not have any of the
above problems since the only part directly exposed to the transported material is an
easily replaceable hose made of wear-resistant material, requiring no special adjustment
or cleaning.

During the tests, the possibility of air congestion was recorded. It also turned out
that it is unacceptable to leave sediment in a multi-segment pipeline of considerable
length because the static state of the material promotes delamination, congestion, and
build-up on the pipe walls. Sludge fermentation can also lead to the malfunction of all
hermetically mated segments of the pipeline system. Thus, the intermediate hopper acts
as a safety device and an emergency valve.

Long-term continuous testing of the vibration transport system has fully demon-
strated the reliability and high efficiency of sewage sludge transportation using a
vibrating conveyor. In the course of the research, several problems were empirically
identified, which later found their solution. The following problems may be of greatest
interest:

Delamination of the material of the trays under the influence of prolonged vibra-
tions in the event of a hidden defect in the metal sheet.

Less obvious is the solution to another vibration problem: the destruction of the
hardware holding the tray assemblies. At the same time, the traditionally used solution -
Grover’s washers (split lock washers) - has shown its absolute inconsistency. Theo-
retical confirmation was found on the NASA website [27], but no solution was pro-
posed. The use of various multi-purpose two-component compounds and the use of
lock-wedge toothed washers gave only a partial, temporary effect. During the tests, a
successful complex multicomponent solution was found, but its description is beyond
the scope of this article.

The infrared heating disinfection system has shown consistently successful results.
For disinfection of sediment transported along a vibrating conveyor of 150 mm. with a
humidity of 80%, it took 15 min, taking into account the heating time of the layer to
95 °C. In this case, the speed of movement of the material was about 1 m per minute.

5 Conclusions

The successful realization of the described method opens the way for its industrial
implementation to solve environmental-friendly reloading, transporting, and stabilizing
sewage sludge for further processing. A high-pressure pipeline with the right choice of
pumping equipment (in the experiment, a gerotor pump), preventing fermentation,
solidification, and the formation of air and other congestions, can provide a hermetic
movement of dewatered sewage sludge for several tens of meters for each segment. The
exact values depend on the homogeneity and moisture content of the material being
transported and on many factors determined by local conditions: the material of the
pipes and fittings used, the geometry of the pipeline route, and the temperature of the
environment. The pipeline can be multi-segment, and the transportation distance will
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be solely due to considerations of logistic rationality. In combination with a vibrating
conveyor, the high-pressure pipeline is a ready-made line for transporting sewage
sludge with its simultaneous disinfection. At short distances (up to 20–30 m,
depending on local conditions), the vibroconveyor can be used to transport sewage
sludge independently, including with simultaneous disinfection of the sludge.

It seems important to obtain more statistical data for building and adjusting a
computer model for flexible adaptation of equipment parameters under changing
material parameters and environmental conditions. As part of an integrated approach to
improving the quality of the living environment, a rational continuation of the solution
to safe transportation of sewage sludge should also be its processing into safe, high-
quality organic fertilizer.
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Abstract. One of the features of sintered materials is porosity. Depending on
the application, this can be both a disadvantage and an advantage. The porosity
geometry affects the propagation of heat during the grinding of the sintered
material. An experimental study of the temperature in the cutting zone during
the grinding of sintered porous materials was carried out. The relationship
between the contact temperature in the cutting zone, the parameters of the
cutting modes during grinding, and the porosity of the part is revealed. It was
found that the use of process coolants is not always possible due to the presence
of pores in the material. It is proved that the cutting temperature of porous
materials is higher due to the deteriorated heat dissipation properties, but the
cutting temperature does not affect the degree of compaction of the surface
layers of the powder material. An adequate mathematical model is obtained,
which describes the change of cutting temperature depending on the material’s
cutting depth, grinding speed, and porosity.

Keywords: Abrasive processing � Cutting modes � Grinding wheel � Iron
powder � Workpiece

1 Introduction

The main operational properties of machine parts - wear resistance, strength, reliability
are largely determined by the condition of the surface layer, which depends on the
manufacturing technology. The quality of the polished part is determined by geometric
parameters, such as the accuracy of size and shape of the surface and the roughness and
properties of the surface layer of the material [1, 2].

In modern production, the technological support of the parameters of the condition
of the surfaces of parts, depending on the tool’s characteristics, is not sufficiently
substantiated, which leads to an overestimation of requirements and higher prices of
machines [3, 4]. The roughness of the ground surfaces of sintered powder materials is
determined by the characteristics of the grinding wheel, cutting modes, properties of
the processed material, and other factors. The problem of the influence of the
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characteristics of the grinding wheel on the surface quality of porous bodies is insuf-
ficiently covered. Therefore, theoretical and experimental investigations in this direc-
tion are relevant.

2 Literature Review

One of the further ways of developing powder metallurgy is the use of parts of complex
configuration [5]. However, due to the specifics of the manufacturing technology, this
leads to the need to perform additional mechanical processing.

Surface roughness is affected by elastic and plastic deformations in the surface
layer, cutting modes, stiffness of the technological system, shape, and condition of the
cutting part of the tool [6], as well as the type of material being processed and friction
between the treated surface, the fixture [7], and the tool [8, 9].

The quality of the surface of the machined part is determined, in addition to the
cutting modes and the initial condition of the working surface of the grinding wheel,
the conditions of editing the wheel, and the change of the working surface during
operation [10].

The most applicable type of mechanical processing of structural materials is
abrasive processing, which provides high accuracy and a class of purity of the pro-
cessed parts [11]. Thermal phenomena accompanying the grinding process signifi-
cantly impact the quality of the ground surfaces [12]. High grinding temperatures cause
defects in the surface layer of the ground part (e.g., burns, cracks) [13], which reduces
the part’s quality [14], and therefore the temperature factor becomes one of the main
factors of the grinding process [15].

The processing of sintered porous materials differs from compact steels due to
porosity and often inhomogeneous microstructure [16]. It’s confirmed by research the
pore stereology of powder materials [17] using the original computer-informative
software for research of the new materials [18].

To improve the processing of sintered materials, mechanical processing additives
are used [19], the quality of which can be ensured using the corresponding techno-
logical equipment [20]. Increasing the wear resistance of the work surfaces of parts can
be achieved through hardening processing methods [21]. It’s confirmed by methods of
evaluating the wear resistance of the contact surfaces developed in works [22, 23]. To
improve the machining of materials can be effective using of machinability enhancer
[24]. To reduce the temperature in the cutting zone [25], textured grinding wheels with
a discontinuous cutting edge are used [26] and the use of oil or air when processing the
detail [27].

Considering the urgency of the problem, the work aims to study the temperature in
the cutting zone under various modes and conditions of grinding sintered porous
materials.
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3 Research Methodology

Sample blanks were made by hydrostatic molding in a hydrostatic installation using oil-
resistant rubber elastic shells. The required value of the porosity of the samples was
achieved by changing the specific force of formation. The experiments were performed
on samples that were made of iron powders. The chemical composition and particle
size distribution of the studied iron powder are shown in Table 1 and Table 2.

The workpiece was made in two stages: pressing and sintering. The iron powder
was pressed using a rubber mold in a high-pressure chamber, creating the pressure
required to obtain a sample of a given porosity. Grinding of the samples was carried out
without cooling on a universal flat-grinding machine of the 3L722B brand. A grinding
wheel of the brand 24A20SM2K was used. To determine the temperature in the cutting
zone, a chromel-alumel thermocouple was used. The studies were carried out on porous
sintered iron with a porosity of 24%, 28%, 32%, which were manufactured by the
hydrostatic formation and sintered at a temperature of 1050 °C in a protective envi-
ronment. The influence of the temperature factor on the surface quality during grinding
was determined experimentally by the method of a multifactorial experiment.

The main factors that affect the cutting temperature when grinding a sintered porous
materials depend on the cutting depth t, grinding speed Vd, and porosity of the material
h:

T ¼ f t;Vd; hð Þ ð1Þ

The experiments were carried out using the method of multivariate analysis 23, i.e.,
simultaneous variation of all variable factors, x1(t), x2(Vd), x3(h). Based on the results
obtained, using the least-squares method and the properties of the scalar product of the
main vectors, a regression dependence is derived. The mathematical model does not
describe a whole system but only a separate set of decisive factors in the grinding of
porous powder materials.

Table 1. Chemical composition of the iron powder.

Chemical composition (%)
Fe C Si Mn S P O

98,5 0,02 0,17 0,03 0,01 0,02 0,27

Table 2. Particle size distribution of the iron powder.

The yield of fractions (%) when the particle size (mm)

Fe C Si Mn S P O

−0400 + 0315 −0315 + 0200 −0200 + 0160 −0160 + 0100 −0100 + 0063 −0063 + 0050 −0050
0,6 8,28 6,82 15,1 34,8 28,6 6,8
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4 Results

The grinding process of porous sintered materials includes the restriction of the use of a
coolant, which, when entering the pores of the workpiece, changes the physical and
mechanical characteristics of the surface layer of the material.

It is established that when processing sintered powder materials, the cutting tem-
perature is higher than when processing steel, despite their lower strength, ductility, as
well as a lower level of cutting forces. It is due to the lower thermal conductivity (1.5
times…2 times) of sintered powder materials. Depending on the carbon content in the
steels, their thermal conductivity varies in the range of 60…80 W/(m � K), and sintered
materials of similar composition - in the range of 20…50 W/(m � K), as shown in
Fig. 1.

The results of measuring the cutting temperature as a function of the cutting depth
are shown in Fig. 2. It was found that with increasing porosity, the cutting temperature
increases as the thermal conductivity coefficient decreases and the heat removal con-
ditions deteriorate.

Fig. 1. Dependence of the cutting temperature on the thermal conductivity of the material.
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The influence of temperature on the quality of the surface layer of the part when
processing porous materials differs from compact materials, and as a result of low
thermal conductivity, the influence of temperature extends to the surface layers of the
part. Another feature of the grinding process is that the cutting temperature does not
affect the degree of compaction of the surface layers of the powder material.

When processing the results obtained by the method of planning a multivariate
experiment, a regression dependence was established in the following form:

T ¼ 611:8 � t0:34 � V�0:05
d � h0:28 ð2Þ

The analysis of the obtained mathematical dependence showed that it adequately
describes the temperature change depending on the main factors of the grinding pro-
cess: cutting depth t, grinding speed Vd, the porosity of the material h. The greatest
influence on the increase in contact temperature has the cutting depth of cut and, to a
lesser extent, the porosity of the detail (h). At the same time, increase speed grinding
(Vd) leads to a decrease in temperature effects on the treated surface.

Fig. 2. The dependence of the cutting temperature on the cutting depth at Vd = 5 m/min,
Vkr = 35 m/s.
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Figure 3 compares the calculated data according to formula (2) and the experi-
mental results depending on the cutting depth.

Figure 4 shows the two-dimensional response surface of the arithmetic mean
temperature deviation in the area of the used cutting depth t and grinding speed Vd at
h = 28%, which is constructed using regression dependence 2.

Fig. 3. The effect of the cutting depth on the temperature at Vd = 5 m/min, Vkr = 35 m/s,
h = 24%

Fig. 4. The response surface of the arithmetic mean deviation of the temperature at h = 28%.

460 O. Zabolotnyi et al.



High instantaneous temperatures that occur when grinding sintered powder mate-
rials lead to structural changes in the surface layer of the material, the appearance of
cauterization, and grinding cracks. Thus, when grinding a sample with a porosity of
32%, because of the contact temperature T = 510 °C, cauterization was formed.

The surface of the processed detail is covered with separate cauterization spots
(Fig. 5a), which occurred during the following processing modes: t = 0.05
(mm) Vd = 5 (m/min).

In addition, under these treatment modes, small cauterization caused a decrease in
stiffness from HB 80 to HB 66. When grinding a sample with a porosity of 32%,
microcracks were formed due to the contact temperature T = 586 °C. The surface of
the processed part is covered with individual microcracks (Fig. 5b), which occurred
during the following processing modes: t = 0.05 (mm) Vd = 5 (m/min). Grinding
cracks were formed because of high contact pressure, temperatures, and friction forces
of abrasive grains on the surface of the ground workpiece.

No significant defects were found when processing a sample with a porosity of 24%
at different cutting modes. Consequently, with an increase in the parameters of the
cutting modes and an increase in the porosity of the workpiece, the probability of
defects in the form of cauterization and microcracks on the surface of the part increases.

The local change in the structure of the surface layer of the part, which is formed
because of high instantaneous temperatures and intense heat release in small areas of
the surface layer of the part, causes a decrease in the mechanical properties of the
surface layer, mainly a reduction in its hardness and wear resistance.

To reduce the effects of cauterization and the formation of microcracks, oil
impregnation of the treated surface was used. In some cases, it is not possible to use
impregnations according to the technological conditions on the part. Then we apply
intermittent grinding, which was implemented by using circles with an intermittent
cutting edge.

Fig. 5. Cauterization during grinding a); microcracks during grinding b).
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As an example, Fig. 6 shows the results of measuring the cutting temperature
depending on the depth of cut, which are obtained at the following parameters: Vd =
9 m/min, Vkr = 35 m/s, S = 0,2 mm/stroke.

These data indicate that grinding with intermittent wheels leads to temperature
decrease. The degree of temperature decrease during intermittent grinding compared to
grinding with a solid wheel in the range of cutting depth t = 0.01…0.05 mm is 21…
27% (Fig. 7).

There no traces of burns on the treated surfaces were found. Interruption of the
cutting process reduces the temperature in the cutting zone by decreasing the duration
of heating the elementary area on the part surface, and the temperature does not reach
the maximum critical value.

Fig. 6. Intermittent wheel.

Fig. 7. Dependence of the cutting temperature on the cutting depth under different processing
conditions.
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Temperature decrease in the cutting zone was observed on average by 20% if the
parts are oil-impregnated. The oil in the pores was like a cooling agent. It should be
noted that the oil in the pores burns out under high-temperature influence, and it causes
environmental pollution. Therefore, grinding of oil-impregnated parts should be
implemented on machines equipped with special exhaust equipment.

5 Conclusion

It is experimentally established that when grinding porous sintered materials, possible
structural defects of the surface layer of the processed parts, namely, the appearance of
cauterization and microcracks. The main factor in the appearance of defects is an
increase in the cutting parameters and porosity of the workpiece to be processed.

The intermittent grinding process leads to a temperature decrease in the cutting
zone and the avoidance of grinding defects in the form of annealing. The degree of
temperature decrease during intermittent grinding compared to grinding with a solid
circle in the range of cutting depth t = 0.01…0.05 mm is 21…27%. Lowering the
temperature when grinding porous materials by impregnating them with oil is
impractical, leading to oil burnout and environmental pollution.

A regression equation is derived to determine the cutting temperature depending on
the cutting modes and the porosity of the part. It is established that with the increase of
porosity, the cutting temperature on the surface of the part increases due to the decrease
of the thermal conductivity coefficient and the deterioration of the heat dissipation
conditions.

Experimental studies were conducted based on the limitations of the technological
capabilities of the equipment and due to the use of sintered powder materials for
structural purposes in mechanical engineering.

Acknowledgment. This research was partially supported by International Association for
Technological Development and Innovations.
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Abstract. The work aims to increase the reliability of the operation of adsor-
bents in filters for purifying gaseous emissions of nuclear power plants by
monitoring the quality of adsorbents when determining their aerodynamic drag
in a flow of dry and humid air and the content of impurities H2O, N2, O2, Ar,
CO, CH4, CO2, C2H4, C2H6, C2H2, C3H6, C3H8, C4H8, C4H10, CH3J, Kr in
these streams. Improved: installation for determining in a flow of gaseous air the
values of the aerodynamic drag of adsorbents at T = 293 К and at linear
velocities of air from 0,83 to 310 cm/s at the inlet to the adsorbents at a relative
humidity of up to 95% and impurities from 5�10–4% by volume and above, as
well as to determine the adsorption capacity of adsorbents for impurities; block
diagram of a 5- channel gas chromatography. At various constant linear
velocities of airflows at the inlet to adsorbents – carbon fiber materials of the
UUT-2, ANM, AMT, URAL-T-5 brands, there is no linear relationship between
the aerodynamic drag and the number of layers of these materials. Aerodynamic
drag depending on the brand of the adsorbent and the number of layers thereof
are in the range from 5 Pa to 128,9 кPa. For carbon materials under air humidity
X1 = 0,16 g/m3 and X2 = 16,7 g/m3 and its linear velocities u1 = 2 cm/s,
u2 = 100 cm/s, u3 = 310 cm/s, the values aerodynamic resistance does not
depend on air humidity.

Keywords: Radioactive gas � Adsorption � Aerodynamic drag � Carbon
adsorbent � Filter element � Iodomethane � Gas chromatography

1 Introduction

During the operation of NPP equipment, gaseous emissions are formed containing
impurities of H2O, N2, O2, Ar, CO, CH4, CO2, C2H4, C2H6, C2H2, C3H6, C3H8,
C4H8, C4H10, CH3J, Kr, Xe, J2, many of which are radioactive [1]. These emissions
must be discharged into the surrounding atmosphere after appropriate purification [2]
using various adsorbents (activated carbons, silica gels, alum gels, zeolites) in special
filters [3]. Quality control of such adsorbents before loading them into adsorption filters
and during their operation is a prerequisite for reliable operation of gas purification
systems for NPP emissions [4]. One of the main types of quality control of these
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adsorbents is to determine the aerodynamic drag of adsorbents to the flow of gaseous
air [5] and the adsorption capacity of adsorbents for vaporous impurities of radioactive
iodomethane (CH3J) [4]. The emergence of various brands of adsorbents and an
increase in their quality require improving the schemes and designs of installations for
determining the aerodynamic drag and adsorption capacity of adsorbents. The use of
vapors of non-radioactive CH3J for determining the adsorption capacity of adsorbents
is promising, which requires improvement of measurement techniques for determining
the concentrations of CH3J vapor in gas streams.

2 Literature Review

The processes of thermal decomposition and oxidation of CH3J were studied in [1], and
it was found that the product of the chemical oxidation of CH3J is iodine oxide, which
can be captured on an inert carrier at a low temperature. Determination of the content of
impurities in the analyzed streams is characterized by the complexity of measurement
procedures using expensive measuring equipment. In [2], an analysis of data on
emissions of inert radioactive gases (IRG) is given. It is shown that the composition of
IRG is specific for each NPP (isotopes Ar, Xe determine at least 50% of the emission
activity). The paper [3] considers methods for determining the content of the main
radionuclides in gaseous emissions from NPP based on the use of techniques for
performing measurements of radioactivity. Gas chromatographyy (GC) methods are
not specified. In [4], the methods of performing measurements to determine the
adsorption capacity of adsorbents using radioactive CH3J vapors are considered, and
the scheme of the measuring installation is described. In this case, equipment is used to
measure the radioactivity of the adsorber sections with the adsorbent. It complicates the
measurement procedures, requires expensive equipment, protects the ambient air from
the emission of radioactive CH3J vapors and their disposal. In [5], a study of the
performance characteristics (aerodynamic drag; mechanical strength during abrasion;
adsorption capacity of adsorbents for radioactive vapors J2 and CH3J) of activated
carbons for adsorption filters of NPP ventilation systems was carried out. Diagrams of
installations for measuring the adsorption capacity of adsorbents of J2 and CH3J vapors
in the presence of atmospheric air and water vapors are given. However, a diagram of
an installation for measuring aerodynamic drag to a gas flow is not provided. In work
[6], isotherms and kinetic curves of adsorption of CH3J, Kr, Xe, J, on NPP at
T = 293 K are considered. Diagrams of experimental installations and methods of
measurements of these substances in gas flows are not given. In [7], the influence of
substances impregnating activated carbons (NaOH, KI, and ZnCl2) on the quality of
removal of radioactive CH3J from the airflow using equipment for measuring the
radioactivity of adsorber sections with an adsorbent was investigated. It requires
expensive equipment and protects the ambient air from radioactive CH3J vapors and
their disposal. Experimental setup diagrams are not shown. A general approach to
developing traps for radioactive organic iodine by creating materials impregnated with
organic amines is described in [8]. These materials have a high adsorption capacity of
adsorbents for CH3I at a temperature of T = 423 K. Techniques for performing mea-
surements when determining the CH3I concentrations in gas streams and schemes of
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experimental installations are not indicated. In [9], a method was proposed for
obtaining a sorbent for capturing radioactive iodine from gas streams. Data on the
adsorption capacity of adsorbents for CH3J at different test temperatures are presented.
The diagram of the experimental setup is presented. Determination of CH3J concen-
trations in gas streams by direct measurements was not performed. The amount of
absorbed (decomposed) CH3J was determined by the gravimetric method using a
special absorber. These measurements require periodic weighing, which complicates
the measurement procedures. It was shown in [10] that, at temperatures above 473 K,
the decomposition of CH3J to molecular J2 begins, which can then be absorbed in a
layer of metallic Ag. The diagram of the experimental setup is presented. The
radioactivity of the sorbent blocks was measured on a gamma-X-ray spectrometer. It
complicates the measurement procedures. The paper [11] presents a method for
determining the adsorption capacity of adsorbents (carbon materials) using stable
iodine isotopes. Diagrams of experimental installations are presented. The radioactivity
of individual blocks of the sorbent after testing was measured on a gamma-X-ray
spectrometer. A comparison of the methods for determining the adsorption capacity of
adsorbents for the SKT-3I adsorbent using 131I and 127I vapors was performed in [12].
In this case, 127I was determined in the carbon matrix by the X-ray radiation of the K-
series of iodine atoms, and 131I was determined by recording the induced gamma
activity. It makes it possible to use these measurement techniques to assess the cleaning
factor of the sorbents of carbon filters in the ventilation systems of nuclear power
plants. It requires the use of expensive equipment, protection of ambient air from the
release of radioactive vapors 131I and 127I, and their disposal. In [13], methods of
performing measurements for the determination of components by GC methods (H2O,
H2, N2, O2, CO, CH4, CO2, C2H4, C2H6, C2H2 «Ionol» additive, water in turbine oil,
turbine oil in water) dissolved in mineral turbine oils or water are considered. This
work does not propose measurement techniques for determining impurities C3H6,
C3H8, C4H8, C4H10, CH3J, Ar, Kr in gas flows. The paper [14] considers the mea-
surement techniques for determining CH3J vapors in the air using measuring equipment
with a mass spectral detector. The use of such equipment requires the use of an
expensive vacuum system and calibration mixtures. In [15], methods for determining
CH3J in gas flows using photoacoustic spectroscopy or GC are considered. Using the
GC method, a capillary chromatographyic column and units for expensive automatic
control of the separated analyzed gas flows in the chromatography are used. In [16], the
adsorption of gaseous 131I at high temperatures by aluminum oxide impregnated with
silver is considered. A diagram of the experimental installations is presented. The
sorbent activity after testing was measured on a gamma-X-ray spectrometer.

Thus, it is necessary to conduct research aimed at improving the quality control
methods of adsorbents for filters for purifying gas emissions from NPP containing
vapor and gaseous impurities H2O, N2, O2, Ar, CO, CH4, CO2, C2H4, C2H6, C2H2,
C3H6, C3H8, C4H8, C4H10, CH3J, Kr (hereinafter referred to as impurities). Imple-
mentation of these works will allow: to increase the reliability of operation of adsor-
bents in filters for purification of gaseous emissions from nuclear power plants; to
improve the installations for quality control of adsorbents, and to develop a block
diagram of a multichannel gas chromatography to determine the content of impurities
in gaseous streams without the use of expensive methods of radiation monitoring and
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radioactive control impurities; to determine the adsorption capacity of adsorbents for
gas filters at nuclear power plants; to prevent the release of control radioactive gaseous
impurities from the adsorbent quality control units into the environment. The work
aims to increase the reliability of the operation of adsorbents in filters for purifying
gaseous emissions of nuclear power plants by monitoring the quality of adsorbents
when determining their aerodynamic drag in a flow of dry and humid air or nitrogen
and the content of vaporous or gaseous impurities in these flows.

To achieve this goal, the following tasks were set:

– improvement of the block diagram of the installation to determine: the values of the
aerodynamic drag of the adsorbents at various linear velocities (nitrogen) of the air
at the entrance to the studied adsorbents; adsorption capacity of adsorbents for
impurities in a stream of gaseous nitrogen (air);

– determining the aerodynamic drag values of layers of carbon fibrous materials in
various amounts layers and linear air velocities (nitrogen) inlet investigated the
carbon fibrous materials;

– development of a structural diagram and selection of the main characteristics of the
elements of the measuring channels of a 5-channel gas chromatography for the
determination of impurities in gaseous nitrogen (air);

– experimental determination of the metrological characteristics of the results of
measurements of the content of impurities in the flow of gaseous nitrogen (air).

3 Research Methodology

3.1 Determination of the Aerodynamic Drag Value of Carbon Fiber
Materials Layers

During the research, industrial carbon fiber materials of the UUT-2, ANM, AMT,
URAL-T-5 brands were used. The thicknesses of one layer of the investigated carbon
fiber materials were as follows: UUT-2 – 0,6 mm; ANM – 2,3 mm; AMT – 1,15 mm;
URAL-T-5 – 0,6 mm. The measurements were carried out at a temperature
T0 = 293 K. The values of the water vapor content in the air X1 = 0,16 g/m3 (dew
point temperature T1 = 233 K) and X2 = 16,7 g/m3 (dew point temperature
T2 = 293 K, relative humidity u = 95%). Linear velocity (u) of dry air flow
(X1 = 0,16 g/m3) at the entrance to the first layer of carbon fiber material had values in
the range u = 0,83… 310 cm/s. For all investigated carbon fiber materials at values
X1 = 0,16 g/m3 and X2 = 16,7 g/m3, the linear air flow rates were u1 = 2 cm/s,
u2 = 100 cm/s, u3 = 310 cm/s.

Figure 1 shows an improved block diagram of the installation for determining the
value of the aerodynamic drag DP of layers of carbon fibrous materials at various
numbers of layers n and linear velocities u of air at the inlet to the filter element, as well
as for determining the values of adsorption by adsorbents of impurities from a stream of
gaseous N2 (air).
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The values of aerodynamic drag DP of layers of carbon fiber materials of the above
grades were experimentally determined for different numbers of layers, n, and linear
velocities, u, of gas (air) at the inlet to the filter element.

When determining the aerodynamic drag DP by layers of carbon fiber materials, the
absolute value of the resulting error does not exceed 2 Pa at a pressure drop of up to
600 Pa and 8 Pa at a pressure drop of up to 2400 Pa.

As an example, Fig. 2 shows the dependence of the aerodynamic drag DP for three
layers of carbon fiber material of the UUT-2 type on the linear air velocities u.

Fig. 1. Block diagram of the installation for determining the value of the aerodynamic resistance
of layers of carbon fiber materials and the values of adsorption by adsorbents of impurities H2O,
N2, O2, Ar, CO, CH4, CO2, C2H4, C2H6, C2H2, C3H6, C3H8, C4H8, C4H10, CH3J, Kr from
a stream of gaseous N2 (air): 1 - source of a stream of gaseous N2 (air); 2 - flow meter; 3 - aerosol
filter; 4 - desiccant; 5 - adsorption filter; 6 - introduction of CH3J vapors into the flow of gaseous
N2 (air); 7 - liquid CH3J evaporator; 8 - humidifier for the flow of gaseous N2 (air); 9 -
thermostat; 10 - sectioned adsorption column with the investigated adsorbent; 11 - protective
column; 12 - regulator of humidity, temperature, absolute pressure and differential pressure; 13 -
dispenser of gaseous impurities into the flow of gaseous N2 (air); 14, 15 - pressure meter; A, B,
D, E - lines for periodic supply of N2 (air) flows to the gas chromatography; C - line for
supplying flows of N2 (air) to the gas chromatography from the sections of the adsorption
column (pos. 10); F - purified stream of N2 (air) to the atmosphere.
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3.2 Development of a Block Diagram of a 5-Channel Gas
Chromatography

Figure 3 shows the developed block diagram of a 5-channel gas chromatography for
determining impurities in a nitrogen flow.

Table 1 shows the main characteristics of the elements of the measuring channels of
a 5-channel gas chromatography to determine impurities.

Fig. 2. Dependence of the aerodynamic drag DP for three layers of carbon fiber material UUT-2
type on the linear gas velocities u at the entrance to the filter element.

Fig. 3. Block diagram of a 5-channel gas chromatography for determining impurities stream of
N2 (air): 1, 5, 7, 12, 14 - gas metering valves with calibrated metering loops; 2, 6, 8, 13, 17 -
chromatographyic columns; 3, 9, 16 - thermostats; 4 - thermal conductivity detector (TCD); 11 -
flame ionization detector (FID); 15 - evaporator; 18 - electron capture detector (ECD); He, H, A,
N - helium, hydrogen, air, nitrogen, respectively.
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In Table 1: tcc, ttcd, tfiд, tecd, tm, te – temperatures of chromatographyic columns (tcc
– initial, tcc fin – final) TCD, FID, ECD, methanator, evaporator, respectively, °C; t is
the rate of programming the temperature of the chromatographyic columns, °C/min
(Table 2).

To determine the thresholds for determining the concentrations of H2O vapors in
gas streams and gadding the chromatography, mixtures of H2O vapors in gaseous

Table 1. Main characteristics of the elements of the measuring channels of a gas chromatog-
raphy for the determination of impurities in a flow of gaseous nitrogen.

Channel Determined components Characteristics of measuring channel elements

No. 1 Of H2O vapors in nitrogen (air) Chromatographic column (position 2) – «Polysorb-1»
sorbent; gas metering valve (position 1); tcc = 120 °C,
ttcd = 150 °C; working chamber of the TCD (position 4)

No. 2 Of gases Kr, H2, O2, Ar, O2 + Ar
in nitrogen (air)

Chromatographic column (position 6) – «NaX» sorbent; gas
metering valve (position 5); tcc = 60 °C, ttcd = 100… 150 °
C, comparative detector chamber for TCD (position 4)

No. 3 Of gases CO, CH4, CO2, C2H4,
C2H6, C2H2 in nitrogen (air)

Chromatographic column (position 8) – sorbent «Porapak
N80/100»; gas metering valve (position 7); tcc = 40 °C,
tm = 325 °C, tfid = 200 °C,
t = 12 °C/min from tcc = 40 °C to tcc, fin = 180 °C, FID
(position 11), helium carrier gas line

No. 4 Of gases CH4, C3H6, C3H8,
C4H10, C4H8 in nitrogen (air)

Chromatographic column (position 13) – «Al2O3» sorbent;
gas metering valve (position 12); tcc = 40 °C, tm = 325 °C,
tfiд = 200 °C, t = 12 °C/min from tcc = 40 °C to
tcc, fin = 180 °C, FID (position 11), hydrogen line

No. 5 the content of CH3J vapors in
nitrogen (air)

Chromatographic column (position 15) - sorbent «Inerton-
super», impregnated with 5% by weight of 1,2,3-tris (2-
cyanethoxy) propane; gas metering valve (position 14);
tcc = 40 °C, tecd = 220 °C, t = 12 °C/min from tcc = 40 °C
to tcc, fin = 110 °C, te = 80 °C, ECD (position 18)

Table 2. Values of the limits of the permissible relative error di for determining the
concentrations of the analyzed impurities Ci in gaseous nitrogen by gas chromatographyy
methods depending on the concentration range.

The range of concentrations of the analyzed impurities, Ci % volumetric di, %
H2, O2, N2, Ar,
vapor H2O

CH4, C2H4, C2H6, C3H6, C3H8,
C4H8, C4H10

C2H2 CO, CO2

<5�10–3 <10–3 <5�10–4 <5�10–3 � 50
(5…25)�10–3 (1…3)�10–3 (5…15)�

10–4
(5…25)�
10–3

<50

(25…50)�10–3 (3…50)�10–3 (1,5…
25)�10–3

(25…
100)�10–3

� 20

>5�10–2 >5�10–2 >5�10–2 >0,1 � 10
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helium were used. At concentrations of H2O vapors from 0,16 g/m3 to 17 g/m3;
mixtures of gases H2, CH4, C2H6, C2H4, C2H2, Ar, CO, CO2, O2, N2, C3H6, C3H8,
C4H8, C4H10 in gaseous He (Ar, N2, air) were used for impurities in gas streams and for
gadding the chromatography, at the concentration of each impurity at the level of 0,5%
by volume; For CH3J vapors in gas streams and for gadding the chromatography, we
used calibration solutions with a CH3J content in heptane at a CH3J concentration from
0,005 to 0,01 lg/cm3.

In the improved scheme of the installation to determine the values of adsorption of
impurities H2, O2, Ar, CO, CH4, CO2, C2H4, C2H6, C2H2, C3H6, C3H8, C4H8, C4H10,
Kr, by adsorbents of the gaseous N2 stream, a dispenser of these impurities into the
gaseous N2 stream is used. The principle of operation of this dispenser is based on
metering these impurities, which are in the form of a gas mixture in gaseous N2 in a
cylinder, through a capillary into a stream of gaseous N2 (air). Sampling points for
gaseous N2 when testing granular adsorbents should be located after each section of the
adsorption column with the adsorbent under study. When examining carbon fibrous
materials, sampling points for gaseous N2 should be placed before and after the
adsorption column with the adsorbent under study. In this case, the calculated values of
the partial pressure of CH3J vapors in the flow of gaseous N2 are in the range of 4 to
375 mm Hg.

4 Results

When determining the value of the aerodynamic drag DP of layers of carbon fiber
materials with different numbers of layers and linear velocities of air at the entrance to
the layer of carbon fiber material, the following was established:

1. At constant values of n numbers for layers of carbon fiber materials (Fig. 2), the
relationship between aerodynamic drag DP and linear velocities of N2 (air) flow at
the entrance to the layer of carbon fiber material is nonlinear.

2. At constant but different linear velocities of airflows at the entrance to the layer of
carbon fiber material, there is no linear relationship between the aerodynamic drag
DP and the number of layers n for the carbon fiber material. This requires designing
adsorption filters using the investigated carbon fiber materials to carry out pre-
liminary experimental studies to select the appropriate material.

3. At a linear airflow velocity at the entrance to the layer of carbon fiber material of
310 cm/s, no mechanical rupture of the investigated carbon fiber materials occurred.
It makes it possible to design adsorbers using the investigated carbon fiber materials
at a linear airflow velocity of up to 310 cm/s.

4. For all investigated carbon fibrous materials with the values of airflow humidity
X1 = 0,16 g/m3 and X2 = 16,7 g/m3 and linear airflow velocities u1 = 2 cm/s,
u2 = 100 cm/s, u3 = 310 cm/s, the values of the corresponding aerodynamic
resistance DP do not depend on the moisture content. It indicates the absence of
water vapor condensation in the layers of the investigated carbon fiber materials,
which can increase the aerodynamic resistance to the airflow. It makes it possible to
determine the values of the aerodynamic drags of adsorbents at a temperature of
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T = 293 K, the absolute humidity of N2 or air flows from 0,16 to 16,7 g/m3 (rel-
ative humidity up to 95%), and linear velocities of N2 (air) flows from 0,83 up to
310 cm/s.

When developing a block diagram of a 5-channel gas chromatography for determining
impurities in a nitrogen flow (see Fig. 3), the following was established:

1. The calculated value of the threshold for determining the moisture content N2 is
0,16 g/m3 at the volume of the calibrated dose of the gas dispenser Vd = 1 cm3 with
the relative error of the measurement result not exceeding 40% at the confidence
level p = 0,95. The calculated value of the detection threshold is 1,6�10–7 g for
H2O vapor. It corresponds to the data given in [13].

2. The permissible relative total error of determining Kr (Xe) in gaseous N2 does not
exceed 20% at a confidence level of p = 0.95.

3. When determining the contents: CO, CH4, CO2, C2H4, C2H6, C2H2 in gaseous N2,
the sample (or calibration gas mixtures) is introduced into the chromatography
using the gas metering valve (pos. 7); CH4, C3H6, C3H8, C4H10, C4H8 in gaseous
N2, a sample (or calibration gas mixtures) is introduced into the chromatography
using a gas metering valve (pos. 12); H2, O2, N2, Ar in gaseous N2, a sample (or
calibration gas mixtures) is introduced into the chromatography using a gas
metering valve (pos. 5).

Table 3 shows the values of the limits of the permissible relative error di for deter-
mining the concentrations of the analyzed impurities Ci in gaseous nitrogen by gas
chromatography methods depending on the concentration range.

The values of the relative standard deviation (RSD, %) of the output signal for the
TCD, FID, ECD of the gas chromatography (height, area, retention time of the chro-
matographic peak), depending on the concentration range of the analyzed impurities Ci

% by volume, do not exceed the values, given in Table 3.

4. When determining the content of non-radioactive CH3J in the flow of gaseous N2:
the lower limit of measurement in the chromatographed volume – 0.005 lg; the
lower limit of measurement in the N2 sample is 0,005 mg/m3 (sample volume
1 cm3). The range of measured concentrations of CH3J in N2 is from 0,005 to
0,1 mg/m3. If the concentration of CH3J in gaseous N2 is more than 0,1 mg/m3, the
analyzed sample must be diluted with pure gaseous N2. The calculated value of the
permissible relative error of the measurement result does not exceed 10% at a
confidence level of p = 0,95. Measurement time is approximately 5 min.

Table 3. The values of the relative standard deviation.

Ci, % less than
0,002

from 0,002 to
0,01

from 0,01 to
0,1

from 0,1 to
1

from 1 to
10

RSD % more than 10 10 2 2 1
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5 Conclusions

The block diagram of the installation for determining in laboratory conditions the
values of the aerodynamic resistance of adsorbents at various linear velocities of N2
(air) at the entrance to the adsorbents understudy has been improved. The values of
aerodynamic resistance of layers of carbon fibrous materials of the UUT-2, ANM,
AMT, URAL-T-5 grades were determined at various layers and linear velocities of air
at the entrance investigated carbon fibrous materials. It has been found that at different
but constant linear velocities of airflows at the entrance to carbon fiber materials, there
is no linear relationship between the aerodynamic drag and the number of layers of
carbon fiber materials. This requires preliminary experimental studies when selecting
carbon fiber material for adsorption filters. At a linear airflow velocity at the entrance to
carbon fiber materials of 310 sm/s, no mechanical rupture of the investigated carbon
fiber materials occurred. It makes it possible to design absorbers using the investigated
carbon fiber materials at a linear airflow velocity at the inlet to carbon fiber materials up
to 310 cm/s.

A structural diagram has been developed, and the characteristics of the elements of
the measuring channels of 5-channel gas chromatography for the determination of
impurities H2O, N2, O2, Ar, CO, CH4, CO2, C2H4, C2H6, C2H2, C3H6, C3H8, C4H8,
C4H10, CH3J, Kr in a stream of gaseous N2 (air) using TCD, FID, ECD detectors are
determined. It allows to determine the specified impurities using one gas chromatog-
raphy, simplify and reduces the cost of measurement processes.

The metrological characteristics of the results of measurements of the impurity
contents of H2O, N2, O2, Ar, CO, CH4, CO2, C2H4, C2H6, C2H2, C3H6, C3H8, C4H8,
C4H10, CH3J in a stream of gaseous N2 (air) have been determined. When determining
the content of non-radioactive CH3J, the lower limit of measurement is 0,005 mg/m3.

It has been improved block diagram of the installation for determining in laboratory
conditions the values of adsorption by porous adsorbents of impurities H2O, N2, O2,
Ar, CO, CH4, CO2, C2H4, C2H6, C2H2, C3H6, C3H8, C4H8, C4H10, CH3J, Kr from a
stream of gaseous N2 (air). It has been established that when determining the adsorption
capacity of adsorbents when absorbing vapors of non-radioactive CH3J, the use of gas
chromatography for performing analyzes excludes the use of radioactive liquid CH3J.
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Abstract. Most of the research aims to find and introduce production methods
of drawing that make it possible to manufacture parts with given mechanical
characteristics in local areas, using various technological methods. However, the
variety of ways to increase the deformation and wall thickness of the final
product is based on a deep theoretical analysis of the process and knowledge of
the laws governing the development of plastic flow in the deformation zone.
Mathematical modeling of cold plastic metal working processes is an essential
and helpful tool for studying the laws governing the transition of workpieces to
a plastic state. Such analytical expression is obtained in the paper for calculating
the increment of meridional stresses on the drawing edge of the matrix when
drawing cylindrical parts. Considering the bending moment acting in the
meridional direction in the equilibrium equations is an essential aspect of the
formula An increase in tensile stresses is facilitated by a decrease in the matrix
rounding radius and an increase in the thickness of the workpiece. The obtained
conclusions allow us to recommend the formula for use in production when
designing die tooling, especially when drawing thin-walled parts.

Keywords: Meridional stress � Sheet workpiece � Yield condition

1 Introduction

Drawing as a cold stamping process is used to make cylindrical parts with and without
a flange from a sheet workpiece [1]. The complexity of this process of obtaining
cylindrical products lies in the following fact. When the workpiece is pulled into the
hole of the matrix, stability loss of the flat flange is observed [2]. Wavy folds form on
the flange, which interferes with normal process flow [3]. As a result of punch’s
lowering, the retraction of the flange into the hole of the matrix stops. Therefore, the
workpiece is lengthened due to the stretching of the cylindrical walls [4]. These results
localize deformations in the walls of the formed cup and at the radius of the punch
curvature [5]. In turn, the localization of deformation in these zones contributes to a
decrease in the wall thickness of the semi-finished product and its destruction in the
form of a crack formation at the transition of the wall to the bottom or on the wall [6].
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A flat or tapered ring clamp is used to prevent the formation of folds on the initially
flat flange [7]. This somewhat complicates the design of the tooling but eliminates
corrugation [8]. Such technological factors as the radius of curvature of the matrix
drawing edge, the gap between the wall of the matrix and the workpiece, the punch
rounding radius, lubrication of rubbing surfaces, and their cleanliness are of great
importance for drawing operation [9]. Considering such a huge number of factors to
obtain high-quality parts is impossible without a theoretical analysis of this process
[10]. Carrying out such an analysis will allow one, with mathematical accuracy, to
determine the most significant combination of the main characteristics of the drawing
process that affect the stability of plastic deformation and to identify the most optimal
conditions for deformation in terms of quality, energy efficiency, reduction of labor
intensity and cost [11].

2 Literature Review

The theoretical study of the drawing process has drawn sufficient attention, starting
with papers devoted to the theory of plasticity and research aimed at studying the
technological influence on the plastic behavior of the workpiece [12]. These studies
continue at the moment, which indicates the scientific and practical interest in this
operation of sheet stamping [13]. This is caused by the fact that in the modern pro-
duction of aircraft, automobiles, apparatuses for the petrochemical industry, electrical
engineering, and agricultural machinery, up to 50% of parts are produced by drawing
operation [14]. Therefore, most of the work aims to find and introduce production
methods of drawing, making it possible, using various technological methods to
manufacture parts with given mechanical characteristics in local areas [15]. An
extensive review of such drawing methods is given in the paper by Wang [16],
describing methods for increasing the thickness of the radial transition between the wall
and the bottom of a cylindrical and conical part. In [17], the choice of the geometric
shape of the workpiece and the presence of a weld seam are considered. This increases
the degree of deformation of the workpiece.

However, the variety of ways to increase the deformation and wall thickness of the
final product is based on a deep theoretical analysis of the process [18]. For example,
the introduction of plane anisotropy into the mathematical model of the drawing
process complicates it for theoretical analysis [19], but the solutions acquire greater
accuracy than formulations based on assumptions about an isotropic elastoplastic
workpiece material [20]. Supplementing theoretical models, it possible to determine the
friction conditions on the flange and the radius of curvature of the drawing edge [21].
Special software systems for finite element modeling of metal forming processes
present great opportunities for researchers [1]. In [22], the results of a numerical
calculation of the drawing consider the plane anisotropy of the material with kinematic
hardening and the elastoviscoplastic material of the workpiece, respectively [23]. In
this formulation of the problem, its solution in quadratures is practically impossible
[24]. The impact of the gap and the radius of curvature on the stress-strain state of the
workpiece is considered in the paper [25]. In turn, analytical solutions are universal for
various types of loading and deformation conditions of the workpiece [26]. They give a
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reasonably accurate, visual picture of the deformation of the workpiece and make it
possible to estimate the regularities of plastic deformation and the influence of tech-
nological factors on the course of the drawing process [27].

3 Research Methodology

Since the drawing edge of the matrix is the main structural element of the die tooling,
on which the degree of elongation [28], the quality of the surface layer of the part [29],
and the loss of stability depend [30], the dependence of the stress distribution on the
design and technological factors of the drawing process in this particular area is of great
interest [31]. The problem was considered in the following formulation [32]: in the
workpiece, a section was separated, which entered the drawing edge of the matrix, by
two sections parallel to the circumferential direction (Fig. 1); internal forces simulating
the cut-off part of the workpiece were applied to the boundaries of the section; it was
assumed that the section of the workpiece that entered the edge of the matrix takes the
form of a toroidal surface of revolution (Fig. 2). Therefore, to solve the problem, we
used the technical theory of shells [33].

Fig. 1. Workpiece zone in the bending section of the matrix.

Fig. 2. The toroidal surface of revolution.
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Then the equilibrium equations for the section of the workpiece shown in Fig. 1,
taking into account the bending moment acting in the meridional direction, and the
assumptions given above, take the form [34]

@ Alð ÞN2ð Þ
@h

� N1
@Al

@h
�M1

@Al

R2@h
¼ 0; ð1Þ

where Al ¼ R1 sin h ¼ rm 1þ k sin hð Þ
k sin h – coefficient of the first quadratic form [35]; N1, N2 –

internal tangential and meridian forces; h – polar angle in the meridian plane (coor-
dinate axis); R2 ¼ rm – principal radius of curvature corresponding to the meridian; M1

– bending moment acting in the meridian direction; k ¼ rm
R [36]; R ¼ Rm þ rm – dis-

tance from the axis of symmetry to the center of the section; rm – matrix radius; Rm –

matrix entrance hole radius; s – workpiece thickness.
Differentiating Eq. (1), we have the following equality [37]

@N2

@h
1
k

1þ k sin hð Þþ N2 � N1ð Þ cos h�M1
cosh
r2m

¼ 0: ð2Þ

To solve the reduced equilibrium Eq. (2), we use the condition to transition metal to a
plastic state according to the hypothesis of maximum tangential stresses [38]. For the
case of the opposite stress state circuit, which is observed during drawing, considering
N2 ¼ srq and N1 ¼ srh, it will have the form [39]

M ¼ s2
4Ns

ðN2
s � N2

2Þ
N2 � N1 ¼ Ns

)
ð3Þ

where Ns – internal force causing plastic deformation [40].
Eliminating N1 from the equilibrium Eq. (2) by substituting (3), we get

@N2

@h
þ ks2 cos h

4Nsr2m 1þ k sin hð ÞN
2
2 ¼ �Ns

k 1� s2
4r2m

� �
cos h

1þ k sin hð Þ ð4Þ

To solve Eq. (4) in quadratures, the presence of a particular solution for N2 is a
necessary condition [41]. Earlier, an expression was obtained for calculating the
internal meridional forces on the drawing edge of the matrix during drawing under the
assumption of the momentless stress state [42]

N2 ¼ �Ns ln 1þ k sin hð ÞþC: ð5Þ

We take this solution as a particular one and, carrying out simple transformations, and
obtained [43]:

@N2

@h
þ ks2 cos h

2r2m
N2 ¼ � ks2 cos h

4Nsr2m 1þ k sin hð ÞN
2
2 : ð6Þ
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Transforming the resulting equation to our conditions and integrating it, we will have

N2 ¼ Ns
2r2me

ks2

2r2m
sin h

ks2 ln 1þ k sin hð Þ þC: ð7Þ

Expanding functions e
ks2 sin h
2r2m and ln 1þ k sin hð Þ into a series [44], we obtain an

expression for determining the internal meridional effort

N2 ¼ Ns
2
k
þ 2s2

r2m
sin h

� �
þC: ð8Þ

An arbitrary constant is determined from the boundary conditions in the section of
flange radius of curvature, where the meridional stresses are of the value
rq ¼ rs ln

Rw
Rm þ rm

, h = 0 [45]. Here Rw – the radius of the workpiece, then, passing to
stresses, we finally find

rq ¼ rs ln
Rw

Rm þ rm

� �
þ 2s2

r2m
sin h

� �
: ð9Þ

The most significant meridional stresses will act when the metal of the workpiece
completely covers the edge of the matrix, i.e., at h = p/2 and sinh = 1 [46]. Equa-
tion (9) take the following form

rq ¼ rs ln
Rw

Rm þ rm

� �
þ 2s2

r2m

� �
: ð10Þ

4 Results

It is of interest to compare the obtained data with the previously conducted research in
this direction by Popov [42], who proposed the following formula to take into account
the bending and straightening of the metal at the radius of the matrix curvature [47]:

Drq ¼ 1
4
rs

s
rm þ s

2

: ð11Þ

Below are the graphs for calculating the value of the increment in meridional stresses,
calculated in the Mathcad environment, for the following characteristics: Rw = 100
mm, s = 1–3 mm, Rd = 60 mm, rm = 2–10 mm.

As can be concluded from Fig. 3, meridional stresses increase with an increase in
the workpiece’s thickness, which corresponds to the concepts of the theory of bending
and drawing [40]. However, if Popov’s distribution has a linear dependence of the
value of stresses on the thickness of the workpiece, stresses (10) depend on the
thickness of the workpiece nonlinearly and approximately resembles a parabola [48].
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It can be seen in Fig. 4 that in the region of small radii of curvature, the increase in
meridional stresses according to dependence (10) is of a sufficiently high value, which
almost doubles the meridional stresses that act in the flange. In the range of 6–10 mm,
both formulas give almost identical results [49].

Fig. 3. The increment in meridional stresses at the drawing edge of the matrix depending on the
change in the thickness of the workpiece at rm = 10 mm: p1 –increment of meridional stresses
according to Popov’s dependence, (p1 = rp/rs); p2 –increment of meridional stresses by
dependence (10), (p2 = rp/rs).

Fig. 4. The increment of the meridional stresses at the drawing edge of the matrix, depending on
the change in the value of the radius of its rounding at s = 2 mm: p1 – increment of meridional
stresses according to Popov’s dependence, (p1 = rp/rs); p2 – increment of meridional stresses by
dependence (10), (p2 = rp/rs).
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5 Conclusions

The theoretical analysis of the drawing process has made it possible to obtain an
analytical dependence for determining the meridional stresses on the drawing edge of
the matrix, which enables one to more accurately determine the increment of stresses
from bending during the transition of the workpiece metal via the rounded edge of the
matrix. A decrease in the matrix rounding radius and an increase in the workpiece
thickness increases tensile stress. This fact does not contradict the physical aspect of
plastic deformation when drawing cylindrical parts.

Comparing the obtained results with those existing earlier and used at present in
production for technological calculations revealed that the results practically coincide
in some regions of technological parameters. They include the area of rm = 6–10 mm
with s = 2 mm and point s = 2.2 mm with rm = 10 mm. Therefore, we can conclude
that both formulas are equal, but dependence (10) will more accurately describe the
stress distribution on the drawing edge of the matrix in the area of its small values of 1–
5 mm. This makes it possible to recommend formula (10) for production when
designing die tooling, especially when drawing thin-walled parts.

Further research on this topic will be focused on setting up and conducting
experiments aimed at confirming the adequacy of the dependence obtained in the area
of small workpiece thicknesses.
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Abstract. The cogging schedules were investigated with reduction and rotation
joint effect around the workpiece’s longitudinal axis, making it possible to improve
the shaft forgings quality indices in geometry and distribution of strength properties
in cross-sections. The forging for the rollers of continuous casting machine
(CCM) of 21XMoV5-7 steel was produced according to the improved process in the
forging shop with the hydraulic press combined dies (the upper die is flat, the lower
die is semi-round cut-out, U-shaped). The advantage of the developed shaft forging
schedules is the significant plastic deformation achievement in the forging cross-
section using only one combined dies set. Manufacture of the CCM roller forging
according to the new process made it possible to improve by 8.9% in the average
yield strength and by 11.9% in the average ultimate tensile strength. It was possible
to reduce the forging the data spread for the yield strength from 33% to 17% and the
data dispersion for the ultimate tensile strength from 26% to 11%. The minimal
ultimate tensile strength was increased by 14.7%.

Keywords: Shafts forging � Cogging � Combined flat-shaped dies �
Reduction � Rotation angle � Strength � Grainflow � Grain size

1 Introduction

Several requirements exist for single and multi-diameter shafts forgings, depending
upon the parts exploitation conditions to be manufactured. These requirements stipulate
the forgings technological groups, the number, and the material mechanical testing [1].
Because of this, it is necessary to obtain of directional orientation grainflow not only in
the ingot [2] and in the forging [3], as well as fine-grain micro-structure with maximum
uniformity in cross-section is ensuring the best combination of the metal’s mechanical
properties.
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2 Literature Review

Innovative methods of severe plastic deformation are currently being developed [4],
mainly based on various types of extrusion [5]. Most of them related to the realization
of macroshifts at the cold, severe plastic material deformation in moving dies [6] or at
the dieless forming with workpiece local heating [7]. One of the ways to control the
formation of the metal’s macro- and microstructure (as quality indicators [8]) is to
varying the open die forging thermomechanical modes in the cogging operation, which
takes up the bulk of the forging time when shafts are manufactured [9]. This solution
makes it possible to intensify plastic deformation and obtain the macro-shifts effect at
the application of a standard universal tool – flat rhombic and semi-round or combined
dies (the upper being flat, the lower of V-shaped or [ -shaped configuration) of a
forging press [10]. Specific requirements for operating conditions of such shaft forgings
like continuous casting machine (CCM) rollers stipulate application of steel, containing
chromium, molybdenum, and vanadium, as well as intense forging modes and
development of alternative designs of such parts [11]. For the wastes minimization at
further forgings machining, it will be necessary to observe the requirements of geo-
metric precision for the round cross-section forgings. Thus, forging schedules devel-
opment for CCM rollers manufacturing seems to be expedient, with the objective of the
geometric precision increasing and improving the indices of shafts forgings mechanical
properties, as applied to the forging shop standard conditions, equipped with a
hydraulic forging press with universal combined dies (the upper – flat, the lower –
semi-round cut-out, [ -shaped).

Realization of macro-shifts in material bulk allows refining of ingot cast structure
without sufficient alternations in the area of its cross-section. It promotes to close of
inner defects [12–18] (like cracks [12], inner voids [13–15], or cast axial non-density
[16–18]), even for forging of big ingots with minimal forging ratio. It is convincingly
indicated by the results of both modeling [14, 15, 17] and experiments [16, 18]. The
macroshift deformations effect is achieved by radial reduction with complicated shape
dies [17], the use of a special cast [18], or preformed [19] workpiece. The special four-
die devices are applied for these purposes also [20]. Such technological solutions are
related to the application of specialized metal-consuming forging devices, their
assembling with press, requiring additional labor consumption, and reducing the pro-
duction range of forgings in weight. In paper [21], theoretically and in work [22],
experimentally was proposed to carry out the forging of heavy shafts with shaped dies
that allow reducing an ingot into a three-beam or four-beam workpiece. Further cog-
ging from a shaped ingot accompanied by the formation of a round cross-section
through macroshift deformations requires the substitution of dies, and it may cause
subcooling and the necessity to perform additional heating of ingots. Besides, different
assemblies of tools for open die forging are used for obtaining three- and four-beam
workpieces. Investigations of forging workpieces with specially shaped dies are
described early in [17–19]. As well as the use of dies with a complex curved parting
line [23], radial [24], spherical [25] dies, and four-beam workpiece [26] indicates the
dimensions controlling possibility and macroshift metal flow initiating.
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Material’s uniformity improvement and increase at the treatment using increasing
or complicating the tools set can be justified economically only for forging ingots made
of high alloy steels or rare metals [27]. To equal the mechanical properties over the
product cross-section, deformation schedules are combined directly [28] or stepped
[29] heat treatment. However, investigations described in [30] deserve attention.
According to the results obtained there, macro-shifts achievement revealed at the shafts
open die forging with a round or polygonal cross-section combined (flat + shaped) dies
using varying cogging modes. In our case, it is necessary to carry out rational forging
modes for shafts with the application of combined dies of the type: the upper – flat, the
lower – [ -shaped [30], i.e., as they are used at the enterprise’s shop.

The objective of our research is to develop forging schedules in combined dies (the
upper die being flat, the lower – with round cut-out, [ -shaped), in the form of rational
alternation and determination of optimal reductions strokes, intermittent work feeds,
and rotation angles of the ingot around its longitudinal axis, that leads to a satisfactory
geometric precision of forged products and closure of core-defects (porosities, blow-
holes, etc.) utilizing realization of macroshift-effect in the deformation zone.

3 Research Methodology

The investigation was carried out with due regard to the manufacturing of shafts by
forging at a forging shop of one of the industrial enterprises of Mariupol (Ukraine). The
computer and physical simulation methods were used to investigate the strain state and
shape deformation of workpieces with different reduction, supports, and rotation
angles. The computer simulation was carried out in a universal package of the finite-
elements analysis (LS-Dyna). The isothermal problem was solved with some
assumptions. Other initial parameters were taken according to the processes of shafts
forging at the forging shop: the dies were of combined type (the upper die was flat, the
lower was [ -shaped with the cut-out radius 300 mm, Fig. 1), the ingot’s diameter D0

was 550 mm, ingot’s length L0 = 1300 mm, the 21CrMoV5–7 ingot steels was made,
the treatment temperature was t = 1,100 °C, the upper die stroke velocity – 50 mm/s.
The dies were supposed to be absolutely rigid bodies. The deformed workpiece was
divided into the finite elements of tetrahedral shape; the length of the middle element’s
side was equal to 10 mm. To carry out experimental investigations on a 1:10 scale, a
laboratory assembly of combined dies were manufactured of C45 (1045) steel. Then
they were installed on a hydraulic press with a nominal force of 0.63 MN. Experi-
mental specimens were manufactured of antimony lead of SSu grade (Pb = 99.38…
99.6%, Sb = 0.4…0.6%, Bi � 0.05%).

At computer simulation, the following was specified as varying parameters,
Influencing the kinematic characteristics of the process of deformation of the ingot:
(i) reduction: Dh0 = 50 mm, 66 mm and 100 mm, i.e., relative reduction (reduction
ratio) being eh% = (Dh / D0) � 100% = 9.09%, 12%, and 18.18%; (ii) die width (the
feed value): B = 180 mm, 240 mm and 300 mm, i.e., relative feeds (die width to
diameter ratio) B/D0 = 0.327, 0.436 and 0.545; (iii) rotation angles: u = 30°, 60° and
90°.
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The varied parameters range was enlarged for experimental investigations. The
analysis of the received data made it possible to determine that the distribution of the
average strain from the workpiece’s center towards the periphery corresponds to a
linear equation at all simulated schedules of forging with a correlation coefficient
(R) close to 1.0. Thus, the effective strain (ei) distribution in the cross-section obeys the
regularity:

ei ¼ ei:max�a � q; ð1Þ

where ei.max is the highest effective strain, observed on the axis; a is an angular
coefficient of strain reduction towards the periphery; q is the radius vector from the
center of the workpiece to the investigated point. The determined values of angular
coefficients for the relative feed B/D0 = 1.0 are summarized in Table 1.

The workpiece cross-section was evaluated to a round shape approximation degree
also. The evaluation was made by the relation of the forging perimeter to an equivalent
circle perimeter, calculated through the forging cross-section area. Accordingly, the

(а)         (b)         (c)    

Fig. 1. Position of a workpiece in combined dies before (a), and after (b) reduction and the
process simulation by finite elements method (c): B, R – dies geometric parameters; L0, Lk, D0, Hk

– geometric parameters of the ingot; P, m – kinematic parameters of cogging.

Table 1. The calculated values of angular coefficients (B/D0 = 1.0).

Reduction, mm � rotation angle
(forging schedule)

ei.max a Correlation
(v2)

50 � 30° 6.44 ± 0.053 0.01357 ± 0.000505 0.99
50 � 60° 8.04 ± 0.055 0.02099 ± 0.000541 0.99
50 � 90° 7.03 ± 0.073 0.02367 ± 0.000693 0.99
66 � 30° 6.08 ± 0.063 0.01452 ± 0.000599 0.99
66 � 60° 7.10 ± 0.05 0.02083 ± 0.000481 0.99
66 � 90° 7.54 ± 0.05 0.02084 ± 0.000482 0.99
100 � 30° 5.17 ± 0.052 0.01262 ± 0.000495 0.99
100 � 60° 6.46 ± 0.02 0.01967 ± 0.000192 0.99
100 � 90° 6.39 ± 0.12 0.1881 ± 0.0011 0.99
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closer this ratio is to 1.0, the more accurately the geometry requirements for forging are
met. The results of the analysis of the obtained theoretical and experimental data
allowed us to propose manufacturing forgings of shafts by open die forging in com-
bined dies of the analyzed design. One of the tasks was to reduce the number of
processes passes at the application of one dies set and improve workpieces inner metal
(closure of internal void defects, refining of grains), which makes it possible to reduce
the total energy costs, increase the productivity of open die forging and improve the
performance indices of parts. According to this method, a workpiece is forged in
combined dies in several passes with rotation and subsequent cogging. Reductions at
cogging are made with relative feed B/D0 = 0.55…0.7 to engineering strain eh% = 5…
18% with rotation after each stroke for the angle u = 60…90°, the bigger rotation
angle being ensured at smaller strain.

Industrial implementation of the methods was performed for the process of rollers
forging for CCM of the oxygen-converter shop. There both rollers, imported from
Romania and domestic, manufactured in Ukraine, are employed. The parts chemical
composition is summarized in Table 2; their microstructure is shown in Fig. 2(a, b).

Table 2. Chemical composition, hardness of metal of investigated forgings intended for CCM
rollers (21CrMoV5-7 steels).

Manufacturer wt., % Hardness, HRC
C Mn Si Cr Mo V S P

Romania 0.26 0.57 0.40 1.51 0.61 0.24 0.023 0.036 34
Ukraine 0.24 0.46 0.45 1.72 0.86 0.26 0.019 0.012 31

(a)

(b) (c)

Fig. 2. Microstructure (�500) of rollers manufactured in Romania (a) and Ukrainian (b); sketch
of sampling to determine the metal structure of a workpiece ∅360 mm (c).
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According to the base process for CCM rollers manufacturing hexahedral forge
ingots, 5,000 kg in weight were used as original blanks. Smelting was carried out in
electric-arc furnaces. Ingots were cast by the bottom pouring method. Heating was
performed in gas chamber ovens with carriage-type bottom and setting up to 30 t in
mass. Forging was performed on a hydraulic forging press, 12.5 MN in nominal force,
with flat dies, 300 mm wide in “circle-square-circle” schedule with rotate reducing to
the round shape of the cross-section at the final pass. The overall forging ratio was 2.7.

4 Results

Templates were chosen following the diagram pictured in Fig. 2c from the forgings
cross-section, which eventually underwent subsequent quenching and tempering. After
that, the chemical composition, mechanical properties as the yield strength rys, ultimate
tensile strength ruts, percent elongation d5, percent reduction in area (necking) w and
hardness, according to Brinelle (HB) were determined (Table 3 and Table 4). Forging
according to the new technology, combined dies with preservation of overall forging
ratio, equal to 2.7. Templates were chosen from similar spots in the forgings cross-
section to determine properties after additional heat treatment (quenching and tem-
pering) (Table 4).

Table 5 summarizes the analysis of maximal, minimal, and average values of yield
strength and ultimate tensile strength in forgings cross-section, forged according to the

Table 3. Mechanical properties of templates (basic process).

Template no rys, MPa ruts, MPa d5, % w, % HB

1 1290 1370 12.5 44.0 415
2 1210 1350 12.5 48.0 415
3 1210 1300 9.0 55.0 415
4 1020 1150 11.5 53.0 302
5 980 1110 10.5 60.0 302
6 970 1090 13.5 62.0 341

Table 4. Mechanical properties of templates (advanced process).

Template no rys, MPa ruts, MPa d5, % w, % HB

1 1120 1250 11.5 53.0 382
2 1210 1300 11.5 50.0 400
3 1210 1300 9.0 55.0 415
4 1210 1350 12.5 48.0 415
5 1210 1350 12.5 48.0 415
6 1310 1390 12.5 44.0 415
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basic and new (advanced) processes. The data indicated in Tables 3 and 4 were used.
The improvement index (I) is evaluated modulo as I = (|At – An|/At) � 100%, where At

and An are values from Table 5 for the basic and new processes. Improvement in
strength indices and their more uniform distribution in cross-section is observed as
relative indices become closer to 1.0.

Macrostructures and microstructure of forgings, forged according to the advanced
process, are shown in Fig. 3 and Fig. 4. Table 6 reflects the results of grain size point’s
analysis for finished forgings.

Table 5. Strength characteristics of 21CrMoV5-7 steel.

Forging
schedule

ruts.max,
MPa

ruts.av,
MPa

ruts.min,
MPa

ruts.max/
ruts.min

ruts.max/
ruts.av

ruts.min/
ruts.av

Basic (At) 1370 1228 1090 1.26 1.12 0.89
Advanced (An) 1390 1323 1250 1.11 1.05 0.94
Improvement,
%

1.5 7.7 14.7 11.9 6.3 5.6

Forging
schedule

rys.max,
MPa

rys.av,
MPa

rys.min,
MPa

rys.max/
rys.min

rys.max/
rys.av

rys.min/
rys.av

Basic (At) 1290 1113 970 1.33 1.16 0.87
Advanced (An) 1310 1212 1120 1.17 1.08 0.92
Improvement,
%

1.6 8.9 15.5 12 6.9 5.7

(а)           (b) 

Fig. 3. Sulfur print (a) and macrostructure after pickling (b) of template from 21CrMoV5–7 steel
forging.
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According to the advanced process, manufacturing of forgings resulted in
improvement by 8.9% in average yield strength and by 11.9% in average ultimate
tensile strength. It was also possible to reduce by 12% (from 33% to 17%) range of
yield strength data and by 11.9% (from 26% to 11%) dispersion for ultimate tensile
strength data in cross-section, i.e., it was possible to reach more uniform grain structure
and distribution of mechanical properties. The value of minimal ultimate tensile
strength ruts, as one of the most limiting index, was increased by 14.7% (Fig. 2c).

5 Conclusions

It is shown that advanced open die forging schedules implementation in combined dies
(the upper die is flat, the lower die is [ -shaped) is a promising direction for quality
improvement for the shafts forgings and the parts operation characteristics improve-
ment. Process methods for the shafts forgings manufacture by cogging with combined
dies were developed that allow reaching the severe deformations at the application of
just one die tools set, i.e., by selecting rational forging schedules: rotation angles feeds
and reduction. At the same time, the ranges of their values for achieving quality indices
in terms of the forgings’ mechanical properties and cross-section shape are sufficiently
close, which allows optimizing the open die forging schedules for shafts manufactur-
ing. A method of open die forging in combined dies has been developed, according to
which reductions at cogging are made with relative feed B/D0 = 0.55–0.7 to engi-
neering strain eh% = 5–18% with rotation after each stroke to the angle u = 60–90°, the
bigger rotation angle being ensured at smaller eh% value. It was found out that the
regularity of deformations distribution in the cross-section from the center to the

(а)           (b) (c) 

Fig. 4. Microstructure (�100) of the 21CrMoV5-7 steel forging: (a) near the lateral surface (no
1); (b) at a distance 0.5R (no 3); (c) in the axis zone (no 6).

Table 6. Distribution of grain size points in cross-section of 21CrMoV5-7 steel workpiece.

Forging schedule Grain size, points
(GOST 5639)

Gmax/Gmin

G0 G0.5 G0.8 Gav

Basic 5–3 2–3 1–3 2.7 2
Advanced 8–9 8–9 8–7 8.2 1.13
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periphery in a shaft forging, forged in combined dies, according to the new schedules,
is linear. It was revealed that the proposed process allows increasing by 1.5…15.5% the
principal strength properties of forgings, specifically ruts.max from 1370 MPa to
1390 MPa and rys.min from 970 MPa to 1120 MPa. It has also allowed significantly
(from 33% to 17%) reducing the hereditary structural and chemical heterogeneity of
forged products.
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Improved Hybrid Methods for Determining
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Abstract. To determine the integral gas-dynamic characteristics of nozzle
cascades of turbomachines, it is necessary to average the parameters of the three-
dimensional flow behind the cascade that is non-uniform along with the pitch
and along with the height of the cascade. Two types of averaging methods are
used. For the first type of methods, the flow parameters at the entrance to the
cascade are not taken into account when averaging the parameters of a non-
uniform flow behind the cascade. For the second type of methods (hybrid), the
pressure behind the cascade is found from the condition of maintaining the
enthalpy drop in the initial non-uniform three-dimensional and averaged flows.
In a cylindrical flow, the hybrid method is usually used to determine the velocity
coefficient. The main disadvantage of this method is the significantly overesti-
mated mass flow mass rate and component onto the axial direction of the angular
momentum. To improve the methods of the second type, it is proposed to
replace the ratio of the components of the momentum with two parameters,
namely: mass flow rate and the component of the moment of momentum on the
axial direction. It allows determining the velocity coefficient and two angles for
the averaged flow. It is shown that the second kinetic energy of the flow can be
replaced by entropy and, thus, the velocity coefficient can be adjusted provided
the complex quality criterion is kept constant.

Keywords: Turbomachine � Nozzle cascades � Three-dimensional flow � Non-
uniform flow � Loss coefficient � Averaging method

1 Introduction

Turbomachines are widely used in various industries. They have high efficiency and are
easily scalable for different power rates. However, in turbomachines, the flow of the
working body is accompanied by complex mechanical processes. It is especially
characteristic of nozzle grids. When designing turbomachines, it is important to have
reliable averaged indicators of the operating parameters of each part of nozzle cascades,
which makes the development of averaging methods relevant.

To determine the integral gas-dynamic characteristics of nozzle cascades of tur-
bomachines, it is necessary to average the three-dimensional flow parameters that are
non-uniform along with the pitch (in the tangential direction) and along with the height
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of the cascade behind it and find the kinetic energy loss coefficient and two averaged
flow angles. This averaging can be performed without or using the total parameters in
front of the cascade.

2 Literature Review

In the case of averaging without using common parameters before the cascade, the
“history” of the flow is not taken into account, and only the parameters of the initial
non-uniform flow are averaged in different ways [1–6]. In [2] determines axisymmetric
flow, which is averaged through surfaces and meridian streamlines, [3] performs
averaging based on mechanical work potential, [4] uses Favre-averaged Fourier-based
methods with application to gas turbines, [5, 6] also uses averaging techniques to
evaluate turbomachine efficiency. A significant variety of gas flow averaging methods
raises the question of their effectiveness and allows you to combine different approa-
ches to improve their performance. In other methods, which can be called hybrid, the
concept of an ideal isoentropic process is formulated [7], in which the pressure field
and the direction of velocities are preserved under the real process in the studied
section, which allows us to find the field of theoretical velocities and the average value
of the enthalpy drop in the nozzle cascade – specific second kinetic energy of the ideal
flow. After calculating the specific second kinetic energy of the initial non-uniform
flow, the coefficient of kinetic energy loss in the cascade is found. For a flat flow in
hybrid methods [7, 8], the averaged value of the exit angle of the flow am is found from
the average consumption values of the axial and tangential velocity components behind
the cascade. The hybrid method [7, 8] is widespread in studying the direct cascade of
turbomachines, although it overestimates the entropy, flow mass rate, and angular
momentum in the tangential direction. Significantly distort the averaged enthalpy drop
in the nozzle cascade (pressure behind the cascade) and non-hybrid averaging methods
[9–12]. Papers [13, 14] use original averaging methods, which have some other
drawbacks. The similar averaging method uses other fields, such as pumping unit
design [15], spraying liquids [16], oxygen-converter production [17], material science
[18], separation technologies [19], etc.

3 Research Methodology

3.1 Advanced Method of Averaging the Parameters of a Three-
Dimensional Flow of Nozzle Cascade

An advanced hybrid method of averaging the flow parameters behind the nozzle
cascade array is proposed. In contrast to the generally accepted hybrid technique [7, 8],
in which, when averaging, only the specific kinetic energies of non-uniform planar
flows are saved in real and theoretical flow processes, the specific total energy and
momentum projections are proposed, in which a mass flow rate and axial component of
the momentum of the three-dimensional flow.
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The integrated characteristics of the nozzle cascade (loss coefficient and two flow
angles) calculated by the proposed method allow one-dimensional thermal calculation
of the stage if the total parameters in front of the stage, pressure behind it, rotor speed,
and integral characteristics of the rotor cascade (loss coefficient and two flow angles)
are known. In a first step, the flow in the test section behind the cascade is divided into
a sufficiently large number of annular sections, within each of which the flow
parameters along the radius are assumed to be unchanged. In each such section, the gas
flow is averaged along with a pitch to a one-dimensional axisymmetric flow. For this
purpose, the integral characteristics of the flow are calculated at each section: total
energy, kinetic energy, flow mass rate, the axial component of the angular momentum,
and the enthalpy differential in the nozzles averaged over the mass flow rate. According
to these characteristics, five independent three-dimensional flow parameters are found:
total temperature and total pressure, pressure, and two angles that determine the
direction of the absolute gas velocity vector.

In a second step, the two-dimensional axisymmetric flow behind the nozzle cascade
is reduced to one-dimensional (averaging along the radius). For this, the above-
integrated characteristics of all annular sections are summarized, and all parameters of
the averaged in two directions three-dimensional flow behind the lattice are determined
from them. By the integrated characteristics, you can find the integral efficiency of the
stage by the equal

goi ¼ x Ma þMa2
� �

=GHp; ð1Þ

in which Ma and Ma2 are the axial component of the momentum averaged along the
step and the radius of the momentum of the gas flow behind the nozzle cascade.

3.2 Averaging Along the Pitch of the Flow Parameters Behind
the Annular Nozzle Cascade

Table 1 shows, by way of example, the airflow parameters at one of the radii
(r = 94 mm) behind the nozzle cascade at seven points in steps located at equal dis-
tances in the tangential direction. In front of the grill, the total temperature T�

0 = 318 K,
excessive total pressure P�

0 = 2936 kg/m2, barometric pressure B = 10211 kg/m2. An
insignificant radial height of the annular flow stream in Sect. 1 (Dr = 2.4 mm) allows
us to consider the initial non-uniform flow in the cascade as a two-dimensional flow. In
Table 1 P and P� - excess pressure and air total pressure at the measurement points, and
- three-dimensional flow angles (Fig. 1). By these parameters and total temperature
T� = T�

0 at each point, the velocity can be found

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2009 � T� 1� PþBð Þ= P� þBð Þð Þ0;2857

h ir
; ð2Þ

temperature T ¼ T� � C2

2009, density q ¼ PþBð Þ9; 8= 287 � Tð Þ, flow in the vicinity of
the point Dg ¼ qC cos c sin a � DF, where DF = F/7 = 0.0002024 m2 (F = 0.001417 –

end area of the ring).
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Since there is no large-scale non-uniformity of the flow parameters behind the
nozzle, it is conventionally assumed that only seven points are located in the tangential

direction and the mass flow rate in the flow stream g ¼Pm
j¼1

Dg. It is convenient to

replace the product cos c sin a with cos h, where h is the angle between the velocity

vector ~C and its axial component Ca
�!

. General considerations regarding the choice of
the averaging method are considered in [1]. It is noted that gas flows with variable
cross-sectional parameters in some cases can be considered as one-dimensional. In this
case, the problem arises of averaging gas parameters in the cross-section of a non-
uniform flow.

Table 1. Pitch unevenness of flow parameters behind the cascade.

j 1 2 3 4 5 6 7

P*, kg/m2 2929 2931 2892 2530 2610 2913 2930
P, kg/m2 412 344 290 824 527 245 400
a, degree 19.30 19.30 20.70 19.50 14.90 16.55 17.87
c, degree 5.6 5.4 4.5 −7.0 2.2 8.0 6
C, m/s 194.1 196.9 197.9 160.3 177.7 200.4 194.6
Ca, m/s 63.8 64.8 69.7 53.1 45.7 56.5 59.3
T, K 299.0 299.0 298.5 305.0 302.0 298.0 299.0
q, kg/m3 1.213 1.205 1.202 1.235 1.213 1.198 1.212
Dg, kg/s 0.01569 0.01580 0.01696 0.01328 0.01121 0.01370 0.01457

Fig. 1. Cylindrical-coordinate system.
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The given non-uniform flow is characterized by many total (integral) values: gas
flow mass rate, energy, momentum, enthalpy, etc. Replacing this flow with a one-
dimensional – average, one should strive to maintain the flow’s total characteristics
(properties). In the monograph [1], various methods of averaging the non-uniform
translational flow are considered, and it is indicated that only three total characteristics
of the initial flow can be kept constant. The absence in [1] of recommendations for
averaging the three-dimensional flow in the stages of turbomachines was, apparently,
one of the reasons for the emergence of not quite justified methods for processing the
results of physical experiments [10, 12].

Since the state of the three-dimensional flow in each annular stream is determined
by five independent parameters (for example, the total parameters T

�
, P

�
, pressure P

and angles a and c), when averaging over a step, only five total physical characteristics
of the initial flow can be kept constant. The flow parameters along the step behind the
nozzle cascade and its integral characteristics are marked here and below by a bar
above, and index 1 is omitted.

From the equation for the efficiency of a flowing stream (elementary turbine stage)

goi ¼ x � Ma �Ma2
� �

= gHp
� � ð3Þ

it follows that for its correct determination, it is necessary to maintain when averaging
along with the pitch, Ma – the axial component of the angular momentum and the flow
mass rate g. In addition to Ma and g, it is advisable to preserve, as is customary in the

hybrid procedure [1, 7], the specific values of kinetic energies in real (Ek
g ) and theo-

retical (hc) flows, as well as the total energy (deceleration enthalpy), which allows one
to find the integral losses in the cascade.

3.3 Pitch Averaging Method “E;Ek; hc; g;Ma”

If the total temperature in front of the cascade T�
0 is constant in cross-section 0, then the

total temperature of the grille at all points of the flow is equal to the total temperature

T�
0 . Thus, the condition for the conservation of total energy E ¼ CpT

�
g ¼Pm

j¼1
CpT�Dg

is equivalent to the condition T
� ¼ T�

0 . After finding the flow in the flow stream

g ¼ qC cos c sin aF ¼
Xm
j¼1

qC cos c sin aDF ¼
Xm
j¼1

Dg ð4Þ

from the condition of conservation of the enthalpy drop in the nozzles

ghc ¼ gC
2
t =2 ¼

Xm
j¼1

C2
t =2

� �
Dg ð5Þ

one can find the averaged theoretical flow mass rate behind the cascade Ct. In the last
formula, the local theoretical velocity
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Ct ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2009T�

0 1� PþBð Þ= P�
0 þB

� �� �0;2857h ir
: ð6Þ

The average pressure behind the cascade PþB ¼ P�
0 þB

� �
pt, where is the pressure

ratio

pt ¼ 1� 0:1666k
2

� �3:5
; ð7Þ

determined by the reduced theoretical velocity kt ¼ Ct=18; 3
ffiffiffiffiffi
T�
0

p
.

From the condition of conservation of kinetic energy Ej ¼ gC
2
=2 ¼Pm

j¼1
C2=2ð ÞDg

the averaged velocity C is found, the reduced velocity k ¼ C=18; 3
ffiffiffiffiffi
T�
0

p
, pressure ratio

(7), total pressure behind the cascade P
� þB ¼ PþB

� �
=p and gas density

q ¼ PþB
� � � 9; 8= 287 T

� � C
2
=2009

� �� �
: ð8Þ

The last (fifth) integral relation

Ma ¼ rgCu ¼
Xm
j¼1

rC cos c cos aDg ð9Þ

allows you to find the averaged peripheral velocity component Cu and divide the
product into factors cos c sin a ¼ g=qCF:

a ¼ arctg cos c sin a � C=Cu
� �

; ð10Þ

c ¼ arccos cos c sin a= sin að Þ: ð11Þ

Loss coefficient in nozzle cascade fc ¼ 1� C=Ct
� �2

.

4 Results

Table 2 presents the results of averaging along the step by different methods of flow
parameters from Table 1. The first column refers to the proposed hybrid method
“E;Ek; hc; g;Ma”, which, according to the authors of the article, is quite reasonable.

In designating the methods in this table, the following integral flow characteristics
were used: Ra ¼ g � Ca, Ru ¼ g � Cu, Rr ¼ g � Cr – component of momentum; Ia ¼
gCa þ PþB

� � � 9; 8F – axial component of the total momentum; Rr ¼ gCr - radial
component of the momentum. The condition of conservation of entropy (S = const)
allows us to find the averaged total pressure by the equal [1]
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P
� þB ¼ exp g

1
g

Xm
j¼1

ln P� þBð Þ½ �Dg
 !

: ð12Þ

In the two penultimate columns of Table 2 P, P�, sin a, cos c were averaged over area
and flow.

The use of four integral characteristics when averaging the three-dimensional flow
in the “E; Ia; S; g” method does not allow us to divide the product cos c sin a into factors
and, therefore, find the moment Ma. In this case [10], the efficiency of the flow stream
is found by the equal goi ¼ gCp T

� � T
�
2

� �
= gHp
� �

which provides acceptable accuracy
with a high difference in total temperatures.

Based on the proposed methodology “E;Ek; hc; g;Ma”, we will evaluate other
methods of averaging the flow parameters (Table 2):

• Averaging over the flow mass rates P;P�; sin a; cos c allows you to reliably deter-
mine the pressure behind the nozzles and the loss coefficient. However, it overes-
timates the mass flow rate by 1.7%, and the moment Ma by 2%. If the flow behind
the axial stage (Ma = 0), then such an overestimation will lead to an error in
determining the efficiency by 2% relative.

• The simplest averaging over the area leads to somewhat overestimated values of the
loss coefficient [20, 21] and pressure P.

• To the greatest extent, the pressure P, losses are underestimated, and the moment
Ma is overestimated when using the entropy method “E; S; g;Ra;Rr”.

To calculate the efficiency of an elementary stage of a turbine in different modes,
the total parameters in front of it, the pressure behind the stage, the rotation frequency,
and the characteristics of the nozzle and rotor cascades averaged over the step should
be known. The nozzle cascade characteristics are flow angles a and c, as well as a loss

Table 2. The results of averaging along the step by various methods.

Parameter Method

E;Ek ; hc ;g;Ma E; Ia ; g;Rr ;Ma

[13]
E; S; g;Ra ;Rr

[12]
E; Ia ;S; g
[10]

Area Averaging,
[20]

Flow
averaging

E;Ek ; hc ;Ra=Ru;Rr=R
[7, 8]

T
� , K 318 318 318 318 318 318 318

P, kg/m2 422 438 199 438 434 423 422

P
�
, kg/m2 2830 2812 2845 2845 2819 2833 2830

h, degree 71.94 71.85 72.58 71.95 71.75 71.55 71.50

a, degree 18.25 18.20 17.45 – 18.29 18.49 18.50

c, degree 7.97 4.1 3.7 – 5.97 5.90 4.10

g, kg/s 0.1012 0.1012 0.1012 0.1012 0.1015 0.1029 0.1036

Ek , W 1832 1808 2027 1830 1819 1862 1876

Ma 1.702 1.702 1.839 – 1.705 1.736 1.757

P�
0 − P

�
,

kg/m2

106 124 89 89 117 103 106

fc 0.036 0.043 0.028 0.032 0.041 0.037 0.036
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coefficient fc. If these characteristics are determined by the proposed hybrid method
E;Ek; hc; g;Ma, then this will correctly find the flow parameters behind the nozzle, gas
flow mass rate, and axial component of the angular momentum Ma. The last column of
Table 2 shows the results of averaging by the generally accepted [7, 8] hybrid method
“E;Ek; hc;Ra=Ru” for a flat flow, in which the averaged angle aj@ is determined from
the ratio of the axial component of the momentum Ra and the tangential component Ru

a ¼ aj@ ¼ arctgRa=Ru ¼ arctg
Xm
j¼1

C sin aDg=
Xm
j¼1

C � cos aDg
 !

: ð13Þ

From Table 2, it can be seen that, in comparison with the method E;Ek; hc; g;Ma, the
method E;Ek; hc;Ra=Ru;Rr=R gives exactly the same averaged values P;P

�
; fc but it

overestimates the gas consumption by 2.4%, and the moment Ma - by 3.2%.
In [1], it is noted that with any method of averaging the parameters of a non-

uniform flow, only a part of its total characteristics is preserved, and some properties of
the flow will inevitably be lost. It follows that in each individual case, it is necessary to
choose a method of averaging that would most fully reflect the features of the task.
Therefore, a slight underestimation of the angle a and overestimation of the angle c in
the proposed method “E;Ek; hc; g;Ma” is not a significant drawback, as it provides the
ability to correctly find the flow mass rate and moment Ma. Apparently, a significant
overestimation of entropy is not a drawback either, since it is customary to evaluate the
efficiency of the cascade by the magnitude of the loss of specific kinetic energy, and not
by the magnitude of the increase in entropy DS ¼ R ln P

� þB
� �

= P
�
0 þB

� �� �
. Unfor-

tunately, when averaging the parameters of a non-uniform flow, it is impossible to
preserve both the entropy and kinetic energy without distorting such an important
parameter as the pressure behind the nozzle cascade, which is determined from the
condition hc ¼ const.

According to the proposals [1], in those cases when the meaning of the problem
requires evaluating the operability of the initial gas flow, it is advisable to carry out
averaging to keep the total value of the entropy of gas constant (S ¼ const). Such a not
quite traditional approach is quite possible if maintained during averaging E; hc; g;Ma.
Calculations show that when the kinetic energy is replaced in the “E;Ek; hc; g;Ma”

method by entropy, the flow parameters P; T
�
and theoretical velocity Ct remain the

same. An increase in total excess pressure P
�
from 2830 to 2845 kg/m2 increases

velocity. Velocity factor / ¼ C=Ct increases from 0.9817 to 0.9841. Since the angle a
does not practically change. An increase in velocity C will occur due to an increase in
the radial component of velocity, that is, due to an increase in the angle c from 7.97 to
8.89°.

In contrast to the quite acceptable method “E; S; hc; g;Ma”, “entropy” methods
[10, 12] do not provide conservation of the moment Ma and difference of enthalpies hc.
Note that the hybrid condition hc ¼ const can be completely replaced by averaging the
pressure over the flow mass rate (see Table 2).
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It is important to note that in contrast to the velocity coefficient /, c which in
methods with the same E; hc; g;Ma increases when replaced Ej by entropy S, the
product / cos c remains unchanged (0.9722). Thus, this work is a more universal
characteristic of the quality of the cascade. The radial velocity component behind the
nozzle cascade ( cj j[ 0) is the same drawback as the kinetic energy loss, determined by
the velocity coefficient /.

5 Conclusions

The well-known averaging method along the pitch of the parameters of the plane flow
behind the nozzle cascade has been improved. It is proposed to replace the value used
to find the averaged angle by the mass flow rate through the cascade and the axial
direction of the angular momentum (method). The velocity coefficient / and the flow
angles a, c averaged along the pitch behind the cascade can be used as integral
characteristics of the nozzle cascade on current surfaces. These characteristics of the
nozzle cascade make it possible to correctly perform thermal calculations of the tur-
bomachine stages with the known integrated characteristics of the rotor cascade.

The condition for entropy conservation can replace the condition for the conser-
vation of kinetic energy in the method. At the same time, the product retains its
significance despite the increase in the velocity coefficient / and the flow angle c. It is
proposed to use the product as a universal characteristic of the nozzle cascade on the
current surface.
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Abstract. The properties of surface layers need to be accounted for in the
analysis of contact interaction of complex-shaped bodies. Surface roughness,
films, and coatings provide an additional response to the contact tractions. These
microscopic deformations are generally nonlinear. To constitute the relationship
between the contact pressure and normal compression of the intermediate layers,
an ad hoc model is proposed. It consists of two superimposed layers on one side
of the contact. Each layer has a different elasticity modulus and stiffness. As a
result, the thicker later gets into contact sooner than the thinner one, which only
comes into play after a certain loading level. This approach makes it possible to
model an arbitrary bilinear response of the contact interface effectively using the
finite element method. This model is applied to the analysis of contact inter-
action in radial hydrovolumetric drive with spherical pistons. The effect of layer
stiffness parameters on the contact pressure distribution and the local stresses in
the bodies is studied. The ability of additional compliance to reduce the stresses
is found to be useful for further improvement of the strength of the pistons,
which is crucial for the design.

Keywords: Hydrovolumetric transmission � Contact interaction � Contact
layer � Von mises stress

1 Introduction

Contact interaction of complex-shaped parts can be found in literally any modern
mechanism or machine. It is very common to seek the closest geometric form of the
contact surfaces, which is possible for any general design. It is done to increase the
contact area and reduce the contact pressure, lowering the local stresses around the
contact spot. This question has been well studied within the traditional theory of
contact mechanics. Practical recommendations have been accordingly developed for
numerous applications. However, most of these results are valid for smooth bodies,
thus completely disregarding such factors as surface roughness [1], films, and coating
[2]. The deformation of these thin media is different from the bulk of the contacting
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bodies. The surface layer can be constituted of a single or multiple materials with
various physical properties. The microstructure of the surfaces can as well have a
considerable effect on their mechanical response. The observed behavior is typically
nonlinear to greater or lesser effect. Thus, the effective relationship between the
intermediate layer’s contact pressure and normal compression deviates from conven-
tional Hooke’s law. A new computational model that adequately represents the non-
linear contact layer of a general kind is developed in this paper. The analysis of contact
interaction of a spherical piston and a toroidal running track in a hydrovolumetric
transmission [3] demonstrates the application of the proposed model.

2 Literature Review

The rational design of modern hydraulic machines and mechanisms requires a thorough
analysis of their operation conditions [4]. The output of a planetary hydromotor was
studied in [5] concerning the location of the distribution windows and additional
discharge windows. Multi-criteria optimization was performed in [6] to improve this
hydraulic machine’s overall performance.

Contact interaction plays a role that is not much less important than hydrodynamics
[7]. The optimal design solutions in terms of performance are often not viable in terms
of strength. Naturally, contact causes the concentration of loads [8] which may, in turn,
lead to material failure. Various methods have been developed for the analysis of
contact interaction of deformable solids [9, 10]. Variational formulations have proved
to be beneficial for problem statements and derivation of analytical and numerical
solutions. A model for the contact of elastic bodies with intermediate nonlinear Winkler
surface layer was developed in [11]. The variational formulation of the problem was
derived from a nonquadratic variational inequality and a nonlinear variational equation.
The obtained problem is solved numerically using FEM and CFD approaches [12], for
which a class of parallel iterative domain decomposition methods was proposed and
implemented. Another approach [13] is based on the surface form of the Kalker
variational principle that is suitable for applying the boundary element method (BEM).
Both approaches display their benefits and weaknesses. In particular, the finite element
method can be applied to bodies of arbitrary shape at the cost of a larger size of the
discrete model and higher computational volume. Meanwhile, the boundary element
method is faster due to the reduction of problem dimensionality while limited by the
geometrical form of the bodies and the loading type. This problem can also be solved
using artificial neural networks [14] with the consequent application in an engineering
environment [15].

The physical behavior of the intermediate surface layers requires an appropriate
model [16]. Due to the surface roughness, the real contact is only a partial fraction of
the apparent contact spot [17]. Strong adhesion can bring the bodies to a near-complete
contact [18, 19]. This discrepancy is manifested through the observed variations in
surface conductance [20]. A multiasperity model developed in [21] considers contact
distribution between a discrete set of contact spots at microscopic asperities. Impor-
tantly, it considers the mutual effect of deformations at each asperity due to the
microscopic contact forces in all neighboring points. The effect of roughness on the
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contact stiffness of the surface layer is studied in [22]. Depending on the geometrical
parameters of the elastic body and the surface roughness, the contact behavior can
range from hertzian to fractal [23]. The indenter’s geometry has a major effect on the
strength of adhesive contacts [24]. A scaling law for interfacial separation and its
parameter identification are obtained in [25, 26]. This extends the contact mechanics
theory of Persson [25, 27].

It may be concluded that adequate analysis of contact interaction with intermediate
layers requires a rigorous combination of micro and macro models. An approach that
implements such integration of the two models was proposed in [28]. The application
of FEM or BEM governs the macrolevel while the microscopic response is represented
as an effective Winkler layer. The nonlinear relation between contact pressure and
normal contraction of the layer needs to be properly defined.

3 Research Methodology

A new method to constitute the nonlinear response of the intermediate layer between
deformable bodies in contact is the main goal of this research. It is proposed to model it
effectively as a combination of superposed layers of various height and material
properties. This approach allows for straightforward and efficient implementation in
standard finite element analysis software.

The research methodology extends the approach proposed in [28]. It was applied to
analyze contact interaction between the spherical piston and toroidal running track on
the stator of a hydrovolumetric drive GOP-900 [3]. The design of the entire drive and
the arrangement of the pistons pressed to the stator ring in the pump and the motor is
displayed in Fig. 1.

Fig. 1. The hydro volumetric transmission GOP-900 with ball pistons: 1 – housing; 2 – block of
pin distributors; 3 – pump cylinder block (rotor); 4 – cylinder block of the hydraulic motor
(rotor); 5 – ball-piston; 6 – pump stator; 7 – a running track of the pump and the hydraulic motor;
8 and 9 – input and output shafts of hydraulic transmission [2, 3].
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The cross-section of the spherical piston and the stator ring in the plane of motor
rotation as well as the lateral profile of the running track have the following geometrical
dimensions: Rp = 31.75 mm is the radius of the spherical piston, Rst = 160.0 mm is the
radius of the stator ring, Rt = 38.1 mm is the curvature radius of the central part of the
running track profile, Rs = 31.65 mm is the curvature radius of the transition round-
ings, h ¼ 15� is the angle of the central arc.

The compliance of the surface layers between the contacting bodies is sought in a
bilinear relation. The contact pressure p depends linearly on layer deformation e at
initial interval 1 bounded by the upper limit e1. A transition to interval 2, the depen-
dence displays a kink. The tangent moduli on this bilinear relation are given accord-
ingly as

E0
1 ¼ tgc1; ð1Þ

E0
2 ¼ tgc2: ð2Þ

Two overlapping intermediate layers are introduced on one of the contact surfaces to
introduce this type of response into a finite element model.

The first layer of thickness h1 = 0.1 mm was assigned the Young’s modulus

E1 ¼ E0
1: ð3Þ

Such layer responds to the normal pressure nearly identical to the local Winkler
foundation. The second layer has a smaller thickness h2 = 0.01 mm, and the elastic
modulus

E2 ¼ E0
2 � E0

1; ð4Þ

that is positive if the bilinear response displays hardening at the second interval. The
thicker layer gets first into contact. The second layer gets only engaged after certain
compression when the thickness gap is eliminated.

Such a straightforward approach to modeling the intermediate layer provides great
flexibility in representing their physical properties. Particularly, it makes it possible to
account for the microstructural characteristics such as surface roughness. The only
parameters that need to be specified in the finite element model are the thicknesses of
the two layers and their respective elastic moduli.

Once this model is determined, the contact problem is solved on the macroscopic
level as a variational inequality [29]. According to the standard formulation of uni-
lateral normal contact, the solution is found as an extremum of energy functional

I ¼
X4

k¼1
Ik ukð Þ ! min: ð5Þ

The total elastic energy is made up by energies Ik of the two elastic bodies (k ¼ 1; 2)
and the two intermediate layers (k ¼ 3; 4), each being a function of the respective
displacement uk:
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I1 ¼ 1
2

Z
V1ð Þ

rij u1ð Þ � eij u1ð Þdv�
Z

S1uð Þ
f1 � u1ds; ð6Þ

I2 ¼ 1
2

Z
V2ð Þ

rij u2ð Þ � eij u2ð Þdv; ð7Þ

I3 ¼ 1
2

Z
Scð Þ

p � u3 � u2ð Þds; ð8Þ

I4 ¼ 1
2

Z
Scð Þ

p � u4 � u2ð Þds: ð9Þ

Note that the first two terms are defined for the bulk of the material domains V1, V2 of
the two bodies (1 – the spherical piston; 2 – the stator ring). The elastic work is thus
computed for the components of stresses and deformations rij; eij. The surface term in
the first term also represents the action of the external loading f1 which is the pressure
of the hydraulic fluid on the internal part of the spherical piston surface S1u facing the
rotor cylinder. The deformation energies of the intermediate layers are in turn given by
reduced surface form as the work of contact tractions p made on the layer compression
over the contact area Sc.

The minimum of the functional (5) is sought in the admissible set

j ¼ u1; u3; u4 : u
1
m þ u3m �D; u1m þ u4m �Dþ h1 � h2

� �
; ð10Þ

of displacements ukm that do not violate unilateral contact conditions. The relative
normal displacements of the bodies and the layers shall not exceed the initial gap D
between body 1 and layer 3.

The finite element approximation leads to the discretized version of the functional
(5)

I ¼ 1
2

X
m;n

Cmn � qm � qn �
X
m

Fm � qm ! min; ð11Þ

and the minimization problem with the inequality constraints in the form

qmeþ qmr �Der; ð12Þ

Where qm, qn are nodal displacements; Cmn are the coefficients of the global stiffness
matrix; Fm are the nodal forces; qme; q

m
r are the relative normal nodal displacements on

the contact surfaces; Der are the normal gap values between nodes and segments e and
r. The finite element solution provides the stress-strain state of the two bodies as well as
the actual contact area S0c and the contact pressure as a total of the two tractions exerted
by the two elastic layers.

As a result, one can establish the parametric relations between the deformations of
the contacting bodies and the elastic properties of the intermediate elastic layers E0

1, E
0
2

(or E1, E2) and their thicknesses
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S
0
c ¼ S

0
c E1;E2ð Þ; p ¼ p E1;E2ð Þ; uki ¼ uki E1;E2ð Þ;
rkij ¼ rkij E1;E2ð Þ; ekij ¼ ekij E1;E2ð Þ

)
: ð13Þ

One can accordingly consider any other parametric dependency of certain character-
istics Hg of stress-strain state on the varied parameters pt

Hg ¼ Hg ptð Þ: ð14Þ

Maximal contact pressure, maximal von-Mises stress may be chosen as such charac-
teristics Hg. Parameters pt include the elastic moduli of the elastic E0

1, E
0
2 (or E1, E2) and

their thicknesses h1, h2. These relations can be used to evaluate various design solutions
concerning the local strength of the two bodies in contact interaction.

4 Results

The stiffness variation of the intermediate surface layers was considered around their
initial reference values

E0
1 ¼ 109Pa, E0

2 ¼ 1010Pa: ð15Þ

in terms of the dimensionless parameters

c1 ¼ E1=E0
1;c2 ¼ E2=E0

2: ð16Þ

that were considered in the range [0.1; 5.0]. The piston loading force was set to be
P = 0 � 200 kN with the nominal value P0 = 100 kN. The dimensionless parameter
c3 ¼ P=P0, thus varied from 0 to 2.0.

The controlled quantities for the obtained response were the relative change of the
maximal contact pressure level in the two layers

a1 c1; c2ð Þ ¼ p1 c1;c2ð Þ
max =p1 1;1ð Þ

max ; ð17Þ

a2 c1; c2ð Þ ¼ p2 c1;c2ð Þ
max =p2 1;1ð Þ

max ; ð18Þ

and the relative variation of the maximal von Mises strength in the spherical piston and
the stator ring:

b1 c1; c2ð Þ ¼ r1 c1;c2ð Þ
max =r1 1; 1ð Þ

max ; ð19Þ

b2 c1; c2ð Þ ¼ r2 c1;c2ð Þ
max =r2 1; 1ð Þ

max : ð20Þ

Figures 2, 3, 4 and 5 display contact pressure distribution p and the shape of the contact
area S0c for the varied parameters c1, c2,c3.
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Fig. 2. Contact pressure distribution p (MPa) in layer 1 for variable c1, c3 and nominal c2 = 1.

γ1 \ γ3 0.5 1.0 2.0
0.1

1.0

5.0

Fig. 3. Contact pressure distribution p (MPa) in layer 2 for variable c1, c3 and nominal c2 = 1.

γ2 \ γ3 0.5 1.0 2.0
0.1

1.0

5.0

Fig. 4. Contact pressure distribution p (MPa) in layer 1 for variable c2, c3 and nominal c1 = 1.
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The distribution of von Mises stress in the spherical piston and the stator ring for
the nominal parameters c1, c2,c3 are shown in Figs. 6, 7. They change according to the
contact pressure distribution.

γ2 \ γ3 0.5 1.0 2.0
0.1

1.0

5.0

Fig. 5. Contact pressure distribution p (MPa) in layer 2 for variable c2, c3, and nominal c1 = 1.

Fig. 6. Von Mises stress distribution in the spherical piston at nominal parameters.

Fig. 7. Von Mises stress distribution in stator ring at nominal parameters.
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The relative change of the maximal contact pressure in contact layers a1 c1; c2; c3ð Þ
and a2 c1; c2; c3ð Þ are shown in Figs. 8, 9.

The relative change of the maximal von Mises stress level in the spherical piston
and the stator ring b1 c1; c2; c3ð Þ and b2 c1; c2; c3ð Þ are shown in Figs. 10, 11.
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The obtained results prove that the contact pressure p as well as the dimensions and
shape of the contact area S0c at low loadings P are close to the Hertzian solution. The
contact area S0c is close to the oval shape. The maximum contact pressure Pmax is
located in the initial, middle point of contact. Accordingly, it drops steadily at the edge
of the contact area.

The contact area S0c expands with the growth of the loading P. It also changes the
shape as it becomes truncated at the rounded transitional part of the running track
profile. It transforms first from the oval to the rounded rectangular and further on takes
the dumb-bell shape getting thicker at the edge of the central part of the profile. The
contact pressure exceedingly grows at this location which ultimately becomes the
major stress concentration.

The contact forces are distributed between the two layers non-uniformly. The
contact pressure in the thicker first layer first displays steady growth similar to the Hertz
theory, but it later saturates and follows nearly linear dependence. The second layer
remains inactive until a certain level of the loading P when the gap due to the thickness
difference gets closed. Once engaged into contact, the thin layer becomes loaded nearly
linear similarly to the first layer. The effect of the resulting hardening shows itself in
Fig. 10, 11 as an upturn of the stress levels after reaching a certain threshold of the
loading parameter c3.

5 Conclusion

The nonlinear intermediate layer has an essential impact on the contact interaction of
the spherical piston with the stator ring. The microscopic deformations in this layer
when the contacting bodies are of close conforming shape turn out to be significant.
The additional compliance results in regular contact pressure distribution over a larger
contact area compared to smooth surfaces with no intermediate layers. Still, the nearly
oval shape of the contact spot at low pressing forces and the dumb-bell shape of contact
at higher loadings are preserved. But the stress concentration in the middle of the
former and at the edges of the latter are far less pronounced.

The bilinear nonlinear characteristics of the layer response manifest in the distinct
hardening of the interface. In the finite element model, it occurs when the thinner layer
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gets into contact. The increased stiffness of the layer accelerates the upturn of the
contact pressure and the local stresses in the bodies with the loading.

The obtained levels of von Mises stress in the spherical piston and the stator ring
are crucial for evaluating their strength. Note that their magnitude is generally are twice
lower than the total contact pressure at various loads.

The positive effect of the intermediate layer compliance should be utilized in future
designs of this class of hydrovolumetric drives. It is possible to choose the surface
properties for the pistons and the running track that provide higher strength and
durability for any particular geometry of these elements. The synthesis of these design
parameters is a subject of further surveys. This approach can also be extended to other
machine parts bearing high contact loads: roller and ball bearings, engine pistons,
hydraulic pumps, etc.
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Abstract. The spectral composition of the rotor’s vibration characteristic under
its contact conditions with the stator was investigated in the article. Based on the
clipped sinewave model, it was determined that the signal spectrum contains
odd components in addition to the main harmonic. Analytical dependences of
amplitudes for spectral composition’s components of a signal on the dimen-
sionless radial gap between a rotor and a stator were established. As a result, the
main and third harmonics have the highest amplitudes. An analytical depen-
dence determining the dimensionless radial gap by the ratio of the spectral
components’ amplitudes was obtained. Moreover, theoretically substantiated
that the representation of the response for the system “rotor-stator” as a
superposition of only the main and third harmonics allows modeling the sys-
tem’s response caused by the influence of contact interaction. This approxi-
mation has a maximum relative error of 5% for the dimensionless radial gap in a
range of 0.56–1.0.

Keywords: Technical Diagnostics � Contact interaction � Radial gap � Fourier
transform

1 Introduction

Rotor machines play an essential role in mechanical and chemical engineering, par-
ticularly for the pump and compressor industry [1]. Simultaneously, a constant increase
in rotary machines’ energy consumption [2] causes adverse events in their functioning,
such as radial run-out, friction, wear, and contact interaction of working bodies with the
stator [3]. For eliminating these shortcomings, it is necessary to make an appropriate
design with a margin of safety by indicators of vibration reliability [4]. Additionally, an
essential role is played by detecting defects by the vibration spectrum during the
machine’s operation. [5].

Self-oscillations also cause increased vibrations and noise in centrifugal machines
[6]. Therefore, the determination of frequencies for possible self-oscillations under
contact with the stator makes a particular scientific and practical interest for diagnosing
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the rotor machine’s technical condition. However, in practice, it is not always possible
to prevent a reliable margin of safety. Mainly, self-oscillating processes are usually
relatively weak due to significant damping. Therefore, they can be undetected without
analyzing the spectral composition of the signal [7].

Equipment defects associated with contacts or wearing describe technologically
unacceptable processes. Their diagnostic features give practically the same frequency
pattern in the spectra of vibration signals [8]. Notably, by the origin, these defects are
conventionally divided into two groups: structurally envisaged (e.g., throttling seals in
pumps and compressors [9]), and emergency (e.g., wearing of the support bearings
[10], changes in technological gaps in seals [11], reshaping of busing parts [12], falling
of foreign elements into the working area [13], rotor-stator contact [14]).

Notably, contact between the rotor and the stator leads to modifying the recorded
vibration signal’s spectrum. The last one includes a wide range of frequencies, mul-
tiples of the synchronous component [15].

The power of the vibration signal is also partly due to asynchronous components.
They are associated with both nonstationarities of contact interaction [16] and resonant
processes’ influence in functional elements [17].

Moreover, a characteristic diagnostic indicator of the contact in the system “rotor-
stator” is the presence of a temporary clipped sinewave signal. In this case, the spec-
trum is dominated by components corresponding to the first (asynchronous) and third
(multiple) harmonics [8, 15]. The contact interaction clips the sinusoid peaks, and when
leaving the contact area, the original sinusoidal waveform is restored. However, despite
the number of empirical observations and practical conclusions, the appearance of
individual components in the spectrum described above (related to the contact inter-
action between elements of the rotor system) also requires more thorough theoretical
justification.

2 Literature Review

The problem of technical diagnostics of mechanical systems using spectral analysis is
urgent in various engineering fields. Notably, Yadav and Prajapati [18] proposed the
technology to minimize clipped signals using the tangent rooting companding tech-
nique. Esqueda et al. [19] developed an approach for aliasing reduction in clipped
signals. Liu et al. [20] studied the methods for signal recovery using the Gaussian
mixture GTurbo algorithm. Advancements in fault diagnostics for industrial machines
were analyzed by Altaf et al. [21].

Kolomvakis et al. [22] dealt with the reconstruction of clipped signals in quantized
uplink massive systems. Finally, Dyer S. and Dyer J. [23] studied the total harmonic
distortion in asymmetrically clipped sinewaves.

The essential role of the following researchers in applying Fourier transform in
diagnostics of technical systems. Significantly, an approach of fault diagnosis using
Hilbert transform and fractional Fourier transform was proposed by Zhou et al. [24].
Additionally, fault detection and diagnosis of rotor machines based on convolutional
extended short-term memory algorithm, fast Fourier transform, and continuous wavelet
transform were proposed by Jalayer et al. [25]. Finally, Xu et al. [26] developed
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approaches based on the inverse short-time Fourier transform and a singular value
decomposition for bearing fault diagnosis.

However, the methodologies mentioned above do not analytically study the clipped
sinewave signals in terms of spectral components and their impact on the initial signal’s
total harmonic approximation.

Additionally, Monkova et al. [27] dealt with the condition monitoring of turbines.
Finally, the research works [28, 29] aim to ensure vibration reliability of turbopump
units and hydromechanical systems using artificial intelligence systems.

Notably, the research’s practical significance can be highlighted by a number of
research works in the related fields. Remarkably, the papers [30, 31] present the
mathematical model and the corresponding design calculation approach for ensuring
dynamic characteristics of technological equipment.

Ways for increasing the wear resistance of throttling gaps and bearing supports
were developed in the papers [32, 33]. Approaches for calculating the ductility of a
roller bearing under an uncentral loading were presented in the article [34]. Addi-
tionally, the abrasive medium’s influence on the reliability of rotor machines was
partially studied in the paper [35].

The discrete Fourier transform theory for solving technical diagnostics problems for
mechanical systems was practically implemented in papers [36, 37]. Diagnostics of
engines’ imbalances using the modulated sliding discrete Fourier transform was applied
by Yoon and Brahma [38]. Also, fault diagnostics using fast Fourier transform and
artificial neural networks were implemented by Kumar et al. [39].

Ways for parameter identification of technological equipment for ensuring the
reliability of multidisciplinary operating processes were proposed in papers [40, 41].
Implementation of data fusion classification technique based on an artificial neural
network for rotor machines’ fault detection was applied in the article [42]. Additionally,
ways for ensuring the reliability criteria were proposed for crankshafts [43] and high-
speed machines [44]. The dynamics of a particle on curvilinear and sinewave profiles
were stated in the papers [45, 46]. Finally, the dynamic state of machine tools was
studied in the papers [47, 48].

Due to the analysis mentioned above, the article aims at identifying and studying
individual components of the signal, informing about the dysfunctional vibrational
state of a machine caused by contact interaction between the rotor and the stator. For
achieving this goal, the following research objectives are formulated:

– –to decompose the clipped sinewave time signal into a trigonometric Fourier series,
and to determine analytical expressions for the singnal’s spectral composition;

– –to carry out a harmonic approximation of the studied signal with an application of
the minimum quantity of components of the vibrational spectrum;

– –to evaluate a range of the dimensionless radial gap that provides the specified
maximum relative error of the harmonic approximation of the signal;

– –to propose a criterion for estimating the dimensionless radial gap by the vibration
signal’s spectral composition.
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3 Research Methodology

According to the clipped sinewave model, the system “rotor-stator” response resulting
from contact interaction of its functional elements is considered (Fig. 1a). This model
corresponds to the plain trajectory given in Fig. 1b.

According to the previous researches in the field of diagnostics of mechanical
systems [8, 15], such a model is inherent in the cases of contact or wearing of the
functional elements of the technological equipment (e.g., contact in seals of pumps and
compressors, wear of supporting elements, surface reshaping).

The studied model contains the following basic parameters: T = 2p/x – a period of
oscillations [s] associated with frequency x [rad/s]; A – amplitude of oscillations
without contact with the stator [m]; h – the average radial gap between the rotor and the
stator [m]. The model can be analytically presented as follows:

f tð Þ ¼
Asin xtð Þ; t ¼ 0;DT½ Þ _ T

2 � DT ; T2 þDT
� � _ T � DT ; T½ Þ;

h�A; t ¼ DT ; T2 � DT
� �

;
�h� � A; t ¼ T

2 þDT ; T � DT
� �

;

8<
: ð1Þ

where DT ¼ 1
x arcsin gð Þ – time before contact [s], which depends on the dimen-

sionless radial gap g ¼ h
A.

Given the oddness of the function f(t), that is f(–t) = –f(t), it can be represented as a
trigonometric Fourier series [49] with exclusively sinusoidal components:

F tð Þ ¼
XN

k¼1
bksin kxtð Þ; ð2Þ

where N – the number of valuable elements of the frequency spectrum.
The following formula determines the coefficients of this series:

Fig. 1. The clipped sinewave model (a) and the corresponding plain trajectory (b).
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bk ¼ 2i\1[
k þ 2i\2[

k þ i\3[
k ; ð3Þ

which contains auxiliary integrals:

i\1[
k ¼ 2

T

R DT
0 f tð Þsin kxð Þdt ¼ 2

T

R T
T�DT f tð Þsin kxð Þdt;

i\2[
k ¼ 2

T

R T
2�DT
DT f tð Þsin kxð Þdt ¼ 2

T

R T�DT
T
2þDT f tð Þsin kxð Þdt;

i\3[
k ¼ 2

T

R T
2þDT
T
2�DT f tð Þsin kxð Þdt:

ð4Þ

After considering function (1) and applying identical transformations, the integrals
take the following forms (Fig. 2):

i\1[
k ¼

� A
2p g

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p
� arcsin gð Þ

h i
; k ¼ 1;

A
p k2�1ð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p
sin kxDTð Þ � kgcos kxDTð Þ

h i
; k� 2;

8<
:

i\2[
k ¼ 1� �1ð Þk

h i
gA
pk cos kxDTð Þ;

i\3[
k ¼

� A
p g

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p
� arcsin gð Þ

h i
; k ¼ 1;

� �1ð Þk 2A
p k2�1ð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p
sin kxDTð Þ � kgcosk xDTð Þ

h i
; k� 2;

8<
:

ð5Þ

which allows achieving a general analytical expression for the coefficients of the
Fourier series (2):

bk ¼
2A
p g

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p
� arcsin gð Þ

h i
; k ¼ 1;

2A
p

1� �1ð Þk
k k2�1ð Þ k

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p
sin kxDTð Þ � gcos kxDTð Þ

h i
; k� 2:

8<
: ð6Þ

4 Results

Absolute values of coefficients bk (k = 1, 2, …, N) determine the signal spectrum
(Fig. 3). Notably, all even components b2k identically equal to zero due to i\2[

2k ¼ 0,
and i\3[

2k ¼ �2i\1[
2k . Odd components for the most valuable harmonics are deter-

mined analytically by the following formulas:

b1 ¼ 2A
p g

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p
þ arcsin gð Þ

h i
; b3 ¼ 4A

3p g 1� g2ð Þ32;
b5 ¼ 4A

5p g 1� g2ð Þ32 1� 8
3 g

2
� �

; b7 ¼ 4A
7p g 1� g2ð Þ32 1� 20

3 g
2 þ 8g4

� �
:

ð7Þ
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Considering that the 1st (b1) and the 3rd (b3) harmonics are the most valuable,
analyzing the signal’s approximation by these two components is necessary. In this
case, considering formula (7), expression (2) takes the following form (Fig. 4):

u tð Þ ¼ 2A
p

arcsin gð Þþ g
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p
3� 2g2 � 8

3
1� g2
� �

sin xtð Þ
� �� 	

sin xtð Þ: ð8Þ

Fig. 3. Signal spectrum.

Fig. 2. Values of auxiliary integrals i\1[
k ( ), i\2[

k ( ), and i\3[
k ( ).
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Notably, graphical dependencies presented in Figs. 2, 3 and 4 are related to the
“rotor-stator” system of the multistage centrifugal pump’s unit [50] with the following
parameters: rotor speed x = 314 rad/s; the average radial gap in a throttling seal
h = 0.15�10–3 m; the theoretical amplitude A = 0.20�10–3 m.

For determination of the relative error in the approximation of the signal (1) by
expression (8)

e gð Þ ¼ max u tð Þ½ � � h
h

¼ u t1ð Þ
h

� 1 ð9Þ

it is necessary to investigate the function u(t) to the extremum.
Notably, there is a critical value of the dimensionless gap η0, which distinguishes

two different forms of this approximation curve. For values η � η0, the function has
two extremums per period: t2 ¼ T

4 ; t5 ¼ T � t2. However, for values η < η0, it has six
extremums: t1\t2; t2 ¼ T

4 ; t3 ¼ T
2 � t1; t4 ¼ T

2 þ t1; t5 ¼ T � t2; t6 ¼ T � t1. Deter-
mining these extremums is reduced to finding time t1 from the condition of equality to
zero for the time derivative of the function u(t). In this case, it can be shown that this
condition holds for the following value of the corresponding time:

t1 gð Þ ¼ T
4p

arccos
g

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p
1� 2g2ð Þ � arcsin gð Þ
4g 1� g2ð Þ32

" #
: ð10Þ

Additionally, determining the critical value for the dimensionless radial gap is
reduced to fulfilling the condition t1 = t2. It can be shown that the appropriate value
corresponds to a single real root η0 � 0.7433 of the following transcendental equation:

Fig. 4. Approximating curve u(t): 1– η < η0; 2 – η � η0.
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arcsin g0ð Þ ¼ 5g0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g20

q
1� 6

5
g20


 �
: ð11Þ

Finally, the relative approximation error (9) takes the following form (Fig. 5):

e gð Þ ¼
2

3p
ffiffi
2

p arcsin gð Þþ 3g
ffiffiffiffiffiffiffiffi
1�g2

p
1�2

3g
2ð Þ

� �3
2

g
3
2 1�g2ð Þ34

� 1; g\g0;

2
p

arcsin gð Þ
g þ 1

3

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2

p
1þ 2g2ð Þ

h i
� 1; g� g0:

8><
>: ð12Þ

Notably, the relative error for the radial gap’s critical value is e(η0) = 0.017.
Notably, using L’Hôpital’s rule [51], it is possible to prove the existence of the limit

lim
g!0

e gð Þ ¼ 0
0

� 	
¼ 8

ffiffiffi
2

p

3p
� 1; ð13Þ

which is numerically equal to 0.2.
However, an appropriate application of the series (8) limited to a 5% relative error

(e � 0.05) allows evaluating a range of practical applications of the proposed
methodology. Mainly, Fig. 5 shows that the corresponding range 0.56 � η � 1.0 is
quite broad. This fact allows applying expression (8) for a wide range of average radial
gap: h = (0.56–1)A.

Additionally, from a practical point of view, for technical diagnostics of rotary
machines, it is crucial to estimate the value of the dimensionless radial gap by the ratio

of the amplitudes of the 5th and the 3rd components of the spectrum c ¼ b5
b3

 �
. After

considering the expression (7), it is possible to make the following analytical
dependence:

Fig. 5. Relative signal approximation error.
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g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3
8

1� 5
3
c


 �s
: ð14Þ

Notably, it is necessary to consider the sign “ +” or “–” for the coefficient c.
The significance of the obtained results is in their advantages compared with

previous studies in diagnostics of rotary machines.
Mainly, the estimated components of the spectrum allow us to recognize the

appearance of a contact interaction by the odd components of the vibration response
from the system “rotor-stator” [52]. Additionally, the obtained results can significantly
complement the research methodology for studying the impact of multi-gap seal’s
characteristics on rotor dynamics [53].

Moreover, the developed mathematical model allows us to evaluate the vibration
state of the multistage centrifugal machines (e.g., pumps [54], compressors [55], and
turbines [56]) in terms of a range of the radial throttling gaps [57, 58].

Finally, the presence of multiple harmonics is a theoretical justification for the
undesirable use of gears in designing vibration prillers [59]. However, modeling
vibration propagation from an actuator to a liquid environment [60] still requires
additional research in the future.

5 Conclusions

Thus, odd individual components of the signal spectrum informing about the machine’s
unacceptable vibration state caused by the contact between the rotor and the stator have
been substantiated theoretically. As a result of the decomposition for the clipped
sinewave time signal into a Fourier series, precise analytical expressions for the
spectrum’s components were obtained. Remarkably, the 1st and the 3rd components of
the spectral composition significantly affect the model’s accuracy for contact interac-
tion between the rotor and the stator.

As a result of harmonic approximation of the studied clipped sinewave signal by
superposition of a couple of harmonics, an analytical expression has been obtained,
which allows evaluating a range of the dimensionless radial gap with the relative error
of not more than 5%.

Additionally, the criterion for estimating the dimensionless radial gap according to
the vibration signal’s composition has been proposed, particularly by the ratio of
amplitudes for the 5th and the 3rd harmonics.

For proving the developed mathematical model, the obtained results have been
applied practically to evaluate the vibration state of the multistage centrifugal pump
with the particular parameters of a throttling seal.

Overall, the obtained results are helpful for practical implementation in designing
rotor systems (e.g., motors, pumps, compressors, centrifugal granulators, vibration
prillers), and ensuring vibration reliability of the corresponding technological
equipment.

Further research will be aimed at experimental research of the rotor-stator contact
by spectral analysis of the experimentally obtained vibration response.

Diagnostics of the Rotor-Stator Contact by Spectral Analysis 529



Acknowledgments. The research has been carried out because of cooperation between Sumy
State University (Ukraine) and the Technical University of Košice (Slovak Republic).

The main scientific results have been obtained within the research project “Fulfillment of tasks
of the perspective plan of development of a scientific direction “Technical sciences” Sumy State
University” ordered by the Ministry of Education and Science of Ukraine (State Reg.
No. 0121U112684).

The results have also been partially obtained within the research project “Creation of new
granular materials for nuclear fuel and catalysts in the active hydrodynamic environment”
ordered by the Ministry of Education and Science of Ukraine (State Reg. No. 0120U102036).

The authors appreciate the International Association for Technological Development and
Innovations for the support while conducting this research.

References

1. Li, Y., et al.: Numerical and experimental investigation on thermohydrodynamic
performance of turbocharger rotor-bearing system. Appl. Therm. Eng. 121, 27–38 (2017).
https://doi.org/10.1016/j.applthermaleng.2017.04.041

2. Heshmat, H., Walton, J. F., II.: On the integration of hot foil bearings into gas turbine
engines: theoretical treatment. In: Proceedings of the ASME Turbo Expo 2019: Turboma-
chinery Technical Conference and Exposition. Volume 7B: Structures and Dynamics.
Phoenix, Arizona, USA, V07BT34A036 (2019). https://doi.org/10.1115/GT2019–91710.

3. Nyssen, F., Batailly, A.: Sensitivity analysis of rotor/stator interactions accounting for wear
and thermal effects within low-and high-pressure compressor stages. Coatings 10(1), 74
(2020). https://doi.org/10.3390/coatings10010074

4. Wu, K., Xing, Y., Chu, N., Wu, P., Cao, L., Wu, D.: A carrier wave extraction method for
cavitation characterization based on time synchronous average and time-frequency analysis.
J. Sound Vibration 489, 115682 (2020). https://doi.org/10.1016/j.jsv.2020.115682

5. Jayaswal, P., Wadhwani, A.K., Mulchandani, K.B.: Machine fault signature analysis.
International J. Rotating Mach. 2008, 583982 (2008). https://doi.org/10.1155/2008/583982

6. Gadyaka, V., Leikykh, D., Simonovskiy, V.: Phenomena of stability loss of rotor rotation at
tilting pad bearings. Procedia Eng. 39, 244–253 (2012). https://doi.org/10.1016/j.proeng.
2012.07.031

7. Bykov, V.G., Tovstik, P.E.: Synchronous whirling and self-oscillations of a statically
unbalanced rotor in limited excitation. Mech. Solids 53, 60–70 (2018). https://doi.org/10.
3103/S0025654418050047

8. Rusov, V.A.: Diagnostics of Defects in Rotating Equipment by Vibration Signals. Perm,
Vibrocenter (2012)

9. Butymova, L.N., Modorskii, V.Y.: Development and application of a unified algorithm for
solving the interdisciplinary problem of modeling aeroelastic processes in the labyrinth seal
of centrifugal compressors. Paper presented at the AIP Conference Proceedings, 1893,
030067 (2017). https://doi.org/10.1063/1.5007525

10. Gritsenko, V.G., Lazarenko, A.D., Lyubchenko, K.Y., Martsinkovskii, V.S., Tarel’nik, V.
B.: Increasing the Life of the slider bearings of the Turbines of high-speed compressors.
Chem. Pet. Eng. 55(9–10), 821–828 (2020). https://doi.org/10.1007/s10556-020-00699-7

11. Kondratiuk, E., Torba, Y., Grebennikov, M., Yemelianova, L., Khavkina, O.: The control of
GTE brush seal flow characteristics. In: Tonkonogyi, V., et al. (eds.) InterPartner 2019. LNME,
pp. 510–519. Springer, Cham (2020). https://doi.org/10.1007/978-3-030-40724-7_52

530 I. Pavlenko et al.

https://doi.org/10.1016/j.applthermaleng.2017.04.041
https://doi.org/10.1115/GT2019&hx2013;91710
https://doi.org/10.3390/coatings10010074
https://doi.org/10.1016/j.jsv.2020.115682
https://doi.org/10.1155/2008/583982
https://doi.org/10.1016/j.proeng.2012.07.031
https://doi.org/10.1016/j.proeng.2012.07.031
https://doi.org/10.3103/S0025654418050047
https://doi.org/10.3103/S0025654418050047
https://doi.org/10.1063/1.5007525
https://doi.org/10.1007/s10556-020-00699-7
https://doi.org/10.1007/978-3-030-40724-7_52


12. Mammadov, V., Tacon, K., Davies, B., Ahmedov, N.S.: Coatings help to improve
centrifugal pump reliability. In: Fluid Machinery Congress, pp. 67–77 (2014), https://doi.
org/10.1016/B978-0-0810-0109-7.50007-8

13. Davydov, S.Y., Kosarev, N.P., Valiev, N.G., Simisinov, D.I., Kozhushko, G.G., Panov, D.
A.: Problems with the use of pneumatic screw pumps to transport bulk cargo. Refract. Ind.
Ceram 54(2), 100–105 (2013). https://doi.org/10.1007/s11148-013-9557-z

14. Niu, G., Duan, F., Liu, Z., Jiang, J., Fu, X.: A high-accuracy non-contact online
measurement method of the rotor-stator axial gap based on the microwave heterodyne
structure. Mech. Syst. Signal Process. 150, 107320 (2021). https://doi.org/10.1016/j.ymssp.
2020.107320

15. Gavrilin, A.N., Moyzes, B.B.: Diagnostics of Technological Systems: Part 2. Tomsk
Polytechnic Institute (2014)

16. Vedreño-Santos, F., Riera-Guasp, M., Henao, H., Pineda-Sánchez, M., Puche-Panadero, R.:
Diagnosis of rotor and stator asymmetries in wound-rotor induction machines under
nonstationary operation through the instantaneous frequency. IEEE Trans. Industrial
Electron. 61(9), 4947–4959 (2014). https://doi.org/10.1109/TIE.2013.2288192.

17. Zaccardo, V.M., Buckner, G.D.: Active magnetic dampers for controlling lateral rotor
vibration in high-speed rotating shafts. Mech. Syst. Signal Process. 152, 107445 (2021).
https://doi.org/10.1016/j.ymssp.2020.107445

18. Yadav, A.K., Prajapati, Y.K.: PAPR minimization of clipped OFDM signals using tangent
rooting companding technique. Wireless Pers. Commun. 105(4), 1435–1447 (2019). https://
doi.org/10.1007/s11277-019-06151-1

19. Esqueda, F., Bilbao, S., Välimäki, V.: Aliasing reduction in clipped signals. IEEE Trans.
Signal Process. 64(20), 5255–5267 (2016). https://doi.org/10.1109/TSP.2016.2585091

20. Liu, T., Jin, S., Wen, C.-K., You, X.: OFDM-clipped signal recovery and learning using
gaussian mixture GTurbo approach. IEEE Wirel. Commun. Lett. 8(6), 1533–1536 (2019).
https://doi.org/10.1109/LWC.2019.2926260

21. Altaf, S., Mehmood, M.S., Soomro, M.W.: Advancement of fault diagnosis and detection
process in the industrial machine environment. J. Eng. Sci. 6(2), D1–D8 (2019). https://doi.
org/10.21272/jes.2019.6(2).d1

22. Kolomvakis, N., Eriksson, T., Coldrey, M., Viberg, M.: Reconstruction of clipped signals in
quantized uplink massive MIMO systems. IEEE Trans. Commun. 68(5), 2891–2905 (2020).
https://doi.org/10.1109/TCOMM.2020.2971975

23. Dyer, S.A., Dyer, J.S.: Distortion: total harmonic distortion in an asymmetrically clipped
sinewave. IEEE Instrum. Meas. Mag. 14(2), 48–51 (2011). https://doi.org/10.1109/MIM.
2011.5735256

24. Zhou, Q., Wu, C., Fan, Q.: Gear fault diagnosis under the run-up condition using fractional
fourier transform and hilbert transform. In: Tan, J. (ed.) ICMD 2019. MMS, vol. 77,
pp. 918–943. Springer, Singapore (2020). https://doi.org/10.1007/978-981-32-9941-2_77

25. Jalayer, M., Orsenigo, C., Vercellis, C.: Fault detection and diagnosis for rotating machinery:
a model based on convolutional LSTM, fast fourier and continuous wavelet transforms.
Comput. Ind. 125, 103378 (2021). https://doi.org/10.1016/j.compind.2020.103378

26. Xu, L., Chatterton, S., Pennacchi, P., Liu, C.: A tacholess order tracking method based on
inverse short time fourier transform and singular value decomposition for bearing fault
diagnosis. Sensors (Switzerland) 20(23), 1–20 (2020). https://doi.org/10.3390/s20236924

27. Monkova, K., et al.: Condition monitoring of Kaplan turbine bearings using vibro-
diagnostics. Int. J. Mech. Eng. Robot. Res. 9(8), 1182–1188 (2020). https://doi.org/10.
18178/ijmerr.9.8.1182-1188

Diagnostics of the Rotor-Stator Contact by Spectral Analysis 531

https://doi.org/10.1016/B978-0-0810-0109-7.50007-8
https://doi.org/10.1016/B978-0-0810-0109-7.50007-8
https://doi.org/10.1007/s11148-013-9557-z
https://doi.org/10.1016/j.ymssp.2020.107320
https://doi.org/10.1016/j.ymssp.2020.107320
https://doi.org/10.1109/TIE.2013.2288192
https://doi.org/10.1016/j.ymssp.2020.107445
https://doi.org/10.1007/s11277-019-06151-1
https://doi.org/10.1007/s11277-019-06151-1
https://doi.org/10.1109/TSP.2016.2585091
https://doi.org/10.1109/LWC.2019.2926260
https://doi.org/10.21272/jes.2019.6(2).d1
https://doi.org/10.21272/jes.2019.6(2).d1
https://doi.org/10.1109/TCOMM.2020.2971975
https://doi.org/10.1109/MIM.2011.5735256
https://doi.org/10.1109/MIM.2011.5735256
https://doi.org/10.1007/978-981-32-9941-2_77
https://doi.org/10.1016/j.compind.2020.103378
https://doi.org/10.3390/s20236924
https://doi.org/10.18178/ijmerr.9.8.1182-1188
https://doi.org/10.18178/ijmerr.9.8.1182-1188


28. Pavlenko, I., Ivanov, V., Kuric, I., Gusak, O., Liaposhchenko, O.: Ensuring vibration
reliability of turbopump units using artificial neural networks. In: Trojanowska, J., Ciszak,
O., Machado, J.M., Pavlenko, I. (eds.) MANUFACTURING 2019. LNME, pp. 165–175.
Springer, Cham (2019). https://doi.org/10.1007/978-3-030-18715-6_14

29. Pavlenko, I., Trojanowska, J., Ivanov, V., Liaposhchenko, O.: Parameter identification of
hydro-mechanical processes using artificial intelligence systems. Int. J. Mechatronics Appl.
Mech. 2019(5), 19–26 (2019)

30. Sokolov, V., Krol, O., Romanchenko, O., Kharlamov, Y., Baturin, Y.: Mathematical model
for dynamic characteristics of automatic electrohydraulic drive for technological equipment.
J. Phys. Conf. Series 1553(1), 012013 (2020). https://doi.org/10.1088/1742-6596/1553/1/
012013

31. Sokolov, V., Porkuian, O., Krol, O., Baturin, Y.: Design calculation of electrohydraulic
servo drive for technological equipment. In: Ivanov, V., Trojanowska, J., Pavlenko, I., Zajac,
J., Peraković, D. (eds.) DSMIE 2020. LNME, pp. 75–84. Springer, Cham (2020). https://doi.
org/10.1007/978-3-030-50794-7_8

32. Tarelnyk, V., Konoplianchenko, I., Gaponova, O., Sarzhanov, B.: Assessment of
hydroabrasive wear resistance of construction materials with functional coatings, which
are formed by resource-saving and environmentally friendly technologies. Key Eng. Mater.
864, 265–277 (2020). doi: https://doi.org/10.4028/www.scientific.net/KEM.864.265

33. Hovorun, T.P., et al.: Physical-mechanical properties and structural-phase state of
nanostructured wear-resistant coatings based on nitrides of refractory metals Ti and Zr.
Funct. Mater. 26(3), 548–555 (2019). https://doi.org/10.15407/fm26.03.548

34. Gaydamaka, A., et al.: Devising an engineering procedure for calculating the ductility of a
roller bearing under a no-central radial load. Eastern-European J. Enterprise Technol. 3(7–
99), 6–10 (2019). https://doi.org/10.15587/1729-4061.2019.168145

35. Rogovyi, A., Khovanskyy, S., Grechka, I., Pitel, J.: The wall erosion in a vortex chamber
supercharger due to pumping abrasive mediums. In: Ivanov, V., et al. (eds.) DSMIE 2019.
LNME, pp. 682–691. Springer, Cham (2020). https://doi.org/10.1007/978-3-030-22365-6_68

36. Ponomarev, A., Ponomareva, O.: Development of the theory of discrete Fourier transform
for solving problems of functional diagnostic of mechanical objects. In: 2020 International
Conference on Dynamics and Vibroacoustics of Machines (DVM), Samara, pp. 1–7 (2020).
https://doi.org/10.1109/DVM49764.2020.9243916.

37. Ponomareva, O., Ponomarev, A.: Determining the envelope of real finite discrete signal via
parametric discrete Fourier transform. In: 2020 International Conference on Dynamics and
Vibroacoustics of Machines (DVM), Samara, pp. 1–6 (2020). https://doi.org/10.1109/
DVM49764.2020.9243923.

38. Yoon, Y., Brahma, A.: Air–fuel ratio imbalance diagnostic of spark-ignited engines with
modulated sliding discrete Fourier transform. J. Dyn. Syst. Measurement Control 142(8),
081003 (2020). https://doi.org/10.1115/1.4046550

39. Kumar, G.K., Parimalasundar, E., Elangovan, D., Sanjeevikumar, P., Lannuzzo, F., Holm-
Nielsen, J.B.: Fault investigation in cascaded H-bridge multilevel inverter through fast
fourier transform and artificial neural network approach. Energies 13(6), 1299 (2020).
https://doi.org/10.3390/en13061299

40. Liaposhchenko, O., Pavlenko, I., Monkova, K., Demianenko, М, Starynskyi, O.: Numerical
simulation of aeroelastic interaction between gas-liquid flow and deformable elements in
modular separation devices. In: Ivanov, V., et al. (eds.) DSMIE 2019. LNME, pp. 765–774.
Springer, Cham (2020). https://doi.org/10.1007/978-3-030-22365-6_76

41. Khovanskyi, S., Pavlenko, I., Pitel, J., Mizakova, J., Ochowiak, M., Grechka, I.: Solving the
coupled aerodynamic and thermal problem for modeling the air distribution devices with
perforated plates. Energies 12(18), 3488 (2019). https://doi.org/10.3390/en12183488

532 I. Pavlenko et al.

https://doi.org/10.1007/978-3-030-18715-6_14
https://doi.org/10.1088/1742-6596/1553/1/012013
https://doi.org/10.1088/1742-6596/1553/1/012013
https://doi.org/10.1007/978-3-030-50794-7_8
https://doi.org/10.1007/978-3-030-50794-7_8
https://doi.org/10.4028/www.scientific.net/KEM.864.265
https://doi.org/10.15407/fm26.03.548
https://doi.org/10.15587/1729-4061.2019.168145
https://doi.org/10.1007/978-3-030-22365-6_68
https://doi.org/10.1109/DVM49764.2020.9243916
https://doi.org/10.1109/DVM49764.2020.9243923
https://doi.org/10.1109/DVM49764.2020.9243923
https://doi.org/10.1115/1.4046550
https://doi.org/10.3390/en13061299
https://doi.org/10.1007/978-3-030-22365-6_76
https://doi.org/10.3390/en12183488


42. Altaf, S., Mehmood, M.S., Imran, M.: Implementation of efficient artificial neural network
data fusion classification technique for induction motor fault detection. J. Eng. Sci. 5(2),
E16–E21 (2018). https://doi.org/10.21272/jes.2018.5(2).e4

43. Kotliar, A., Gasanov, M., Basova, Y., Panamariova, O., Gubskyi, S.: Ensuring the reliability
and performance criterias of crankshafts. Diagnostyka 20(1), 23–32 (2019). https://doi.org/
10.29354/diag/99605

44. Dobrotvorskiy, S., Basova, Y., Ivanova, M., Kotliar, A., Dobrovolska, L.: Forecasting of the
productivity of parts machining by high-speed milling with the method of half-overlap.
Diagnostyka 19(3), 37–42 (2018). https://doi.org/10.29354/diag/93136

45. Pylypaka, S., Zaharova, T., Zalevska, O., Kozlov, D., Podliniaieva, O.: Determination of the
effort for flexible strip pushing on the surface of a horizontal cylinder. In: Tonkonogyi, V.,
et al. (eds.) InterPartner 2019. LNME, pp. 582–590. Springer, Cham (2020). https://doi.org/
10.1007/978-3-030-40724-7_59

46. Pylypaka, S., Volina, T., Mukvich, M., Efremova, G., Kozlova, O.: Gravitational relief with
spiral gutters, formed by the screw movement of the sinusoid. In: Ivanov, V., Pavlenko, I.,
Liaposhchenko, O., Machado, J., Edl, M. (eds.) DSMIE 2020. LNME, pp. 63–73. Springer,
Cham (2020). https://doi.org/10.1007/978-3-030-50491-5_7

47. Kushnirov, P., Zhyhylii, D., Ivchenko, O., Yevtukhov, A., Dynnyk, O.: Investigation of the
dynamic state of adjustable milling heads. In: Ivanov, V., et al. (eds.) DSMIE 2019. LNME,
pp. 169–179. Springer, Cham (2020). https://doi.org/10.1007/978-3-030-22365-6_17

48. Kolesnyk, V., et al.: Experimental study of drilling temperature, geometrical errors and
thermal expansion of drill on hole accuracy when drilling cfrp/ti alloy stacks. Materials 13
(14), 3232 (2020). https://doi.org/10.3390/ma13143232

49. Liu, Y., Fu, Y., Zhuan, Y., Zhong, K., Guan, B.: High dynamic range real-time 3D
measurement based on Fourier transform profilometry. Optics Laser Technol. 138, 106833
(2021). https://doi.org/10.1016/j.optlastec.2020.106833

50. Tarasevych, Y., Savchenko, I., Sovenko, N.: Estimation of random flow-rate characteristics
of the automatic balancing device influence on centrifugal pump efficiency. In: Ivanov, V.,
Pavlenko, I., Liaposhchenko, O., Machado, J., Edl, M. (eds.) DSMIE 2020. LNME, pp. 105–
115. Springer, Cham (2020). https://doi.org/10.1007/978-3-030-50491-5_11

51. Lawlor, G.R.: L’Hôpital’s rule for multivariable functions. Am. Math. Monthly 127(8), 717–
725 (2020). https://doi.org/10.1080/00029890.2020.1793635

52. Li, Q.-F., Huang, S.-R., Huang, H.-J.: Noise and torque characteristics of permanent magnet
synchronous motor with unequal pole arc structure. J. Zhejiang Univ. (Eng. Sci.) 52(11),
2210–2217 (2018). https://doi.org/10.3785/j.issn.1008-973X.2018.11.020

53. Martsynkovskyy, V.A., Pozovnyi, O.O.: The impact of the multi-gap seals on rotor
dynamics. J. Eng. Sci. 4(1), C7–C12 (2017). https://doi.org/10.21272/jes.2017.4(1).c2

54. Pozovnyi, O., Zahorulko, A., Krmela, J., Artyukhov, A., Krmelová, V.: Calculation of the
characteristics of the multi-gap seal of the centrifugal pump, in dependence on the chambers’
sizes. Manuf. Technol. 20(3), 361–367 (2020). https://doi.org/10.21062/mft.2020.048

55. Wang, H., Wu, Y., Wang, Y., Deng, S.: Evolution of the flow instabilities in an axial
compressor rotor with large tip clearance: an experimental and URANS study. Aerospace
Sci. Technol. 96, 105557 (2020). https://doi.org/10.1016/j.ast.2019.105557

56. Nemec, M., Jelinek, T., Uher, J., Milcak, P.: Effect of stage reaction and shaft labyrinth seal
in a stage of an axial steam turbine. In: Proceedings of the ASME Turbo Expo 2020:
Turbomachinery Technical Conference and Exposition, vol. 9: Oil and Gas Applications;
Organic Rankine Cycle Power Systems; Steam Turbine. ASME, GT2020–14741 (2020).
https://doi.org/10.1115/GT2020-14741.

Diagnostics of the Rotor-Stator Contact by Spectral Analysis 533

https://doi.org/10.21272/jes.2018.5(2).e4
https://doi.org/10.29354/diag/99605
https://doi.org/10.29354/diag/99605
https://doi.org/10.29354/diag/93136
https://doi.org/10.1007/978-3-030-40724-7_59
https://doi.org/10.1007/978-3-030-40724-7_59
https://doi.org/10.1007/978-3-030-50491-5_7
https://doi.org/10.1007/978-3-030-22365-6_17
https://doi.org/10.3390/ma13143232
https://doi.org/10.1016/j.optlastec.2020.106833
https://doi.org/10.1007/978-3-030-50491-5_11
https://doi.org/10.1080/00029890.2020.1793635
https://doi.org/10.3785/j.issn.1008-973X.2018.11.020
https://doi.org/10.21272/jes.2017.4(1).c2
https://doi.org/10.21062/mft.2020.048
https://doi.org/10.1016/j.ast.2019.105557
https://doi.org/10.1115/GT2020-14741


57. Srivastav, O.P., Pandu, K.R., Gupta, K.: Effect of radial gap between impeller and diffuser
on vibration and noise in a centrifugal pump. J. Inst. Eng. (India): Mech. Eng. Division 84(1
SEP), 36–39 (2003)

58. Kodnyanko, V., Shatokhin, S., Kurzakov, A., Pikalov, Y.: Theoretical analysis of
compliance and dynamics quality of a lightly loaded aerostatic journal bearing with elastic
orifices. Precis. Eng. 68, 72–81 (2021). https://doi.org/10.1016/j.precisioneng.2020.11.012

59. Neuwirth, J., Antonyuk, S., Heinrich, S., Jacob, M.: CFD-DEM study and direct
measurement of the granular flow in a rotor granulator. Chem. Eng. Sci. 86, 151–163
(2013). https://doi.org/10.1016/j.ces.2012.07.005

60. Pavlenko, I., et al.: Effect of superimposed vibrations on droplet oscillation modes in prilling
process. Processes 8(5), 566 (2020). https://doi.org/10.3390/PR8050566

534 I. Pavlenko et al.

https://doi.org/10.1016/j.precisioneng.2020.11.012
https://doi.org/10.1016/j.ces.2012.07.005
https://doi.org/10.3390/PR8050566


Movement of a Particle on the Inner Surface
with a Preset Meridian

Serhii Pylypaka1 , Tatiana Volina1(&) , Olha Zalevska2 ,
Svetlana Semirnenko3 , and Iryna Hryshchenko1

1 National University of Life and Environmental Sciences of Ukraine,
15, Heroyiv Oborony Street, Kyiv 03041, Ukraine

t.n.zaharova@ukr.net
2 National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic

Institute”, 37, Peremohy Avenue, Kyiv 03056, Ukraine
3 Sumy National Agrarian University,

160 Kondratieva Street, Sumy 40021, Ukraine

Abstract. The particle movement on a surface which rotates around a vertical
axis is considered in the article. The surface’s meridian is the parabola’s branch,
offset from the axis of symmetry by a given value. When a particle hits the
surface in the lower part of the segment, it accelerates with a simultaneous
upward movement. Such movement is characterized by a change in relative
(sliding) speed and absolute speed. The relative velocity firstly increases and
then decreases to zero when the “sticking” of the particle. The absolute velocity
of the particle increases all the time and becomes constant after its “sticking”.
For the surface of a sieve with parabola meridian, the “sticking” of the particle
occurs in a narrow range of changes in the meridian rise angle. As the angular
velocity of the sieve rotation increases, this range increases very slowly. Dif-
ferential equations of relative particle displacement are compiled and solved.
Graphs of particle movement trajectories and velocity change are constructed.
The regularity of the particle movement during it rises along the surface is found
out. The obtained analytical dependencies allow determining the influence of
structural and technological parameters on the movement process.

Keywords: Surface of rotation � Angular velocity � Relative motion �
Differential equations � Sliding trajectory

1 Introduction

The movement of particles on surfaces that rotate around a vertical axis takes place in
centrifugal devices [1]. In particular, this applies to devices for scattering mineral
fertilizers, extracting juice from ground vegetables and fruits, cleaning the air from dust
particles in cyclones. The kinematic characteristics of the particle movement depend on
the form and construction parameters of the operating parts of the device. The research
of the laws of particle movement depending on the shape and construction features of
the operating parts allows improving the device design. The particle performs a
comprehensive motion, which is the sum of two motions: the transportable motion of
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the surface and the relative motion (sliding) of the particle. The particle movement on
the horizontal plane and on the cone, which rotates around the vertical axis, is thor-
oughly investigated. The particles’ movement on rotating surfaces has features that
depend on the meridian's shape.

2 Literature Review

A lot of articles are dedicated to the particle movement along different surfaces. It can
be biomass particles [2], particles in the stream [3], particles of liquid [4], gas [5], and
so on. The particle movement cannot be equal to body movement [6]. However,
undoubtedly, the regularities of the movement of a single particle make it possible to
determine dependencies that are applied to a body. It is easier to explore the movement
of particles [7] because, in the case of the body moving, the forces of inertia from its
rotation should be considered. These forces are often neglected at low angular veloc-
ities, for example, during the analysis of material particle movement in the vibratory
feeder [8], in a rhomb-shaped apparatus [9], or spray apparatuses [10, 11]. The research
of particle movement is a prerequisite for modeling the process of liquid’s inertial-
filtering separation [12]; for simulation of the interaction between elements of SPR-
separator and gas-liquid flow [13]; as well as for the air distribution equipment
improvement [14]. Moreover, this methodology can be used for designing gear clut-
ches profiles [15], in complex parts manufacturing [16], or in measuring kinematic
properties of granular flows [17]. All these areas demand the analytical dependencies
that describe the movement of a particle along the surface. According to it, our research
aims to investigate the laws of motion of a material particle on the inner surface, the
meridian of which is a branch of the parabola, which is offset from the axis by a given
value, and which rotates around a vertical axis with constant angular velocity.

3 Research Methodology

It is common knowledge that particles of material can fall on the surface in different
ways: from above, below, or directly on the surface. For example, in centrifugal type
juicers, the ground material hits the sieve surface in the form of a cone from below
from a horizontal grater, which also rotates. In addition, the sieve can be cylindrical or
conical. Figure 1a shows the location of the grater as a horizontal disk (of radius r) and
a sieve (in the form of a cone with an angle b of inclination of the generatrices). Thanks
to the conical sieve, the pulp can move up its surface to further clean the sieve, which is
not possible in cylindrical sieves. However, in cylindrical sieves, the degree of juice
squeezing is higher. Our research considers the sieve surface with a variable angle b,
which increases as the pulp particles rise (see Fig. 1c). It makes it possible to combine
the advantages of both constructions of the sieves.

Additionally, the particle’s trajectory of the material from the grater to the sieve has
a particular point on the boundary of these surfaces, which consists of an abrupt change
in the movement direction. The physical nature of the particle movement provides a
trajectory with a smooth change of curvature. As a result, the material sticks and a
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surface that provide an acceptable trajectory (see Fig. 1b). To avoid sticking, it is
advisable to create a sieve with a variable angle b, which is equal to zero at the lower
point (see Fig. 1c). Because of the simplicity of the expression of the surface meridian,
let us apply the parabola shifted from the axis of symmetry by the value of r.

In case the parabola z = b�q2 (b is a constant value) is applied, the parametrical
equations of the surface of rotation with the meridian in the form of the parabola
branch, which is shifted from the axis of symmetry by the value of r, can be written:

X ¼ qþ rð Þ cosa ; Y ¼ qþ rð Þ sina ; Z ¼ bq2 ; ð1Þ

where b is a constant value that affects the shape of the surface;
q, a are the independent variables of the surface with a physical meaning: q is the

distance from the point of the parabola to the axis of its symmetry; a is the angle of
rotation of the radius vector q + r around the axis OZ from zero to a point on the
surface.

The current value of the angle b can be found through the derivative _z ¼ tgb; that is
2bq ¼ tgb: Based on this, one can move from the variable q to the variable b in
Eqs. (1). As a result, the independent variables of the surface are two angles:

X ¼ 2atgbþ rð Þcosa ; Y ¼ 2atgbþ rð Þsina ; Z ¼ atg2b ; ð2Þ

where a = 1/4b is a relationship between constants a and b.
The angle a varies in a range of a = 0…2p, the angle b – within limits e = 0…

bo < 90º, where the height of the surface compartment depends on the value of the
angle bo.

The rotation of the surface compartment will be considered concerning the fixed
OXYZ and the movable Oxyz coordinate systems, which rotates with the compartment.
If the compartment (2) rotates around the OZ axis with an angular velocity x, it rotates

a b c

Fig. 1. Scheme of sieve surface variants: a) a conical surface sieve with an angle b of inclination
of generatrices; b) an increased fragment of the surfaces of the sieve and grater with a possible
new shape due to the sticking of ground material particles; c) a sieve in the form of a surface of
rotation with a variable angle b.
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at the angle h = x�t during time t. Let us apply the known formulas of rotation of one
coordinate system relative to another:

X ¼ 2atgbþ rð Þcosa cosh� 2atgbþ rð Þsina sinh ;
Y ¼ 2atgbþ rð Þcosa sinhþ 2atgbþ rð Þsina cosh ; Z ¼ atg2b :

ð3Þ

After simplifications with h = x�t in the mind Eqs. (3) take the form:

X ¼ 2atgbþ rð Þcos aþxtð Þ ; Y ¼ 2atgbþ rð Þsin aþxtð Þ ; Z ¼ atg2b : ð4Þ

Even suppose that at the initial moment (t = 0), two coordinate systems coincide,
the sieve surface and the disk do not rotate and the particle is located on the meridian in
the plane OYZ. Figure 2a shows such a position. For clarity, Fig. 2a shows the lower
part of the sieve. It should be noted that the following forces are applied to the particle:
the force of weight mg (m is a particle mass, g = 9.81 m/s2 is the acceleration of
gravity), surface reaction N, and friction force f�N (depending on the friction coefficient
f), that prevents the particle downflow along with the meridian in the direction of the
coordinate system origin. The disk rotates at the angle h = x�t during time t in case of
rotation with a constant angular velocity x (see Fig. 2b). If the particle does not slide on
the disk, it will rotate the disk at an angle h and take a position on the same meridian. As
a result of sliding, the particle will occupy a different position (see Fig. 2b). The particle
slides in the opposite direction of rotation of the disk. The relative velocity Vr is directed
along the tangent to the particle’s trajectory (see Fig. 2b).

The equation of the particle movement can be composed in the form mw ¼ F,
where w is the acceleration vector F is the resulting vector of forces applied to the
particle. All vectors should be determined in projections on the axis of the fixed
coordinate system. The movement of a single particle with a constant dry friction
coefficient f cannot be identified with the movement of a wet groundmass. However,
the simplified problem for an individual particle allows identifying the patterns of its
relative movement. These patterns partly concern the entire groundmass.

The trajectory of the relative movement of a particle regarding the movable
coordinate system Oxyz can be described by the relationship between the curvilinear
coordinates (angles) b and a of the surface (2). This dependence can be set in different
ways: b = b(a), a = a(b) or through the common variable t: b = b(t), a = a(t). For our
case, the common variable is the time t. Thus, for the accepted relationship b = b(t)
and a = a(t), Eq. (2) specifies the relative trajectory of the particle, and Eq. (4) – the
absolute trajectory. These unknown dependencies should be found. It is essential to
receive vectors of both relative and absolute velocities. It can be determined by dif-
ferentiating expressions (2) and (4) by time t. In one case, expressions (2) and (4) are
the surface equations (when e and a are independent variables), and in another – lines
on the surface (particle trajectories which should be found). For surfaces, the notation
of equations in capital letters is used, and for lines – in lowercase. Besides, the index
“r” is used for the relative trajectory, and for the absolute –index “a”.

Therefore, the relative speed of particle movement (sliding) on the sieve surface can
be obtained by differentiating Eqs. (2):
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_xr ¼ � _a 2a tgbþ rð Þ sinaþ 2a _b sec2b cosa;

_yr ¼ _a 2a tgbþ rð Þ cosaþ 2a _b sec2b sina;

_zr ¼ 2a _b sec2b tgb:

ð5Þ

The geometric sum of the components (5) gives the value of the sliding speed of the
particle on the sieve surface in relative motion:

Vr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_x2r þ _y2r þ _z2r

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_a2 2a tgbþ rð Þ2 þ 4a2 _b2sec6b

q
: ð6Þ

The trajectory unit vector T tangent for the relative motion in the projections on the
axis of the system OXYZ is obtained by dividing the projections (5) by the value of the
relative velocity (6):

Tx ¼ � _a 2a tgbþ rð Þ sinaþ 2a _b sec2b cosaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_a2 2a tgbþ rð Þ2 þ 4a2 _b2sec6b

q ;

Ty ¼ _a 2a tgbþ rð Þ cosaþ 2a _b sec2b sinaffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_a2 2a tgbþ rð Þ2 þ 4a2 _b2sec6b

q ;

Tz ¼ 2a _b sec2b tgbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_a2 2a tgbþ rð Þ2 þ 4a2 _b2sec6b

q :

ð7Þ

Let us find the direction of the surface (2) reaction N. It is directed along with the
normal P of the surface. It is determined from the vector product of two vectors tangent
to the surface’s coordinate lines. The projections of these vectors are partial derivatives
of Eqs. (2):

a b

Fig. 2. The location of the particle on the sieve surface and the scheme of forces applied to it:
a) fixed and movable coordinate systems coincide at the beginning of the movement; b) the sieve
rotates with the movable system, the particle slides on its surface.
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@X=@b ¼ 2a sec2b cosa; @X=@a ¼ � 2a tgbþ rð Þ sina;
@Y=@b ¼ 2a sec2b sina ; @Y=@a ¼ 2atgbþ rð Þ cosa ;

@Z=@b ¼ 2a sec2b tga ; @Z=@a ¼ 0:

ð8Þ

After vector multiplication of vectors (8) and reduction of the obtained vector to a
unit one, projections of the vector P of the normal to the surface can be written:

Px ¼ � sin b cos a; Py ¼ � sin b sin a;Pz ¼ cos b: ð9Þ

The absolute velocity of the particle movement regarding a fixed coordinate system
can be found by differentiating Eqs. (4):

_xa ¼ � _aþxð Þ 2a tgbþ rð Þ sin aþxtð Þþ 2a _b sec2b cos aþxtð Þ;
_ya ¼ _aþxð Þ 2a tgbþ rð Þ cos aþxtð Þþ 2a _b sec2b sin aþxtð Þ;
_za ¼ 2a _b sec2b tgb:

ð10Þ

Moreover, the projections of the vector of absolute acceleration on the axis of the
fixed coordinate system can be compiled by differentiating expressions (10):

€xa ¼ � 4a _b sec2b _aþxð Þþ €a 2a tgbþ rð Þ
h i

sin aþxtð Þþ

þ 2a €bþ 2 _b2tgb
� �

sec2b� _aþxð Þ2 2a tgbþ rð Þ
h i

cos aþxtð Þ;

€ya ¼ 4a _b sec2b _aþxð Þþ €a 2a tgbþ rð Þ
h i

cos aþxtð Þþ

þ 2a €bþ 2 _b2tgb
� �

sec2b� _aþxð Þ2 2a tgbþ rð Þ
h i

sin aþxtð Þ;

€za ¼ 2a sec2b _b2sec2bþ tgb €bþ 2 _b2tgb
� �h i

:

ð11Þ

The unit vectors T (7) of the direction of relative velocity Vr and (8) of the normal P
to the surface are found for a stationary surface. The surface rotates at an angle h = x�t.
Therefore, these vectors must also be rotated at this angle to correspond to the particle's
location. The rotation is performed in the same way as the surface rotation according to
formulas (3). After rotating, the projections of these vectors are:

– the unit vector of the relative trajectory tangent:
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Tx ¼ � _a 2a tgbþ rð Þ sin aþxtð Þþ 2a _b sec2b cos aþxtð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_a2 2a tgbþ rð Þ2 þ 4a2 _b2sec6b

q ;

Ty ¼ _a 2a tgbþ rð Þ cos aþxtð Þþ 2a _b sec2b sin aþxtð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_a2 2a tgbþ rð Þ2 þ 4a2 _b2sec6b

q ;

Tz ¼ 2a _b sec2b tgbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_a2 2a tgbþ rð Þ2 þ 4a2 _b2sec6b

q :

ð12Þ

– the unit vector of the normal to the surface:

PX ¼ �sinb cos aþxtð Þ ; PY ¼ �sinb sin aþxtð Þ ; PZ ¼ cosb : ð13Þ

Subsequently, the vector equation mw ¼ F in the projections on the axis of the
fixed coordinate system OXYZ has been derived:

m€xa ¼ NPx � fNTx; m€ya ¼ NPy � fNTy; m€za ¼ NPz � fNTz � mg: ð14Þ

The unit directing vectors’ projections of the tangent T to the relative trajectory and
the normal P to the surface are given in (12) and (13). The expressions of the second
derivatives of the absolute trajectory are presented in (11). This system of equations
with unknown dependencies (a = a(t), b = b(t), and N = N(t)) can be obtained by
substituting these expressions in (14). Let us solve it relatively €a; €b;N and get:

€b ¼ � cos3b
2a

g sinb� _aþxð Þ2 r cosbþ 2a sinbð Þ
h i

� 3 _b2 � f
_bA
Vr

;

€a ¼ � 4a _b _aþxð Þ secb
r cosbþ 2a sinb

� f
_aA
Vr

;

N ¼ mA;

ð15Þ

where A ¼ secb _aþxð Þ2 r cosbþ 2a sinbð Þsinbþ g cos2bþ 2a _b2sec2b
h i

:

The system (15) is a system of the first two equations regarding the unknown
dependencies a = a(t) and b = b(t). The dependence N = N(t) is found after the
solving of this system. Numerical methods can solve the obtained system. The found
dependencies a = a(t) and b = b(t) should be substituted into Eq. (2) in order to obtain
the relative trajectory of the particle along with the sieve, so the sliding trajectory, and
in the Eq. (4) to obtain the absolute trajectory.
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4 Results

In Fig. 3a, the relative trajectory of the particle’s movement along with the sieve with
the following parameters: a = 0,01, r = 0,05 м, x = 50 c−1, f = 0,3 were constructed
by numerical methods.

Remarkably, the trajectory inside the sieve is shown by a continuous line and by a
dashed line outside it. In Fig. 3b, the graph of the surface reaction N = N(t) for a
particle with mass m = 0.001 kg is constructed by the same lines. This characteristic is
important because the value of the reaction characterizes the pressure force of the
particles of the groundmass on the sieve surface. The graph shows that the reaction
reaches a maximum value at about 0.4 N and becomes constant. It means that the
sliding of the particle has stopped and it rotates together with the sieve. This is evi-
denced by graphs of relative and absolute sliding speeds (see Fig. 4).

In Fig. 3 and Fig. 4, continuous curves referred to the particle's movement within
the sieve and dashed – on the sieve in the case if it is extended upwards. Figure 3
shows that the juice will come out of the sieve the most intense before the “sticking” of
the particles, so at a sharp deceleration of the sliding speed (see Fig. 4a). It takes place
due to the increase of the angle b (see Fig. 1c). In conical sieves, in which the angle b

a b

Fig. 3. Characteristics of particle movement along the sieve at a = 0.01, r = 0.05 m,
x = 50 s−1, f = 0.3: a) the relative trajectory on the frontal projection; b) the graph of the
reaction of the surface N = N (t) for a particle of mass m = 0.001 kg.

a b

Fig. 4. Graphs of particle velocity changes on the sieve at a = 0.01, r = 0.05 m, x = 50 s−1,
f = 0.3: a) relative velocity; b) absolute speed.
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is constant, the deceleration of the sliding speed does not occur. According to it, the
degree of juice intake in the conical sieves with the constant angle is much lower than
cylindrical sieves, in which the angle b = 90°.

As the angular velocity x of the sieve rotation increases, the sliding speed Vr of the
particle increases, and its trajectory changes: the spirals of the trajectory are located
more densely in the vertical direction (see Fig. 5a). Figure 5b shows the changes in the
sliding speed during the particle moves upward, i.e., at a function of the angle b at
different values of the angular velocity of rotation of the sieve. A characteristic feature
of the graphs (see Fig. 5b) is that the initial sliding speed starts from a specific non-zero
value. This effect is explained by the following. At the moment of meeting the particle
with the sieve, angular sliding velocity is determined by the difference between the
angular velocity of the particle (which does not rotate at the moment of the meeting),
and the sieve: 0 – x = –x. This value (–x) is the initial condition for integrating
differential Eqs. (15): _a0 ¼ �x. The second characteristic feature of these graphs is
that they seek to zero (before the “sticking” of the particle) at a very narrow range of
change of the angle b regardless of the angular velocity x of rotation of the sieve.
According to Fig. 5b this range is 80°…85°. In this range, the sliding of the particle
decreases sharply and it “sticks”. Here is also the most intensive selection of juice from
the groundmass. Based on this, the juicer can be provided a cleaning device in this
place of the sieve, or it is necessary to reduce its height to prevent clogging of the sieve.
The parabola is a meridian, which is not an acceptable curve because at angles b > 80°,
the height of the sieve will be too large regardless of the value of the constant a. In this
case, another curve with a more intense increase of the angle b, for example, the ellipse
arc, should be taken as the meridian.

5 Conclusions

The particle’s movement on the rough inner surface of the sieve with a variable angle
of the meridian has its features. It relates to the nature of the sliding of the particle on
the surface. When a particle hits the surface in the lower part of the segment, it
accelerates with a simultaneous upward movement. A change in two speeds charac-
terizes such movement: relative, i.e., sliding speed, and absolute. The relative velocity

a b

Fig. 5. Characteristics of the relative movement of the particle on the sieve at a = 0.01,
r = 0.05 m, f = 0.3: a) the relative trajectory of the motion on the frontal projection at
x = 100 s−1; b) graphs of dependencies b = b(Vr) for different values of angular velocity x of
rotation of the sieve.
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firstly increases and then decreases to zero at the “sticking” of the particle. The absolute
velocity of the particle increases all the time and becomes constant after its “sticking”.
For the surface of a sieve with the parabola’s meridian, particle’s “sticking” occurs in a
relatively narrow range of changes in the angle b of the rise of the meridian (about 90°).
As the angular velocity of the sieve rotation increases, this range increases very slowly.
Doubtless, the received results can be used to design the engineering machines working
bodies, for instance, working bodies of devices for scattering mineral fertilizers,
extracting juice from ground vegetables and fruits, cleaning the air from dust particles
in cyclones. Prospects for further research are experimental verification of the obtained
theoretical results and designing improved working bodies of the engineering
machines.
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Abstract. For the first time, the destabilizing effect of small dissipative forces
was marked by Thomson and Tait in 1879. They showed that a statically
unstable conservative system stabilized by gyroscopic forces could be destabi-
lized again by introducing small damping forces. Later on, in 1924, Kimball
noticed the paradoxical effect of damping on dynamic stability for rotor systems
that have stable steady motions for a certain range of speed but become unstable
when the speed is changed to a value outside the range. Further progress in
engineering and technology has witnessed that such phenomenon arises in
numerous mechanical applications and may cause equipment malfunction. In the
present article, this problem is studied by comparing the stability conditions for
undamped and weakly damped systems. The aim is to find the interrelation
between the matrix elements characterizing the damping force (assuming that
the stiffness matrix is known), which allows to avoid or minimize the negative
effect of small damping in the presence of non-conservative positional forces.
For the case study of two Degrees-of-Freedom system, a simple analytical
technique is suggested for this purpose. This technique is demonstrated on two
mechanical systems: a system with friction-induced vibrations and a double
pendulum under the action of the follower force.

Keywords: Mechanical system � Friction force � Stability criteria � Following
force � Ziegler model

1 Introduction

In 1952, Hans Ziegler published an article [1] which is now considered a classic and
widely known in the community of mechanical engineers and specialists in dynamics.
Ziegler investigated the flutter problem in aerodynamics and considered the model as a
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double pendulum, fixed at one end and loaded with a tangential load at the other end.
He discovered a phenomenon with an unexpected property: there was a gap between
the regions of stability in the case of vanishingly small damping compared with the
case when there is no damping. This effect is a classic example of a Hopf bifurcation in
a dynamic system. This problem attracted the attention of scientists in the field of
structural mechanics in the second half of the last century, and numerous studies were
devoted to the theoretical analysis of flutter resulting from the so-called follower forces
that change their direction, following the configuration of the system in which they act.

2 Literature Review

Over the past two decades, the problem of destabilizing the equilibrium of a non-
conservative mechanical system under the influence of low friction was reflected in
numerous publications. In paper [2], an academic study on the influence of small
velocity-dependent forces on the stability of a linear non-conservative 2-DoF system,
inspired by Ziegler’s results, was presented. Some theorems on the necessary and
sufficient conditions for the matrices of velocity-dependent forces to stabilize an
unperturbed circulatory system were established. The paper [3] is devoted to a physical
explanation of the mechanism behind the destabilizing effect of small internal damping
in the dynamic stability of Beck’s column. An energy equation is derived from bal-
ancing the work done by the non-conservative follower force and the energy dissipated
by the internal and external damping forces. Several theorems related to the stability
problem of non-conservative linear systems were presented in the paper [4]. While
studying the dynamic stability of finite-dimensional autonomous mechanical systems,
some paradoxical phenomena were carried out in the paper [5]. The analytically
derived stability boundary of the 2-DoF system is analyzed in [6] regarding
infinitesimally small, incomplete, and indefinite damping matrices. Systems with two
neutrally-stable damping levels, whereby the system initially gains stability but then
loses stability as the level of damping is increased, were observed in [7]. In paper [8],
Brouwer’s problem with a heavy particle in a rotating vessel is considered. This
problem highlights some crucial effects that arise in the field of dissipation-induced
instabilities. In paper [9], some optimized algorithms were suggested to reduce the
computation time and obtain stability conditions in a simpler form. Regarding various
mechanical applications, we mention the friction-induced vibrations [10, 11], squeal
vibration in drum brakes [12, 13], the Levitron system [14], aeroelastic systems [15],
the effect of rocket propulsion as a source of a follower load acting on a beam [16] and
others.

3 Research Methodology

Consider a mechanical system with two degrees of freedom. Let q1; q2 be the gener-
alized coordinates and q ¼ q0 is the equilibrium. After the linearizing in the vicinity of
this equilibrium, the equations of motion can be written in the following structural
form:
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M€qþ eD _qþ KþNð Þq ¼ 0 ð1Þ

(without the loss of generality, we can put q0 ¼ 0). Here symmetrical matrices M;D;K
stand for inertia, dissipative, and stiffness matrices, respectively, and the skew-
symmetric one N is associated with non-conservative positional (circulatory) force. In
the literature, such a system is often referred to as MDKN system. We assume that
matrix M is positive definite, D is positive semi-definite, and K can be indefinite, but
trK ¼ k11 þ k22 [ 0:

We are primarily concerned with the friction-induced instability phenomenon,
which is when the stable system in the absence of friction loses stability when a small
dissipation of energy appears.

Since the matrix M is positive definite and symmetric, there exists a non-singular
transformation which transforms system (1) to I~D~KN form, where I is an identity
matrix. For the sake of simplicity, the over script “e” is omitted below.

The characteristic polynomial is given by the formula

f kð Þ ¼ a4k
4 þ a3k

3 þ a2k
2 þ a1kþ a0: ð2Þ

Here

a4 ¼ 1; a3 ¼ etrD; a2 ¼ trKþ e2 detD;

a1 ¼ e trDð Þ trKð Þ � tr DKð Þ½ �; a0 ¼ det KþNð Þ;N ¼ n
0 �1
1 0

� �
: ð3Þ

For simplicity below, we shall use the following enumeration

trD ¼ d; trK ¼ k; detD ¼ DD; trDð Þ trKð Þ � tr DKð Þ ¼ kd ; detK ¼ DK : ð4Þ

The necessary and sufficient conditions of stability according to the Routh-Hurwitz
criterion are

a3 [ 0; a2 [ 0; a0 [ 0; ð5Þ

D3 ¼ a1a2a3 � a21a4 � a0a
2
3 ¼ dkkd � d2 DK þ n2

� �� k2d þ e2dDDkd [ 0: ð6Þ

Taking into account that a3 is positive, the positiveness of the coefficient a1 is the
necessary condition of stability. If the matrix K is positive definite, this requirement is
fulfilled. However, generally speaking, the matrix of positional forces KþN may be
indefinite (see Subsect. 4.2), but its determinant should be positive, as well as the
expression d11k22 þ d22k11 � 2d12k12 (the “covert” requirement).

In the non-dissipative case (e = 0), the conditions of marginal stability are

k[ 0;DK þ n2 [ 0; k2 � 4 DK þ n2
� � ¼ k11 � k22ð Þ2 þ 4 k212 � n2

� �
[ 0: ð7Þ
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In the case of the infinitesimal value of e two first inequalities of the system (7) and
conditions (5) are identical. At the same time, the third inequality of (7) mostly is more
“weak” than its counterpart from the condition (6). In literature, this phenomenon is
known as the “destabilizing effect” (or “destabilizing paradox”) owing to small
damping.

Let us evaluate the discrepancy between the thresholds for parameter n derived
from the condition (6) and the third inequality (7). From (6), we have the following
restriction on parameter n, which characterizes the influence of circulatory force

n2\m1 þ e2dDDkd ; m1 ¼ 1
d2

dkkd � d2DK � k2d
� �

: ð8Þ

The difference between m1 and m2 ¼ k2=4� DK is the following expression

m1 � m2 ¼ 1
4d2

�d2k2 þ 4dkkd�4k2d
� �þ 1

d
e2DDkd

¼ � k
2
� kd

d

� �2

þ 1
d
e2DDkd

ð9Þ

As one can see from formula (9), normally, the first term on the right-hand side is
negative, thus in a case when n is slightly less, then

ffiffiffiffiffi
m2

p
The appearance of a small

damping force brings instability to a stable undamped system. However, if the equality
k d ¼ 2kd holds, then the system (1) is stable. This condition in explicit form reads

d11 � d22ð Þ k11 � k22ð Þþ 4d12k12 ¼ 0: ð10Þ

The equality (10) can be realized in the case when some of the mechanical
parameters of the system (1) are controllable. For instance, the matrix K and parameter
n are given, but the distribution of the elements inside matrix D can be regulated (e.g.,
the ratio d11=d22 is tunable). This feature will be described in more detailed in the
examples below.

Another circumstance that is also important when equality (10) is not fulfilled is the
“rate of instability”, i.e., the value of the maximal Lyapunov exponent. So far as we
consider the weakly damped system, this value is not large, and the presence of
nonlinear terms in motion equations (which are not included in Eqs. (1)) can have a
positive effect. That is, the disturbed motion will remain in a sufficiently small
neighborhood of the equilibrium position. For this reason, let us now estimate the
eigenvalues of the system (1). Substituting the expression

k ¼ k0 þ ek1 þ e2k2 þ . . . ð11Þ

we find in the chain

k0ð Þ1;2¼ �i x1; k0ð Þ3;4¼ �i x2;
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xj ¼
ffiffiffiffiffiffiffiffiffiffiffi
k � d

p
j ¼ 1; 2ð Þ; d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � 4DK � 4n2

p
; ð12Þ

k1j ¼
kd � dx2

j

2x2
j � k

¼ � 1
4

dþ �1ð Þ j dk � 2kdð Þ=d� �
j ¼ 1; 2ð Þ; ð13Þ

k2ð Þ1;2 ¼ � i

16d3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 kþ dð Þp ½2k dk � 2kdð Þ2 þ d dk � 2kdð Þ2

þ 4d2 kDD þ þ dkd � d2k0 þ d3 8DD � 3d2
� �� �

:

ð14Þ

4 Results

To clarify the proposed approach, let us consider first the following sample (mathe-
matical example).

4.1 Example

Consider the system (1) with matrices.

D ¼ 1þ q �1
�1 1

� �
;K ¼ 3 1:5

1:5 �1

� �
;N ¼ 2:5� e1ð Þ 0 �1

1 0

� �
: ð15Þ

Here q is some positive number, which represents the controllable parameter to
neglect the possible destabilization effect. The small parameter e1 [ 0 (independent of
parameter e) characterizes the closeness to the boundary of the stable zone for the
undamped system. Taking into account that

d ¼ 2þ q; k ¼ 2DD ¼ q;DK ¼ � 21
4
; kd ¼ 5� q; k d � 2 kd ¼ 4 q� 6;

the polynomial (2) and condition (6) now reads

f kð Þ ¼ k4 þ e 2þ qð Þk3 þ 2þ e2q
� �

k2 þ e 5� qð Þkþ 1� 5e1 þ e21; ð16Þ

D3 ¼ � 2q� 3ð Þ2 þ e1 5� e1ð Þ qþ 2ð Þ2 þ e2q 10þ 3q� q2
� �

[ 0: ð17Þ

The relation (10) gives the value q0 ¼ 1:5. Now depending on how two small
parameters e1 and e are related to each other. We can choose the range for parameter q
in the vicinity of q0 to avoid dissipation-induced instability. This safe range is pre-
sented in Fig. 1a. Note that the domain between the surface and the plane e ¼ 0
describes the “safe” range for parameter q, i.e., for a given value of e1 and appropriate
value of q system (1), (15) is asymptotically stable for any infinitely small value of e.
For instance, for e1 ¼ 10�3 (Fig. 1b) the appropriate range for q is � 1:38; 1:62ð Þ:
Substituting the numerical values q ¼ 1:4; e ¼ 0:002; we find the roots of the
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polynomial (15): �0:00028596� 1:03476i;�0:003114� 0:96399i: The values for the
real parts given by formulas (13) are respectively �0:00028564 and �0:003114, i.e.,
give a good enough approximation.

Of course, as e tends to zero, the maximal Lyapunov exponent also decreasing, but
it remains negative – max Re kj

� �� � � �0:2856 � 10�4 for e ¼ 0:0002; max Re kj
� �� � �

�0:1428 � 10�5 for e ¼ 10�5; etc.
Let us demonstrate the results obtained for two mechanical systems.

4.2 The Friction-Induced Vibrations in 2-DoF Mechanical System

To investigate the flutter instability as a mode-coupling phenomenon, a simple self-
exited mechanism was proposed by Hulten [12]. Later on, it was developed and
investigated in several papers by Sinou et al. (e.g. [10, 11]).

This model consists of a mass m located on a moving band (Fig. 2); the contact
between mass and belt is simulated by two plates supported by two different springs.

Fig. 1. The “safe” range for parameter q (the domain where the surface is above the plane
e ¼ 0).

Fig. 2. Mechanical model.
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The contact friction coefficient is considered constant, and the band moves at a
constant speed. It is supposed that the tangential force FT is proportional to the normal
force FN and satisfies Coulomb’s law: FT ¼ lFN: Assuming that the normal force FN
is linearly related to the displacement of the mass along the normal to the contact
surface, the resulting equations of motion can be expressed in the following form

M€xþ eD _xþ KþNð ÞxþF xð Þ ¼ 0;

where M ¼ m 0
0 m

� �
;D ¼ c1 0

0 c2

� �
;KþN ¼ k1 �lk2

lk1 k2

� �
;

F xð Þ ¼ kNL1 x31 � lkNL2 x32
lkNL1 x31 þ kNL2 x32

� �
:

After introducing the dimensionless parameters and time by formulas

e ¼ c1=
ffiffiffiffiffiffiffiffi
mk2

p
; a ¼ c2j=c1; j ¼

ffiffiffiffiffiffiffiffiffiffiffi
k1=k2

p
; s ¼

ffiffiffiffiffiffiffiffiffiffi
k1=m

p
t;

and linearization in the vicinity of origin, we come to the system (1) where

D ¼ j 0
0 a

� �
;KþN ¼ j2 �l

lj2 1

� �
:

Assuming that parameter j is known, we aim to find the value of damping ratio,
which allows neutralizing the possible instability induced by small friction. Applying
the results of Sect. 3, we find

k ¼ 1þ j2;DK ¼ j2; n ¼ 1
2

lþ j2
� �

; l2 ¼
j2 � 1ð Þ2
4j2

; ð18Þ

d ¼ aþ j; kd ¼ j 1þ ajð Þ; m1 ¼ a

aþ jð Þ2
j2 � 1ð Þ2

j
þ e2 aþ jð Þ 1þ ajð Þ

" #
: ð19Þ

The equality (10) reads 1þ j2ð Þ aþ jð Þ � 2j 1þ ajð Þ ¼ 0, which leads to relation
a ¼ j: Of course, in practice, it is difficult to realize this equality perfectly. Hence, let
a ¼ jþ da, where da is the discrepancy parameter. The difference between the critical
values for the bifurcation parameter l is equal to m1�m2ffiffiffi

m1
p þ ffiffiffi

m2
p and is proportional to the

following expression

dl ¼ 8j4 j2 þ 1
� �

e2 � j2 � 1
� �2

d2a þ o1 e2
� �þ o2 d2a

� �
:
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Therefore, as long as daj j does not exceed the threshold

2
ffiffiffi
2

p
j2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
j2 þ 1

p

j2 � 1j j e ð20Þ

the destabilization is prevented. This is illustrated in Fig. 3.

4.3 The Double Pendulum Under the Action of Follower Force

Consider the double pendulum shown in Fig. 4, consisting of two rigid weightless rods
of equal length l, carrying the concentrated masses m1 and m2. A visco-elastic joint
connects the rods, and the configuration of the system is determined by the two angles
h1 and h2 formed between the vertical and each of the two rods, respectively. The
follower force is applied to the free end. (The case m1 ¼ 2m2; k1 ¼ k2 corresponds to
Ziegler’s standard model [1].)

Fig. 3. The surface m e; dað Þ ¼ m1 � m2 in case j ¼ 1:2.

Fig. 4. The double pendulum with follower force.
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The kinetic energy and potential energy of the system have the following forms

K ¼ 1
2
l2 m1 þm2ð Þ _h21 þ 2m2

_h1 _h2 cos h2 � h1ð Þþm2
_h22

h i
;

Y
¼ 1

2
k1h

2
1 þ k2 h1 � h2ð Þ2

h i
and the non-conservative forces

Q1 ¼ � ~d1 þ ~d2
� �

_h1 þ ~d2 _h2 þPl sin h1 � h2ð Þ;Q2 ¼ ~d2 _h1 � _h2
	 


:

Lagrange’s equations of motion of the 2nd kind are

d
dt

@L

@ _hj
� @L
@hj

¼ Qj; L ¼ K �P; j ¼ 1; 2:

Let’s introduce the dimensionless parameters by the formulas

l ¼ m1

m2
; dj ¼

~dj
l

ffiffiffiffiffiffiffiffiffiffi
1

m2k2

r
j ¼ 1; 2ð Þ; q ¼ d1

d2
; j ¼ k1

k2
; p ¼ Pl

k2
; s ¼

ffiffiffiffiffiffiffiffiffi
k2
m2l2

r
t:

Then we have the system (1) with matrices

M ¼ 1þ l 1
1 1

� �
;D ¼ 1þ q �1

�1 1

� �
;KþN ¼ 1þ j� p p� 1

�1 1

� �
:

The characteristic polynomial has the following form

f kð Þ ¼ lk4 þ e 4þ lþ qð Þk3 þ 4þ lþ e2q� 2pþ j
� �

k2 þ e jþ qð Þkþ j:

For the undamped case, two first inequalities (7) are fulfilled, and the third one
reads 4p2 � 4p 4þ jþ lð Þ j� lð Þ2 þ 8 jþ lð Þþ 16[ 0:

For the given values of l and j a circulatory Hopf bifurcation occurs when

p ¼ pcrit ¼ 2þ 1
2

ffiffiffi
j

p � ffiffiffi
l

p� �2
: ð21Þ

For a weakly damped system, the critical value for parameter p is

p� ¼ 1
2
4q2 þ 8l� 2ljþ j2 þ l2 þ 16ð Þqþ 4k2

q2 þ 4þ jþ lð Þqþ 4jþ lj
ð22Þ

In Fig. 5 the corresponding surfaces p ¼ pcrit l; jð Þ; p ¼ p� l; jð Þ are presented.
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5 Conclusions

The article considers the stability problem for a non-conservative mechanical system
with weak damping. The possibility of the occurrence of flutter instability is under
study, and a way to prevent such a situation is discussed. The “tuning” technique for
damping matrix is suggested. Two examples are considered for illustration. In partic-
ular, in the case of a double pendulum with a follower force, by varying the damping
ratio and reducing the stiffness of the joint at the attachment point, an increase in the
threshold for the critical load can be achieved. As one can see from Fig. 5d, for the
parameter k\1; there is practically no destabilization, i.e., the stiffness coefficient k1
should be approximately half that of k2. In quantitative terms, this is 8 − 10% better
comparatively with Ziegler’s case k ¼ 1; pcrit � 2:058ð Þ:
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Abstract. The relative movement of a particle along the rough outer surface of
a cone rotating around a vertical axis with a given angular velocity is considered
in the article. Differential equations of the particle movement in projections on
the axis of a fixed coordinate system are received and solved by numerical
methods. The particle's initial velocity at the moment of contact with the surface
of the cone after falling from a certain height is considered. The relative tra-
jectories of particles sliding along the cone's surface and the absolute trajectories
of its movement towards the fixed coordinate system are constructed. Visual-
ization of other kinematic characteristics has also been made. The obtained
formula allows determining the limiting value of the angular velocity, which
depends on the angle of inclination of the generatrices, the coefficient of friction,
and the distance from the vertex of the cone to the particle. It is also valid for a
flat disk for zero angles of generatrices’ inclination.

Keywords: Differential equations � Coordinate system � Sliding � Angular
velocity � Absolute trajectory

1 Introduction

It is common knowledge that in many machines, during their work with individual
particles of technological material, these particles interact with the rough surfaces of the
working bodies. Working bodies can be motionless or perform various movements:
rectilinear, translational, rotational, oscillatory. In all cases, the determination of the
kinematic characteristics of the particle movement has its peculiarities. These charac-
teristics depend on the shape, design parameters of the working bodies, the nature of
the interaction with the technological material, the material's properties, and other
factors. It is essential to know the patterns of such interaction since it contributes to
improving the machine designs. Undoubtedly, it is complicated to consider the whole
complex of factors; thus, simplifications should be used, as in this research, in which a
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separate element of a technological material is considered a material particle. The
obtained results may not accurately reflect real processes, but they give regularities of
process development, which help find the necessary solution.

2 Literature Review

It is a well-known fact that machines interact with particles of technological material in
agricultural production. A great deal is being written and said about such interaction.
For example, particle motion on the surface of a concave soil-tilling disk is considered
in the article [1]. The article [2] presents the analysis of different tillage tools. Inter-
action of the manure with the scraper units is investigated in [3] and in [4] – the
technological process of applying mineral fertilizers by self-loading machine. The
article [5] presents the construction of centrifugal working devices for mineral fertil-
izers spreading and [6] – construction of seed metering mechanisms of the tractor-
seeder.

Moreover, separation of material particles occurs on an oscillating surface, for
example, in the separation of two-phase multicomponent systems [7], the same as in the
process of oil-gas separators [8] and other cleaning equipment [9]. Material particles in
contact with the surface can have different origins. Thus, a simplified particle tracking
velocimetry framework for stream surface flow monitoring is investigated [10]. The
article [11] presents the construction of a spiral-screwing device for the graining of
grain material, [12] – the model of crossed movement and gas-liquid flow interaction
with captured liquid film in the inertial-filtering separation channels, and [13] –

mathematical model of flow in a tube. There are many scientific research works about
the movement of particles, which are in contact with the moving spiral working bodies.
Instead, modeling the particles’ movement in a screw pneumatic separator is done in
[14]. Particle movement in the velocity layer on rotating surfaces is analyzed in [15].
Also, particle sliding on the inside of a generic surface of revolution is considered [16].
Accordingly, the results of our research can be applied to the designing of the engi-
neering machines working bodies. Against this background, our research aims to
investigate the laws of movement of a particle along the rough outer surface of a cone
rotating with a constant angular velocity around its vertical axis.

3 Research Methodology

To begin with, the parametrical equations of a cone with vertex at the origin and
straight generatrices directed from the vertex are:

X ¼ u cos b cos a;

Y ¼ u cos b sin a;

Z ¼ �u sin b:

ð1Þ
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where b is the angle of inclination of the straight generatrices of the cone to the
horizontal plane (constant value), u and a are independent variables of the cone surface,
u is the length of the straight generatrix measured from the origin (the vertex of the
cone), a is the angle of rotation of the surface point around the axis of the cone.

When the dependence between the variables u and a is established, a line on the
cone surface will be described. Let us start by the fact that such dependence is
established using the parameter t – the time of the particle sliding along the outer
surface of the cone. Hence, the internal equation of the relative particle trajectory will
be described by the dependencies u = u(t), a = a(t).

In addition, during rotating around the OZ axis with an angular velocity x, all
points of the cone (1) rotate by an angle u = xt with constant z coordinates. So, using
the rotation formulas, the parametrical equations of the cone, which describe its
position after rotation by an angle u, can be compiled:

X ¼ u cosb cosa cosu;

Y ¼ u cosb sina sinu;

Z ¼ �u sinb:

ð2Þ

After simplifications, taking into account u = xt, Eqs. (2) can be written in the
following form:

X ¼ u cosb cos aþxtð Þ;
Y ¼ u cosb sin aþxtð Þ;

Z ¼ �u sinb:

ð3Þ

Indeed, while the cone rotates with an angular velocity x, a particle slides along its
outer surface, the relative trajectory of such a movement is described by the internal
dependencies u = u(t), a = a(t). Therefore, if these dependencies are known, after
substitution into (1), it will describe the relative trajectory of the particle sliding along
the cone's surface regarding the coordinate system rotating together with the cone.
Furthermore, if the exact dependencies are substituted into (3), then the absolute tra-
jectory of the particle regarding the fixed coordinate system will be obtained. For the
particular case of the particle “sticking”, the relative trajectory is absent (it is a point),
and the absolute trajectory is a circle. In both cases, Eqs. (1) and (3) describe not a
surface but a line on it. Therefore, in these equations, not uppercase letters “X”, “Y”,
“Z”, but lowercase “x”, “y”, “z” will be used. With this in mind, considering
the dependencies u = u(t), a = a(t), Eqs. (3) should be sequentially differentiated by
time t.

Subsequently, the first derivatives (components of the projection of the particle’s
absolute velocity) (4) and the second derivatives (components of the projection of the
particle’s absolute acceleration) (5) on the axis of the stationary coordinate system
respectively can be obtained:
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_x ¼ _ucos aþxtð Þ � u _aþxð Þ sin aþxtð Þ½ � cosb;
_y ¼ _usin aþxtð Þ � u _aþxð Þ cos aþxtð Þ½ � cosb;
_z ¼ � _usinb:

ð4Þ

€x ¼ � €auþ 2 _u _aþxð Þð Þsin aþxtð Þþ �€uþ u _aþxð Þ2
� �

cos aþxtð Þ
h i

cosb;

€y ¼ €auþ 2 _u _aþxð Þð Þcos aþxtð Þ � �€uþ u _aþxð Þ2
� �

sin aþxtð Þ
h i

cosb;

€z ¼ �€usinb:

ð5Þ

Generally, the differential equation of particle movement on the outer surface of the
cone is: mx ¼ F, where m is the particle mass, x €x; €y;€zf g is an absolute acceleration
vector, F is the resulting vector of forces applied to the particle. It should be noted that
these forces are: the force of the particle weight mg (g = 9,81 m/s2), reaction R of the
cone surface, and the friction force fR, which resists the particle sliding over the surface
of the cone (f is the friction coefficient). Accordingly, a given vector equation should be
decomposed in projections on the axis of a fixed coordinate system. As a result, one
can obtain a system of three differential equations. Let begin with taking a closer look
at applied forces.

The first applied force is the particle weight mg. Since the weight vector is directed
downward (Fig. 1a), the projections of the directional unit vector on the coordinate
axes are:

0; 0; �1f g: ð6Þ

The second applied force is the reaction R of the cone surface (see Fig. 1a), directed
along the normal N. The normal direction to the surface is determined from the vector
product of two vectors passing through a surface point (in our case, it is a point A) and
tangent to the coordinate lines of the surface. These two vectors are partial derivatives
of Eqs. (1):

dX=da ¼ �u cos b sin a;

dY=da ¼ u cosb cosa;

dZ=da ¼ 0;

dX=du ¼ cosb cosa;

dY=du ¼ cosb sina;

dZ=du ¼ �sin b:

ð7Þ

By vector multiplication of vectors (7) and reducing it to unit one, the projections of
the vector N can be found:

N sinb cosa; sinb sina; cosbf g: ð8Þ
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Finally, the friction force fR is directed opposite the relative velocity vr of the
particle movement (Fig. 1a). Importantly, velocity vr is the velocity of the particle
sliding over the surface without taking into account the rotation of the surface.

Therefore, for determining its projections, it is essential to differentiate Eqs. (1)
considering u = u(t), and a = a(t):

_x ¼ cosb _u cosa� _au sinað Þ;
_y ¼ cosb _u sina� _au cosað Þ;

_z ¼ � _u sinb:

ð9Þ

One should not forget that the velocity vr is defined as the geometric sum of its
projections (9):

vr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
_x2 þ _y2 þ _z2

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 _a2cos2bþ _u2

p
: ð10Þ

Mathematically, the projections of the unit vector, along which the particle velocity
is directed, are determined by dividing the velocity components (9) by its modulus
(10):

cosb _ucosa� _ausinað Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 _a2cos2bþ _u2

p ;

cosb _usinaþ _aucosað Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 _a2cos2bþ _u2

p ;

_usinbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 _a2cos2bþ _u2

p

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;
: ð11Þ

a b 

Fig. 1. Graphic illustrations describing the particle position on the surface and the forces applied
to it: a) projections of a cone with forces applied to the particle; b) to determine the initial
position and velocity of the particle at point A.
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Based on the previous, the values of the applied forces are denoted as mg, R, and
fR. Their direction is determined by unit vectors (6), (8), and (11). Since the cone
rotates and the projection of the forces is made onto a fixed coordinate system, then the
last two vectors must also be rotated by an angle u = xt similar to formulas (2). After
that, the unit vector that specifies the direction of reaction R of the surface can be
derived in projections on the fixed coordinate system axis:

sinb cos aþxtð Þ; sinb sin aþxtð Þ; cosbf g: ð12Þ

In this regard, one also can obtain the projections of the unit vector of the relative
velocity by rotating the vector (11) by an angle u = xt:

cosb _ucos aþxtð Þ � _ausin aþxtð Þð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 _a2cos2bþ _u2

p ;

cosb _usin aþxtð Þþ _aucos aþxtð Þð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 _a2cos2bþ _u2

p ;

� _usinbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 _a2cos2bþ _u2

p

8>>>>>>>><
>>>>>>>>:

9>>>>>>>>=
>>>>>>>>;
: ð13Þ

Finally, let compose a system of differential equations of the relative movement of a
particle along a rotating cone, taking into account the applied forces and found unit
vectors of their action (6), (12), and (13). It is important to emphasize that the friction
force fR is directed in the opposite direction of the vector (13):

m€x ¼ Rsinb cos aþxtð Þ � fR
cosb _ucos aþxtð Þ � _ausin aþxtð Þð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 _a2cos2bþ _u2
p ;

m€y ¼ Rsinb sin aþxtð Þ � fR
cosb _usin aþxtð Þþ _aucos aþxtð Þð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 _a2cos2bþ _u2
p ;

m€z ¼ �mgþRcosbþ fR
_usinbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2 _a2cos2bþ _u2
p :

ð14Þ

where the expressions of the absolute acceleration are given in (5).
To summarize, using the solution of the system (14) by the second derivatives of

the unknown functions u = u(t) and a = a(t), as well as R = R(t), the following
equations were found out:

€a ¼ �2
_u
u

_aþxð Þ �
f _acosb g� u _aþxð Þ2sinb

h i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 _a2cos2bþ _u2

p ;

€u ¼ u _aþxð Þ2cos2bþ gsinb�
f _ucosb g� u _aþxð Þ2sinb

h i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 _a2cos2bþ _u2

p ;

R ¼ mcosb g� u _aþxð Þ2sinb
h i

:

ð15Þ
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As a consequence, the first two differential Eqs. (15) compose a system with two
unknown functions u = u(t) and a = a(t). At the same time, the surface reaction R = R(t)
becomes known after determining these functions. Numerical methods should solve the
system, but it has a particular solution. It can be seen that this solution concerns a fixed
cone for the case when the particle moves rectilinearly along its generatrix. In this case,
€a ¼ _a ¼ 0 and x = 0. Accordingly, the first equation in (15) turns into identity, and the
second takes the following form:

€u ¼ g sinb� f cosbð Þ: ð16Þ

The resulting equation is a well-known differential equation of the rectilinear
particle movement along the line of the most significant slope of the inclined plane.
Such lines for a cone are its rectilinear generatrices. In the case of f = tgb, the gen-
eratrices of the cone are inclined at the angle of friction, and the acceleration €u ¼ 0. In
this case, the particle can be stationary or move along the cone's generatrix with a
constant given speed.

4 Results

The numerical solution of the system of differential Eqs. (15) was carried out using the
“Simulink” package of the “MatLab” software product. In this case, the particle falling
on the cone from a certain height was taken into account. At the moment of its
encounter with the cone's surface, the particle has an initial velocity v0 (see Fig. 1b),
which is directed downward. Consequently, after the encounter, it acquires a compo-
nent v0sinb, which is directed along the generatrix. For integrating the system (15), it is
necessary to set the initial conditions. The first of these conditions is _u0 ¼ v0sinb; since
the first derivative of the dependence u = u(t) is a component of the movement velocity
along the generatrix of the cone. The second component depends on the angular sliding
velocity _a of the particle. At the moment of contact, it has a maximum value equal to
the angular velocity x of cone rotation and is directed in the opposite direction. Thus,
_a0 ¼ �x: The particle position on the cone's surface is set by the initial values of the
coordinates u0 and a0 (Fig. 1a). In Fig. 2a, according to the calculation results, the
trajectories of the particle sliding along the cone’s surface with the inclination angle of
the generatrices b = 20° during time t = 0.1 s from the moment of the encounter are
constructed. Cone rotation speed x = 15 s−1, friction coefficient f = 0.3.

Besides, in Fig. 3, the relative and absolute trajectories of a particle falling from
different heights, with different initial velocities v0 at the moment of contact with the
cone surface, are shown. Wherein cone rotation speed x = 15 s−1, friction coefficient
f = 0.3, distance from the vertex u0 = 0.03 m, b = 20°, observation time t = 0.15 s.
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However, if the angle of inclination of the generatrices of the cone is greater than
the angle of friction (b > arctg f), the particle will start sliding along the cone, even if it
does not rotate. At b < arctg f, the particle starts sliding at a sufficient value of the
angular velocity x of the cone rotation. Let find this value.

To start sliding, the driving force Fd should be greater than the frictional force Ff.
Let project the weight force mg on the generatrix of the cone, along which the particle
can start moving: m�g�sinb (see Fig. 4). The second component of the driving force is
the component of the centrifugal force Fc (Fc�cosb). Thus, Fd = m�g�sinb + Fc�cosb. If
these forces are projected on the normal N to the surface (see Fig. 5), one can obtain the
force of pressure of the particle on the surface. The reaction R of the surface will be
directed in the opposite direction: R = m�g�cosb–Fc�sinb. The friction force Ff = f�R,
so, Ff = f�(m�g�cosb–Fc�sinb). The centrifugal force Fc can be found according to the
well-known formula: Fc = m�r�x2 or Fc = m�u0�x2�cos b. After that, the inequality
Fd > Ff is composed in the following form:

a b

Fig. 2. Relative and absolute trajectories of the particle movement when it encounters with the
surface of the cone with an initial velocity v0 = 1 m/s at different distances from its vertex
(1 – u0 = 0.02 m, 2 – u0 = 0.03 m, 3 – u0 = 0.04 m, 4 – u0 = 0.05 m): a) relative sliding
trajectories; b) absolute trajectories of the movement.

Fig. 3. Relative and absolute trajectories of
movement of a particle, which contacts with
the cone surface with different values of the
initial velocity (1 – v0 = 0 m/s, 2 –

v0 = 0.5 m/s, 3 – v0 = 1 m/s).

Fig. 4. Scheme of action of forces applied
to the particle at point A.
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m g sinbþ u0x
2cos2b

� �
[mf g cosb� u0x

2sinbcosb
� �

: ð17Þ

An inequality (17) regarding x, has the following solution:

x[

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g f � tgbð Þ

u0 cosbþ f sinbð Þ

s
: ð18Þ

If the angle of inclination of the generatrices of the cone is equal to the angle of
friction (f = tgb), then the particle sliding begins at any angular velocity of rotation of
the cone. For the assumed friction coefficient f = 0.3, the friction angle is 16.7°. Let us
find the limiting value of the angular velocity of the cone rotation for the angle
b = 10°. If u0 = 0.03 m according to (18) x > 6.25 s−1. If the angular velocity of the
cone rotation is less than the obtained value, then the particle in the state of rest will not
start sliding. It is expedient to consider the particle behavior when it falls from a certain
height, and at the moment it encounters the surface, it has a velocity v0 = 0.3 m/s. In
Fig. 5a, the relative and absolute trajectories of the particle movement at x = 5 s−1 are
constructed. The graphs of the relative and angular velocity of the particle sliding
(Fig. 5b) show that it stops after 0.35 s. After that, it becomes motionless in relative
movement, and it moves on the circle in absolute movement.

Let us consider the particle movement with the assumed parameters, increasing the
angular velocity of rotation of the cone so that it is greater than the limiting one
(x = 7 s − 1). Graphical illustrations for this case are presented in Fig. 6.

a b 

Fig. 5. Graphic illustrations of the particle movement, when it hits the surface of a cone with an
initial velocity v0 = 0.3 m/s at the distance u0 = 0.03 m from its vertex (x = 5 s−1, b = 10°,
f = 0.3, t = 0.5 s): a) relative – 1 and absolute – 2 trajectories; b) graphs of the relative (at the
top) and angular (at the bottom) sliding velocities of the particle
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In this case, the particle accelerates. The absolute speed was obtained by geometric
summation of its components (4).

5 Conclusions

For the beginning of the particle sliding, the angle of inclination of the rectilinear
generatrices of the cone is essential. If it is greater than the angle of friction, then the
particle will begin to slide along the cone surface, regardless of the value of the angular
velocity of its rotation. When the angle of inclination is less than the angle of friction,
the sliding of the particle is possible with a sufficient value of the angular velocity of
cone rotation. The obtained in our research formula allows determining the limiting
value of the angular velocity, which depends on the angle of inclination of the gen-
eratrices, friction coefficient, and distance from the vertex of the cone to the particle. It
is also valid for a flat disk when the angle of inclination of the generatrices is zero.
Doubtless, the received results can be used to design the engineering machines working
bodies, for instance, working bodies of seeding machines, in which the seeds fall on a
rotating cone. Further research is conducted to verify the obtained theoretical results
and design improved working bodies of seeders.
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Abstract. This paper focuses on determining the influence of soil, oil, and
environmental factors on the process of oil filtration in a porous medium such as
soil. Mathematical modeling of the oil geofiltration process based on classical
and modified regularities makes it possible to solve a significant environmental
problem associated with predicting the pollution zone due to accidental oil
spills. The research methodology is based on the substantiation of theoretical
models of oil filtration through porous media, methods for the numerical solu-
tion of equations, and computer visualization (ANSYS CFX software). Exper-
imental data supported the verification of the adequacy of the models. Based on
obtained results, it was found that all oil flowed into well-permeable sand at a
speed of approximately 4�10–4 m/h. The developed model of the stochastic
process of petroleum hydrocarbons geofiltration involved obtaining the output
as dependent variables, contamination level, contamination depth, and oil spot
borders. Numerical solution and visualization using computer simulation
showed the distribution of oil hydrocarbons in the soil in vertical and horizontal
directions. The mathematical model allowed to predict the formation of the
pollution front and assess the contaminated zone's size.

Keywords: Oil pollution � Oil spills � Modelling � Hydrocarbon filtration

1 Introduction

Liquid hydrocarbons that fall on the ground cover due to accidental spills are a serious
problem for the environment. Significantly improved efficiency of the process of
developing environmental measures allows computer modeling and information tech-
nologies. There is a wide range of models of hydrocarbon filtration and software
systems that implement these models, but the use of the proposed models for most
polluted soils is limited for many reasons: difficulties in later equipping the model with
adequate initial data; slow task counting; high cost of software systems. Therefore,
creating effective information and computing systems considering the main operating
factors, such as the properties of hydrocarbons, soil characteristics, and gravitational-
capillary interaction, is highly relevant [1].
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As a result of the study, the dynamics of the distribution of spilled hydrocarbons
was modeled considering the existing factors to identify areas with a high degree of oil
pollution where restoration and cleaning work are necessary. The primary way to solve
such problems is numerical methods [1, 2]. Among them, finite difference methods are
most often used due to their universality and the presence of a well-developed theory.
As a result of the discretization of differential equations using the finite difference
method, the continuous distribution of parameters is replaced by a discrete one.

2 Literature Review

It was established [3] that the kinetics of the vertical filtration of oil and oil products on
the surface of the soil layer depends on the sorption properties of the soil, which are
determined by its fractional composition, namely, the content and ratio of clay and
coarse sand fractions. Studies have shown that the greater the silt fraction in the soil
and the less coarse sand, the higher the sorption capacity of the soil for oil and oil
products and the slower the kinetics of their filtration.

The flows and displacements of different kinds of crude oils with non-Newtonian
and yield-stress (plastic fluids) rheology properties have received considerable attention
for their various industrial applications [4–8], and some studies reported on the exis-
tence of the non-Newtonian behavior of crude oil [9, 10]. Darcy's law for infinitesimal
elements of the reservoir does not reflect the microparameters of its pore channels and
structural features of their interaction. As a result, they cannot be described by the
permeability macroscopic parameter k [11].

Cueto-Felgueroso and Juanes [12] presented a phase-field model of infiltration that
explains the formation of gravity fingers during water infiltration in soil. The model is
an extension of the traditional Richards equation, and it introduces a new term, a
fourth-order derivative in space, but not a new parameter. The transport and retention
of a soybean oil-in-water emulsion were evaluated in laboratory columns with a
medium packed to fine clayey sand amended with varying amounts of kaolinite. These
experiments demonstrated that appropriately prepared soybean oil-in-water emulsions
could be distributed in clayey sand at least 80 cm away from the injection point [13].

The generalized Richards’ equation provides a good description of the experi-
mentally observed scaling of soil water contents during the horizontal infiltration. In
this model, the derivative of water content on time is a fractional one with an order
equal to or less than one [14]. Nevertheless, this model is not valid for other liquids
such as organic hydrocarbons due to the absence of main physical properties (oil
contaminant viscosity, density, temperature, pressure, fractional composition, and the
presence of solids).

The study [13] shows that for intermediate wet porous media, pore geometry has a
strong influence on interface dynamics, leading to the co-existence of concave and
convex interfaces. The mathematical analysis of the Richards equation has almost
exclusively dealt with the absorption (moisture movement without gravity) and infil-
tration problems. Therefore, the analyses of redistribution and drainage processes using
the Richards model have almost totally relied upon numerical techniques. Only some of
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the more effective approaches will be presented here; however, all are subject to the
limitations previously discussed unless stated otherwise [16].

Thus, it is necessary to obtain an adequate mathematical model that describes the
petroleum hydrocarbons movement in the soil as pore space, which will predict the oil
concentration fields in case of possible accidental spills. This paper focuses on the
theoretical description of the oil filtration through the pore space using classic and
modified mathematical models with further visualization based on the modern com-
puter modeling software.

For achieving this goal, the following tasks need to be addressed:

– evaluation of the patterns of oil movement in the pore space;
– modeling of the stochastic process of petroleum hydrocarbons geofiltration;
– numerical solution with computer simulation of basic mathematical models that

most fully describe the filtration of hydrocarbons through the soil.

3 Research Methodology

3.1 Theoretical Modelling of the Process of Oil Filtration

In modeling the process of oil filtration, the functions of oil conduction, oil capacity,
and oil permeability of the soil are used similarly to thermal processes, where heat
conduction and heat capacity functions are used, in modeling moisture transfer in
porous medium concepts of moisture conductivity and moisture capacity are used. The
process of oil geofiltration can be described by two fundamental equations: Darcy’s law
for fluid flow [17] and the continuity of the moving stream. The Darcy-Buckingham
law (1), which is the vadose zone analog of Darcy's law, for unsaturated soil oil flux is
given as follows [16]:

q ¼ �K hð Þrw hð Þ ¼ �K hð Þrh; ð1Þ

h ¼ zþw; ð2Þ

qx ¼ �Kxx hð Þ @w
@x

; ð3Þ

qy ¼ �Kyy hð Þ @w
@y

; ð4Þ

qz ¼ �Kzz hð Þ @w
@z

� Kzz hð Þ; ð5Þ

where q is the oil flux (cm/s), h is the volumetric oil content as a function of location
and time t, K is the unsaturated hydraulic conductivity of soil (cm/s) as a function of
volumetric oil content, and w is soil oil potential or the total soil-oil head (cm) as a
function of the volumetric oil content, and z is the vertical coordinate.
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If we substitute the equation of the Darcy law in the continuity equation, we get the
Richards equation [18]:

@h
@t

¼ �
@ K hð Þ @h

@z þ 1
� �h i

@z
� SðhÞ; ð6Þ

or

@h
@t

¼ r K hð Þrh hð Þð Þ � @K hð Þ
@z

: ð7Þ

A boundary condition (BC) at the oil-supply surface, z = 0; either a concentration-
type, h = hs(t) or h = H(t), or a flux-type, K � D@h=@z ¼ RðtÞ or Kð1� @h=@z ¼ RðtÞ.

An initial condition for all z, h z; t ¼ 0ð Þ ¼ h0ðzÞ or h z; t ¼ 0ð Þ ¼ h0ðzÞ. Moreover,
R(t) is the rate of oil entry at the surface as a function of time.

Soil hydraulic parameters, K(h) and h(h). The movement of moisture in the
unsaturated zone is modeled by the Buckingham-Richards equation [19].

In general form, with z directed upwards, it has the form

@h
@t

¼ rx;y krx;y hð Þ� �þ @

@z
k

@h
@z

þ 1
� �� �

þF � Q; ð8Þ

where h is the volumetric oil content as a function of location and time t; h is
potential; F, Q are sources and moisture loss; k is diffusivity coefficient, nonlinearly
and ambiguously depending on the potential and its gradient.

In terms of the potential of soil moisture, Eq. (8) takes the form

@h
@t

¼ rx;yðkrx;yðhÞÞþ @

@z
k

@h
@z

þ 1
� �� �

þ n� g
z0

: ð9Þ

In Eqs. (8, 9), x, y are the horizontal coordinates; z is vertical (upward); h is
humidity; h is the potential of soil moisture; k (h) is the coefficient of moisture con-
ductivity (diffusivity); z0 is the effective thickness of the distribution of sources and
losses. Given that

@h
@t

¼ dhðhÞ
dh

@h
@t

¼ C hð Þ @h
@t

ð10Þ

Equation (9) can be written as

CðhÞ @h
@t

¼ rx;yðkðhÞrx;yðhÞÞþ @

@z
kðhÞ @h

@z
þ 1

� �� �
þ n� g

z0
: ð11Þ

The moisture conductivity coefficient nonlinearly and ambiguously depends on the
potential (or humidity) and its gradient.
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The one-dimensional advection-diffusion equation for a dissolved, conservative
compound is represented in porous media as [20]

@C
@t

¼ �U
@C
@z

þDpm
@2C
@z2

; ð12Þ

where C is the mass concentration, U is the pore oil velocity, and the dispersion
coefficient, Dpm, is taken as a linear combination of molecular and hydrodynamic
factors through

Dpm ¼ Dmol

s
þ aLU; ð13Þ

where Dmol is the molecular diffusivity, s is the tortuosity correction factor that takes on
values near 1.4 for granular porous media, and aL is the longitudinal dispersivity.

3.2 Modeling of the Stochastic Process of Oil Geofiltration

Nevertheless, a mathematical model of the physical process of oil filtration through
porous media cannot be fully described using a consistent pattern of moisture move-
ment in the unsaturated zone or Darcy law. This process can be described by depen-
dence on three groups of factors: oil parameters (Q1(t)), soil parameters (Q2(t)), and
environmental parameters (Q3(t)), which represent the input flows (Fig. 1).

Each group of factors forms a vector of influence, including those or other
physicochemical parameters characterizing oil, soil, and the environment, respectively.
In this case, there is always a vector of random exposure as a set of uncontrolled
influences. These parameters are controlled by conducting analytical and instrument
measurements with communication channels (HQ1 ;HQ2 ;HQ3 ) and the final result at a

Fig. 1. Scheme of multidimensional stochastic process of oil geofiltration.
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particular time point (Q1t, Q2t, Q3t), taking into account all possible interference
(hQ1ðtÞ; hQ2ðtÞ; hQ3ðtÞ).

As shown in Fig. 1, such a model involves obtaining at the output, as dependent
variables, contamination level, contamination depth, and oil spot borders. According to
the model, the studied parameters form a vector of time-dependent values and discrete
values at a given point in time.

4 Results

4.1 Numerical Solution of the Problem of Modeling Oil Geofiltration

The finite difference method includes the following main steps:

– construction of a grid covering the area under consideration;
– construction on the resulting grid of finite-difference approximation equivalent to

the original differential equation and additional conditions;
– the formation based on finite-difference approximation of a system of algebraic

equations and its solution.

To construct a difference scheme for the original problem, we choose a uniform
grid with step hx in the variable x, step hy in the variable y, step hz in the variable z, step
s in the variable t. Get the grid area:

Wh;s ¼ fxi1 ¼ i1hx 0 � i1 � nxð Þ; yi2 ¼ i2hy 0 � i2 � ny
� �

; zi3 ¼ i3hz 0 � i3 � nzð Þ;
tj ¼ j/; 0 � j � ntg;

where nx = L1/hx, ny = L2/hy, nz = L3/hz, nt = T/s.
Replace the derivatives of the internal nodes Wh,s with finite-difference relations

taking into account the representation of the variable coefficient and obtain the explicit
difference scheme:

Sjþ 1
i1;i2;i3 � S j

i1;i2;i3

s
¼ 1

hx

k j
i1þ 1

2;i2;i3

p j
i1þ 1;i2;i3�p j

i1;i2;i3

hx

� �
�

� k j
i1�1

2;i2;i3

p j
i1;i2;i3�p j

i1�1;i2;i3

hx

� �

2
6664

3
7775

þ 1
hy

k j
i2þ 1

2;i1;i3

p j
i2þ 1;i1;i3�p j

i2;i1;i3

hy

� �
�

� k j
i2�1

2;i1;i3

p j
i2;i1;i3�p j

i2�1;i1;i3

hy

� �

2
6664

3
7775þ 1

hz

k j
i3þ 1

2;i1;i2

p j
i3þ 1;i1;i2�p j

i3;i1;i2

hz

� �
�

� k j
i3�1

2;i1;i2

p j
i3;i1;i2�p j

i3�1;i1;i2

hz �
� �

2
6664

3
7775

ð14Þ

The system of Eqs. (14) can be solved by the iterative method. As a result of a
numerical experiment related to studying the spread of an oil contaminant into the soil
under the influence of gravity, considering the influence of pressure, multivariate
calculations were performed. The filtration parameters of the model were close to the
experimental data and varied within the following limits:
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– soil porosity m = 0.05–0.55;
– pollutant density sp = 1.15–1.4 g/cm3;
– viscosity of the pollutant mp = 0.6–1.0 mPp;
– height of the pollutant filtration area L = 0.15–1 m;
– limiting values of saturation s* = 0.9; s* = 0.1;
– saturation at the upper boundary of the region S0 = 1.0;
– acceleration of gravity g = 9.8 m/s2.

The developed mathematical model of oil contaminant filtration considers the
movement of non-wetting liquid and air in the porous structure. For numerical cal-
culations, a program was implemented using the technology of visual programming
Borland C++ and ANSYS.

The vertical flow can serve as a good approximation of the regime of complete
penetration of oil, i.e., one of three qualitatively possible regimes of its seepage [21].
This gives an upper bound for the depth of penetration of the petroleum hydrocarbon to
the soil. The distribution of oil saturation in-depth at various points in time demon-
strates the front moves in the form of a straight line located diagonally relative to the
coordinate system. This indicates an increase in frontal saturation. As shown by
numerical calculations of the spread of the pollutant under the influence of gravity, the
pollution front is first formed, which then moves deeper into the porous soil. The
process proceeds rather slowly (in this case, the front advancement speed is approxi-
mately 4 10–4 in dimensionless units), which is consistent with experimental data.
Phase permeability’s are experimentally measured saturation functions. Calculations
show that near the source of oil pollution, a pollution zone forms, then the front of oil
saturation is formed and advances mainly due to the action of gravitational forces.

4.2 Checking the Adequacy of the Model by Computer Visualization

The reliability of the results of pollution zone determining is confirmed by a satis-
factory agreement between theoretical and experimental data. Useful qualitative
information on the laws governing the movement of petroleum hydrocarbons in a
porous medium can be obtained by analyzing natural conditions and experiments.
Laboratory studies of the soil that is classified as a Cambisol, under the Soil Taxonomy
with sand texture at room temperature with the volume of oil (V = 200 ml) showed that
the process of oil flow predominantly in the vertical direction, but there is also some
spreading to the sides (Fig. 2). The ANSYS CFX software was used to simulate the
absorption amount of oil into the ground. The mathematical model uses the standard
Navier-Stokes equations and the k-e turbulence model.
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The Turbulent Schmidt Number of K Coefficients is 1.0, and Epsilon Coefficients is
1.44 for Ce1 and 1.92 for Ce2 [22]. The user determines the properties of oil and the
porous ground to define function. The domain is thin and calculates in a pseudo-2D
setting. It has a length of 0.13 m and a height of 0.04 m. An automatically generated
mesh using the Sweep Method and has approximately 4 � 104 elements. It was found
that all oil flowed into well-permeable sand at a speed of approximately 4 � 10–4 m/h.
This is because the graphitic pressure is stronger than the capillary reaction during the
entire observation time. The lower the height of the oil layer, the weaker it is spreading
to the sides, so the lateral flows weaken downward. Visualization using computer
simulation shows the distribution of oil hydrocarbons in the soil in vertical and hori-
zontal directions. Oil concentration changes are caused by different types of soil,
respectively, different physical properties, particularly bulk density and porosity. Fig-
ures 3 and 4 show oil concentration and oil velocity after 30 days of oil filtration,
respectively.

Fig. 2. Computer visualization of vertical and horizontal oil filtration.

Fig. 3. Visualization of oil concentration for studied soil sample.
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The studies showed that the constructed mathematical model allows to predict the
formation of the pollution front and assessing the size of the contaminated zone: the
depth and width of oil penetration into the soil with the specified properties for a given
time, the speed of movement of the hydrocarbon pollutant in the soil, and the filtration
coefficient determined by its speed. The developed algorithms and process modeling
programs are designed as an information-computing system that allows numerically
analyzing the influence of various physical and mechanical parameters on the char-
acteristics of the filtration process.

The growing danger of soil pollution from accidental spills of oil and oil products
poses environmental protection. The solution to this problem is complicated because
for the assessment of soil pollution, there are still not enough simple models that are
widely used for practical calculations. At the same time, studies of the class of
geofiltration problems have been carried out for a long time and continue to this day.
However, the proposed models are too general; they do not distinguish between sig-
nificant and non-essential factors. For solving this problem, it is necessary to improve
methods for predicting the spread of pollutants, considering the physical and
mechanical mechanisms of interaction of pollutants with each other and with a porous
medium. The constructed model and studies of the spread of pollutants carried out with
its help can be used for practical assessments of the environmental hazard of various
economic objects and in planning environmental protection measures.

5 Conclusions

Among mathematical models described the filtration process and fluid flow, such as
Darcy law, Darcy-Buckingham law, and Buckingham-Richards law, the last of them is
used to model moisture movement in the unsaturated zone. However, volumetric oil
content as a function of location and time t is modeled by investigated equations. From
this point of view, a system of three vectors of input flows of variables describing the

Fig. 4. Visualization of oil velocity for studied soil samples.
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properties of the oil, soil, and environment was proposed for a complete mathematical
description of the process of filtering oil through the soil.

The model of the stochastic process of petroleum hydrocarbons geofiltration
involves obtaining at the output, as dependent variables, contamination level, con-
tamination depth, and oil spot borders. According to the model, the studied parameters
form a vector of time-dependent values and discrete values at a given point in time.

The ANSYS CFX software was used to simulate the absorption amount of oil into
the ground. Numerical solution and visualization using computer simulation showed
the distribution of oil hydrocarbons in the soil in vertical and horizontal directions. The
mathematical model allows to predict the formation of the pollution front and assess the
size of the contaminated zone using the input described in the previous point of these
conclusions.
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Abstract. Circuit solutions of cooling systems by using thermopressors were
developed and analyzed in the article. The efficiency of the thermopressor
application for the charge air cooling system with single-stage compression was
analyzed. A method of the fine water atomization into the charge air by a
thermopressor was proposed for contact cooling of the charge air and ecological
humidification of the charge air at the inlet to the engine cylinders. The use of a
thermopressor makes it possible to realize the effect of thermo-gas-dynamic
compression. This effect increases the pressure while simultaneously decreasing
the temperature during the finely dispersed water evaporation injected into the
airflow, moving near the sound speed. Moreover, contact cooling of the charge
air by using thermopressors does not require complex mechanical spray systems.
The reduction in the power consumed by the compressors was 7–12%, due to
which, in turn, it was possible to increase the power of the internal combustion
engine by 1–2%.

Keywords: Turbocharger � Contact cooling � Internal combustion engine

1 Introduction

The reserves for increasing the internal combustion engine (ICE) efficiency are largely
associated with the improvement of external systems. These systems design to ensure
the optimal initial parameters of the ICE operating cycle and the turbocharging system.
Reduction of the power consumed by the turbocharger (TC) of the charge air provides
the occurrence of the turbine power reserve, which could be transmitted to the engine
shaft or used, for example, to drive an electric generator. Improving the turbocharging
system is one of the promising areas for increasing the efficiency of modern internal
combustion engines.

2 Literature Review

Charge air cooling is used to achieve two goals: increasing the power and reducing the
thermal load of parts of the cylinder-piston group (CPG) of the engine [1–3].
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Air cooling allows to increase air density and hence the air charge mass in the
engine cylinder. Increasing the mass of the air charge in the cylinder allows burning
more fuel and carrying out the main task of boosting – to increase engine power [4–6].

Along with an increase in engine power, air cooling allows improving the operating
conditions of the CPG parts due to a decrease in the temperature of the piston, cylinder
sleeve and cover, and gas exchange components [7, 8].

A diagram of the charge air cooling system with single-stage air compression is
shown in Fig. 1. In modern marine diesel engines, the charge air cooler (CAC) is a heat
exchanger with several heat-consuming circuits: a high-temperature circuit for pro-
ducing low-pressure flow; a low-temperature circuit for heating feed water for steam
boilers; a circuit for a hot water supply and heating system [9], which is cooled with
seawater. Liquid separators (LS) are installed according to CAC.

In modern internal combustion engines, charge air humidification reduces NOx
emissions into the atmosphere [10, 11]. The amount of water supplied to the ICE with
forced air must be 3 times the amount of fuel burned. It can reduce nitrogen emissions
by 70 to 80% [12, 13]. Due to its high heat capacity, water vapor takes away a
significant amount of heat for vaporization, leading to a decrease in the temperature in
the combustion chamber. Given that the rate of NOx formation is directly dependent on
temperature, the more water vapor in the gas mixture in the cylinder, the lower the
temperature is in the combustion zone, and less nitrogen oxides are formed [14, 15].

The use of a thermopressor (TP), which is installed behind the turbocharger, will
partially or completely exclude the use of more structurally complex charge air
humidification systems (HAE – Humid Air Engine).

Fig. 1. Scheme of the charge air cooling system for the medium-speed marine diesel engine: LS
– liquid separator; CAC – charge air cooler; TC – turbocharger; HWS – hot water supply system;
LTC – low-temperature circuit; HTC – high-temperature circuit.
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Thereby, air cooling by using the thermopressor can allow, on the one hand, to
provide intensive cooling of the air, and on the other hand, it will provide much more
efficient atomization of water in a gas flow at speed near sonic.

A known method of using the energy of exhaust gases of the diesel ICE for a gas
turbine drives the compressor for air pressure increase (more boost pressure). An air
cooling system is used to decrease the temperature of the compressed air, first in the
water charge air coolers, and then in the expansion process in a turbo expander to the
required pressure engine boost [16, 17]. The feasibility of using excess energy of
exhaust gases from diesel ICE in turboexpander refrigerating machines for preliminary
cooling of the outside air at the turbocharger inlet has been proposed [18, 19].

The studies [20] showed that the complex use of intermediate surface cooling and
additional contact cooling by water injection of charge air during compression in a
second-stage compressor followed by expansion in an expander (air refrigeration
machine) had provided deep cooling the charge air. Respectively, it contributed to the
reduction compressor power of the second stage and, consequently, the receiving of
additional power of the TC turbine.

The thermo-gas-dynamic compression (thermopression) effect makes it possible to
combine two processes: contact cooling of charge air and pressure increase, which
reduce the cost of compressor power [21]. Thermopression increases gas pressure in the
process of instantaneous evaporation of water injected into a gas (air) flow, which is
accelerated to a speed close to sound [22–24]. In this case, heat is removed from the
charge air to evaporate water, due to which its temperature decreases. The thermo-
pressor is a compact jet device that is significantly superior in size to other surface and
contact-type cooling devices. It provides a slight increase in pressure. Efficient water
atomization occurs due to the combined action of turbulization of the accelerated
airflow and instantaneous evaporation [25].

The complex use of internal air cooling in the compressor (and at the compressor
inlet) of a turbocharged unit was proposed using heat-using refrigerators for deep
cooling of the charge air [26, 27]. Such an integrated system made it possible to
provide optimal air parameters at the inlet to the engine cylinders and redistribute the
components of the thermal and energy balance in the direction of increasing the internal
combustion engine performance [28, 29]. Also, the comprehensive use of up-to-date
technologies in designing energy-efficient technologies are presented in [30, 31].

3 Research Methodology

In technology, processes are widely used in which the movement of gas through
channels occurs under various external influences. There are the following external
influences: change in the cross-sectional area of the channel; energy exchange with the
environment in the form of mechanical energy transfer or heat transfer; friction to the
channel walls; change in gas flow character due to the liquid supply into the flow;
processes of mechanical and thermal interaction of liquid droplets and gas flow, etc.

Intensive supply causes an increase in aerodynamic resistance, and heat removal
causes a decrease. With intensive heat removal and appropriate organization of the
working process, it is possible to significantly reduce the resistance and increase the
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total pressure in the gas flow. Due to the thermal effect (heat removal), the gas flow is
compressed. Due to the removal of heat from the gas flow, the device, an increase in
the total gas pressure occurs, was called a thermopressor.

Heat removal can be carried out by contact heat exchange through the channel
walls, and evaporative cooling of cooling water injected into the gas flow. The pos-
sibility of the process with an increase in the total pressure of the flow during evap-
orative cooling was first theoretically shown in 1946 by L.A. Vulis [32].

In the real thermopressor, the gas expansion process takes place in a well-profiled
channel almost adiabatically. Finely atomized water is supplied in the confuser part of
the thermopressor, where the gas flow moves at a speed of (0.5–0.9) M. The interaction
of these flows occurs in the evaporation area. It is followed by the acceleration and
fragmentation of droplets and a certain deceleration of the gas flow, heating and
evaporation of droplets, and gas cooling. A two-phase flow is formed, moving at high
speed, in which the processes of heat and mass transfer, changes in the composition of
the vapor-gas-liquid mixture, and all flow parameters take place. These processes
continue in the thermopressor diffuser, where general deceleration of the flow and an
increase in static pressure occur.

It is possible to conclude that the thermopressor use in the charge air cooling
system is advisable, while it is possible to ensure a high intensity of the cooling process
(with smaller dimensions of the heat exchanger) and highly efficient water spraying.

The calculation methodology formed the basis of the developed software package
was based on the theory of thermo-gas-dynamic compression (thermopression) [22,
24], design and experimental research of the thermopressor [25, 33]. Water flow is
supplied to the confusor part of the thermopressor and finely sprayed by using special
nozzles.

A comparative-calculation method of research was used in this work to determine
the thermodynamic and energy efficiency of a thermopressor cooling system as part of
a power plant. A proprietary software package was developed to use this method, and it
allows:

1. to simulate working processes in a thermopressor;
2. to calculate the main structural elements of the thermopressor;
3. to calculate the energy efficiency and main indicators of the engine when using

thermopressor cooling systems, taking into account changes in climatic and
hydrometeorological conditions and particular operating modes of the power plant.

The results of experimental and theoretical studies [23, 24] allowed concluding that
an increase in total pressure by 20% is quite achievable. Experiments carried out on
small thermopressor models, and high inlet temperatures have shown that the relative
effect of thermo-gas-dynamic compression may be up to 15%.

The calculation of thermo-gas-dynamic compression was carried out according to
the methods [23, 33]. The total pressure increase in the thermopressor is determined by
the equation [34]:
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where l/D is the ratio of the length to the diameter of the mixing chamber; atph is a
two-phase flow sound speed; nloc, ntr – resistance coefficients: local and friction along
the length.

The calculation of the processes of heat and mass transfer during the droplet
evaporation in the thermopressor working chamber was carried out according to the
classical equations by the well-known methods [34–36].

A schematic solution of the charge air cooling system with thermopressor cooling
was developed and analyzed in this paper. A diagram with the thermopressor use as a
CAC for the main turbocharger is shown in Fig. 2.

The air is sucked by a single-stage turbocharger (TC) and compressed to a pressure
less than the pressure at the inlet to the internal combustion engine cylinders. After that,
air with high temperature and pressure enters the thermopressor (TP) for evaporative
cooling. The air temperature is significantly reduced. At the same time, the pressure is
increased due to the effect of thermo-gas-dynamic compression to the required value
corresponding to the engine inlet. The additional air temperature decrease is carried out
in the charge air coolers (CAC).

Fig. 2. Scheme of the charge air cooling system by using thermopressor: LS – liquid separator;
CAC – charge air cooler; TC – turbocharger; TP – thermopressor; AI – air intercooler; RT –

recovery turbine
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The scheme analysis was carried out about the standard classical schemes for cooling
the charge air in single-stage turbochargers. The calculations were carried out for a
medium-speed engine 5L21/31 from MAN B&W (Ne = 1000 kW, n = 1000 min−1).

The research aims to analyze the thermodynamic efficiency increase of the internal
combustion engine by cooling the charge air with a thermopressor. As a result of the
thermopression effect, the air pressure is increased, the compressor power for com-
pressing air is reduced, the air charge mass is increased, and correspondingly, the
power in the internal combustion engine is increased.

4 Results

The pressure increase at the thermopressor outlet DPtp significantly depends on the
temperature decrease during cooling Dttp. Therefore, the air temperature at the inlet ttp1
is important. The air temperature at the inlet of the thermopressor corresponds to the
discharge air temperature of the turbocharger. The air temperature at the inlet of the
thermopressor is ttc = 150–240 °C. The higher the temperature behind the tur-
bocharger, the higher the temperature at the inlet, and the degree of pressure increase pc
in the turbocharger.

The minimum temperature at the outlet of the TP ttp2 was taken to be a temperature
2–3 °C higher than the dew point temperature. The air temperature in the thermo-
pressor was ttp2 = 60–92 °C. The temperature difference in the thermopressor (cooling)
is Dttp = ttp1 – ttp2 = 90–170 °C. However, it is advisable to estimate the temperature
decrease by the temperature ratio DTd = (Ttp1/Ttp2) = 1.27–1.47.

The thermopression effect will be higher with increasing temperature ratio DTd. The
pressure increase was DPtp = 15–22% (Fig. 3a) for an “ideal” thermopressor (pressure
losses to overcome hydraulic resistances are not taken into account), and the pressure
increase was DPtp = 9–17% (Fig. 3b) for the “real” thermopressor. Higher pressures
correspond to higher outlet temperatures (45–55 °C). The increase in air pressure at the
outlet of the thermopressor decreases the degree of pressure increase pc of the tur-
bocharger. For example, with a total degree of pressure increase pc = 4.6, the degree of
pressure increase for a turbocharger decreases to pc = 4.0–4.1, and with a total degree
of pressure increase, pc = 3.0 to 2.7–2.8.
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Fig. 3. Dependences of the total pressure relative increase in the “ideal” thermopressor
DPtp = Ptp2/Ptp1 (a) and the “real” thermopressor (b) at different degrees of pressure increase pc
on the inlet air temperature tair.
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On the other hand, an increase in the inlet air temperature increases the compression
work and, as a consequence, the turbocharger power is increased too. With one-stage
compression, the decrease in power DNtc increases from 12 to 28 kW (Fig. 4, a) or
from 7 to 12% (Fig. 4, b) depending on the degree of pressure increase pc, and from 1.2
to 3.0% (Fig. 5) relative to engine power.

The water consumption required for complete evaporation in the thermopressor Gw

is 0.06–0.12 kg/s or 2–4% relative to the charge air consumption (Fig. 6).
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Fig. 4. Dependences of the turbocharger power decrease DNtc (a), (b) at different degrees of
pressure increase pc on the inlet air temperature tair.
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Fig. 5. Dependences of the relative increase in the ICE power DNe at different degrees of
pressure increase pc on the inlet air temperature tair.
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Fig. 6. Dependences of the water consumption Gw in the thermopressor at different degrees of
pressure increase pc on the inlet air temperature tair
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It can be concluded from the above analysis that it is advisable to use a thermo-
pressor in the one-stage air compression scheme.

Condensate from the liquid separator (LS) should be used for injection into the
thermopressor (Fig. 2).

5 Conclusions

A method of the fine water atomization in the charge air by using a thermopressor was
proposed to contact cooling and ecological humidification (to reduce the emission of
nitrogen oxides NOx) of the charge air the inlet to the internal combustion engine
cylinders. Moreover, contact cooling of the charge air by using thermopressors does
not require complex mechanical spray systems.

The use of thermopressors in charge air cooling systems makes it possible to reduce
the power consumed by the compressors Ntc for a single-stage boost system by 7–12%,
due to which the engine power is increased by 1–2% depending on the inlet air
temperature tair and degree of pressure increase pc. The effect of the charge air cooling
by using thermopressor increases with an increase in the air temperature tair at the
turbocharger inlet: the value of the TC power Ntc is decreased with a corresponding
increase in engine power.

The relative (referred to the airflow consumption) water mass flow consumption,
which should be injected with its complete evaporation into the thermopressor, was
determined, which amounted to 2–4%.
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Abstract. The paper focuses on the estimation of kinematic parameters of the
oscillatory system of the shaking conveyor-separator. Unlike the traditional
shaking conveyors, the proposed machine is equipped with two working
members. The upper one is designed as a shaking screen, below which there is
installed a conveying tray. The mesh dimension of the screen can vary in a wide
range and depends on the products to be separated. The angle of vibration of the
working members and the ratio between the amplitudes of horizontal and ver-
tical oscillations can be changed according to the technological requirements by
changing the length of the pusher of the driving crank mechanism. The equa-
tions describing the motion of the oscillatory system of the shaking conveyor-
separator are derived. Using the derived equations, the numerical modeling of
the system’s oscillations is carried out in MathCad software. Basic kinematic
parameters of the screen and the tray, particularly their horizontal and vertical
displacements, velocities, and accelerations, are analyzed. Using the solid model
of the shaking conveyor-separator designed in SolidWorks software, the simu-
lation of the oscillatory system’s motion is performed. The results of the sim-
ulation are presented in the form of time dependencies of the corresponding
kinematic parameters. The agreement of the results of numerical modeling and
computer simulation is analyzed.

Keywords: Crank mechanism � Shaking screen � Vibrating conveyor �
Numerical modelling � Simulation � Velocity � Acceleration

1 Introduction

The sustainable development of any industry cannot be provided without its automa-
tion. The latter ensures the improvement of manufacturing productivity and products
quality, the increase of resource-use efficiency, the reduction of the total costs of the
final products, etc. One of the most perspective directions of automation of manu-
facturing and technological processes is implementing vibratory equipment.

Vibratory machinery and technologies are fundamentally different from the tradi-
tional (non-vibratory) means of industrial automation. Using vibrational principles
while designing new machinery and implementing new technologies allows for
obtaining tangible results to improve their energy efficiency, productivity, reliability,
etc. Further development of such prospective means of automation can solve the
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significantly important problems of creating environmentally-friendly and energy-
efficient technologies. The paper aims to develop and investigate a vibratory machine
for simultaneous conveying and separating various loose and bulky products.

2 Literature Review

Among a great variety of vibratory machines, the shaking (reciprocating) conveyors
with directed (rectilinear) oscillations of the working members are of the most struc-
turally simple ones [1]. The paper [2] analyzes the influence of design and operational
parameters on the dynamic behavior of a shaking conveyor with a centrifugal vibration
exciter. Modeling the process of conveying various loose and bulky products has been
carried out in [3]. In the paper [4], the author considered the possibilities of reducing
the influence of the eccentric vibration exciter of the double-mass vibratory conveyor
on the ground, ensuring optimal conveying conditions. The single-mass oscillatory
system of a vibratory conveyor with the optimized set of springs is investigated in [5].
The problems of reducing energy losses during the operation of vibratory conveying
and screening machines are thoroughly studied in [6]. In the paper [7], the authors
analyzed the process of self-synchronization of inertial vibration exciters.

The paper [8] considers the design and operational peculiarities of the double-track
reciprocating conveyor with straight-line oscillations of the working elements. The
possibilities of the amplitude-frequency control of electromagnetically driven vibratory
conveyors are studied in [9]. The mathematical model, computer simulation results, and
experimental investigations of the operation of a linear resonant vibratory conveyor are
presented in [10]. In the paper [11], the authors analyzed the operational efficiency and
dynamic behavior of vibro-impact systems with pulsed electromagnetic excitation. The
possibilities of modernization of single-frequency vibratory systems and the imple-
mentation of dual-frequency ones are considered [12]. The novel design of a vibratory
conveyor and simulation results of its kinematics is presented in [13]. The single-mass
oscillatory system of the shaking conveyor with crank-and-rod vibration exciter is
investigated in [14]. The kinematics and the dynamic behavior of the shaking con-
veyor, as well as the stress-strain state of its elements, are considered in [15]. The
research study [16] describes the kinetic-energy parameters of the elements of the
shaking conveyor. The paper [17] considers the kinematic and dynamic analysis of the
six-link oscillating mechanism of the shaking conveyor.

The design and operational peculiarities of the eccentric-pendulum-type vibrating
table are analyzed in [18]. The simulation and experimental testing of the linear
vibratory conveyor are carried out in research [19]. In the paper [20], the authors
studied different operational conditions of a vibratory conveyor for bulky products. The
paper [21] is dedicated to the kinematic and dynamic analysis of the three-mass
vibratory system with crank excitation mechanism.

Although mathematical modeling and computer simulation of kinematics and
dynamics of shaking (reciprocating) conveyors have already been thoroughly investi-
gated in numerous publications, the novelty of the present paper consists in improving
the general design, and analysis of operational peculiarities and kinematic character-
istics of the single-degree-of-freedom shaking conveyor-separator equipped by two
working members: the separating screen and the conveying tray.
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3 Research Methodology

3.1 Design Diagram of the Conveyor-Separator

Let us consider the design and operational peculiarities of the proposed shaking
conveyor-separator with eccentric drive (Fig. 1) constructed based on the single-mass
oscillatory system with directed (rectilinear) vibrations of the working members (the
screen 6 and tray 1). Unlike the traditional shaking conveyors, the proposed machine is
equipped with two working members. The upper one is designed as a shaking screen 6,
below which a vibrating conveyor is installed (conveying tray) 1.

The products of various types (piecewise, loose, bulky, etc.) are conveyed along
with the shaking screen 6. Screen 6 and conveyor 1 are attached to the corresponding
oscillating rods (rockers) 7 and 2 with the help of hinged-elastic elements (rubber-metal
sleeves). The rockers 2 are hinged at their middle sections on the unmovable base
(machine’s body) 3. The movable frame 4 of the driving crank mechanism 5 is
hingedly joined with the lower ends of the oscillating rods (rockers) 2. The electric

Fig. 1. The proposed design of the shaking conveyor-separator: 1 – conveying tray; 2, 7 –

oscillating rods (rockers); 3 – machine’s body; 4 – movable frame; 5 – driving crank mechanism;
6 – separating screen.
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motor and the eccentric shaft of the drive are mounted on the machine’s body (un-
movable base) 3. To transmit the torque from the motor shaft to the eccentric shaft
(crank) of the vibration exciter, a belt transmission is used.

Considering the necessity of equipping the shaking conveyor by the additional
separating system 6, there is proposed to use the system of intermediate oscillating rods
(rockers) 7. The shaking screen (separator) 6 is hinged on the rockers 7 using the
rubber-metal sleeves (hinged-elastic elements). The oscillating rods 7 are hinged on the
machine’s body 3 at their lower ends and are hingedly joined with the conveying tray 1
at their middle sections.

The operation of the proposed conveyor-separator is performed as follows. The
rotating shaft of the electric motor sets into motion the eccentric shaft of the crank
mechanism through the belt transmission. The crank is hingedly joined with the
pushing rod of the vibration exciter 5. The pushing rod sets into oscillatory motion the
frame 4, transmits the oscillations to the working member (conveying tray) 1 utilizing
the rockers 2. Using the rockers 7, the oscillations are transmitted from the conveying
tray 1 to the shaking screen (separator) 6. Taking into account the fact that the initial
(neutral) position of the crank mechanism is characterized by the inclination angle b of
the rockers 2 and 7 relative to the vertical axis, there are provided the directed (rec-
tilinear) oscillations of the conveying tray 1 and the separating 6 at the same angle b
relative to the horizontal axis.

The use of the shaking screen 6 ensures the possibility of separating the mixture of
bulky, loose, or piecewise products into components of different sizes depending on the
mesh dimension of the screen. The larger components are conveyed by separator 6,
while the smaller ones are screened through separator 6 and are conveyed by the
vibrating tray 1. Using changing the angular velocity of the driving motor’s shaft, it is
possible to control the frequency of forced oscillations of the working members
(separating the screen and conveying tray). The kinematic parameters of the machine’s
oscillatory system influence the conveying regime – detached (lifted-off) or non-
detached. It allows controlling the operation of the vibratory conveyor according to
different technological requirements depending on the product type (loose, bulky,
piecewise products etc.).

3.2 Kinematic Analysis of the Oscillatory System

The kinematic diagram of the eccentric drive of the shaking conveyor-separator with
directed (rectilinear) oscillations of the working members is presented in Fig. 2. The
driving (exciting) mechanism consists of the crank (eccentric shaft) 1. The crank is
hinged on the machine’s body 0 at its one end (point O), while the other end (point A)
is hingedly joined with the pushing (connecting) rod 2. The latter is hingedly joined
with lever 3 at point B. The levers 3, 6, and rockers 4, 5 form a parallelogram-type
(parallel link, pantograph-type) mechanism. The links (rockers) 4 and 5 are set into
rotary motion, while the other links (levers) 4 and 5 are set into the reciprocating
motion. The crank (eccentric shaft) 1 rotates about the hinge O, setting into oscillatory
motion the pushing (connecting) rod 2; the generalized coordinate u characterizes the
crank’s rotation. Unlike the existent shaking conveyors, the proposed machine is
equipped with the additional parallelogram-type (parallel link, pantograph-type)
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mechanism LNQRPM, which is joined with the machine’s body using the hinges L and
M. The hinges N and O of the mechanism are joined with a lever 6 (attached to the
conveying tray). The lever 9 (attached to the separating tray) is hingedly joined with the
rockers 7 and 8 at the points Q and R.

Analyzing the kinematic diagram of the oscillatory system (Fig. 2), it can be
concluded that the system consists of ten links: fixed member (stationary base) 0 and
nine movable links: crank 1, connecting rod 2, levers 3, 6, 9, rockers 4, 5, 7, 8. All the
links are joined in pairs with the help of fifteen revolute kinematic pairs of the fifth class
– cylindrical hinges O, A, B, C, D, E, F, G, K, L, N, Q, R, P, M. The degree of freedom
of the considered oscillatory system is equal to one. Therefore, to describe the
mechanism’s motion, it is necessary to prescribe one generalized coordinate, e.g., the
angle u. For further kinematic analysis, let us adopt the coordinate system Oxy with the
origin at point O (Fig. 2). The Ox axis is directed perpendicularly to the rockers 4, 5, 7,
8, i.e., at the angle b with the horizontal axis.

Taking into account the large length of the pushing (connecting) rod 2 relative to
the eccentricity value (the length of the crank 1), we can neglect the displacement of the
hinge B along the Oy axis (Fig. 2). In such a case, we can assume that point B and the
working members of the conveyor-separator perform the directed (rectilinear) oscil-
lations at the angle b with the horizontal axis due to the rotation of the eccentric shaft
(crank 1). Using the method of closed vector loops, let us derive the equation of motion
of the hinge B setting the angle u as the angle of inclination of the crank OA relative to

Fig. 2. Kinematic diagram of the oscillatory system of the shaking conveyor-separator
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the positive direction of the Ox axis. Constructing the closed vector loop in the form of
the triangle DOAB and using the cosine law, we obtain:

AB2 ¼ OA2 þOB2 � 2 � OA � OB � cos\AOB ¼ OA2 þOB2 � 2 � OA � OB � cosu:
ð1Þ

Using the Eq. (1), let us determine the length of the OB side of the triangle DOAB,
which defines the xB coordinate of the hinge B:

AB ¼ xB ¼ OA � cosuþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

AB2 � OA2 � sin2 u
q

: ð2Þ

Prescribing the law of changing the angular coordinate u ¼ u tð Þ and setting the ratio
between the lengths KF GEð Þ and FC EDð Þ, let us derive the law of oscillatory motion
of the lower working member (conveying tray) caused by rotation of the eccentric shaft
(crank):

Ac:t: tð Þ ¼ �xB tð Þ � KF
FC

¼ � OA � cosu tð Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

AB2 � OA2 � sin2 u tð Þ
q

� �

� KF
FC

: ð3Þ

Taking into account the necessity of equipping the conveyor by the separating screen
set into motion by the shaking tray with the help of parallelogram-type (parallel link,
pantograph-type) mechanism, let us derive the law of oscillatory motion of the upper
working member (separating screen):

As:s: tð Þ ¼ �xB tð Þ � KF
FC

� QN
NL

¼ � OA � cosu tð Þþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

AB2 � OA2 � sin2 u tð Þ
q

� �

� QN
FC

;

ð4Þ

where KF ¼ NL taking into account the structural peculiarities of the parallelogram-
type (parallel link, pantograph-type) mechanism.

Differentiating the Eqs. (3) and (4) concerning time t, it is possible to determine the
laws of changing the velocities and accelerations of the working members. It is useful
to know the horizontal and vertical projections of the corresponding kinematic
parameters in most cases. Taking into account the inclination angle b of the oscillating
rods relative to the vertical axis (i.e., the vibration angle), let us derive the expressions
for calculating the corresponding displacements:

Ac:t:hor: tð Þ ¼ Ac:t: tð Þ � cos b; Ac:t:vert: tð Þ ¼ Ac:t: tð Þ � sin b; ð5Þ

As:s:hor: tð Þ ¼ As:s: tð Þ � cos b; As:s:vert: tð Þ ¼ As:s: tð Þ � sin b: ð6Þ
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4 Results

4.1 Results of Numerical Modeling

To carry out numerical modeling of the oscillatory system’s motion, let us set the
following input data: the angle of inclination of the conveying tray and the shaking
screen relative to the horizontal axis a ¼ 0�; the working frequency
m ¼ 8:33 Hz 500 rpmð Þ; the lengths of the mechanism’s links OA ¼ 5:8 mm,
B ¼ 346mm, NL ¼ KF ¼ GE ¼ PM ¼ FC ¼ ED ¼ 72:5 mm, QN ¼ RP ¼ 205 mm;
the vibration angle b ¼ 31�; the law of changing the angular position of the crank
(eccentric shaft) u tð Þ ¼ 2 � p � m � t � 52:4 � t. Substituting the input data into Eqs. (5)
and (6), let us plot the time dependencies of the kinematic parameters of the working
members of the conveyor-separator using MathCad software (Fig. 3).

Fig. 3. Results of numerical modeling of the oscillatory system’s motion: x1, y1, x2, y2 –

horizontal and vertical displacements of the tray (1) and the screen (2); x1′, y1′, x2′, y2′ –
horizontal and vertical velocities of the tray (1) and the screen (2); x1″, y1″, x2″, y2″ – horizontal
and vertical accelerations of the tray (1) and the screen (2)
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4.2 Results of Computer Simulation

To analyze the correctness of the derived analytical expressions describing the motion
of the oscillatory system of the shaking conveyor-separator, let us carry out the
computer simulation of its operation using the corresponding solid model designed in
SolidWorks software (see Fig. 1). The simulation results (Fig. 4) are presented in the
form of time dependencies of the corresponding kinematic parameters (displacements,
velocities, and accelerations) of the working members.

Fig. 4. Results of computer simulation of the oscillatory system’s motion: X1, Y1, X2, Y2 –

horizontal and vertical displacements of the tray (1) and the screen (2); X1′, Y1′, X2′, Y2′ –
horizontal and vertical velocities of the tray (1) and the screen (2); X1″, Y1″, X2″, Y2″ –

horizontal and vertical accelerations of the tray (1) and the screen (2)
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Analyzing the obtained time dependencies (Fig. 3 and Fig. 4), it can be concluded
that the relations between the amplitudes, velocities, and accelerations of the working
members (separating the screen and conveying tray) depend on the lengths of the
corresponding oscillating rods. When the length of the link QN is larger than the length
of the link NL, the amplitude values of the kinematic parameters of the separator
exceed the ones of the conveying tray (Figs. 3 and 4). If the ratio QN=NL\1, the
amplitude values of the amplitudes, velocities, and accelerations of the separator are
smaller than the ones of the conveying tray.

5 Conclusions

In the present paper, the improved design of the shaking conveyor is equipped with an
additional separating screen. It ensures the possibility of separating the mixture of
bulky, loose, or piecewise products into components of different sizes depending on the
mesh dimension of the screen. The larger components are conveyed by the separator,
while the smaller ones are screened through the separator sieve and are conveyed by
the vibrating tray.

Based on the proposed design of the shaking conveyor-separator, the kinematic
diagram of its oscillatory system is developed, and the equations of motion of the
working members (separating the screen and conveying tray) are derived. Using the
derived equation, the numerical modeling of the oscillatory system’s motion is carried
out in MathCad software. To substitute the correctness of the theoretical investigations,
the computer simulation of the machine’s operation is performed using its solid model
designed in SolidWorks software. The results of numerical modeling and computer
simulation are in satisfactory agreement. For the case of the crank length equal to
5.8 mm and the vibration angle b = 31°, the amplitudes of horizontal oscillations of the
working members are about 15 mm (for the separating screen) and 5 mm (for the
conveying tray); the corresponding vertical amplitudes are about 9 mm and 3 mm. The
maximal vertical acceleration of the shaking screen is about 27 m/s2, and of the con-
veyor – 9 m/s2. It ensures effective screening of loose and bulky products in detached
(lifted-off) separating regimes and, at the same time, effective conveying of the sepa-
rated (screened) products along with the tray under non-detached conditions.

Considering the simplifying assumptions applied during numerical modeling and
computer simulation, in further investigations on the paper’s subject, it is necessary to
carry out experimental testing of the machine prototype.
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Abstract. An overwhelming number of defects occur for production reasons
due to technology deficiencies. The thermal-impulse method allows you to
flexibly automate the cleaning operations from technological contaminants in
particles, burrs and quickly wearing out part of the microrelief when obtaining a
close to the absolute degree of cleaning surfaces and edges the listed liquids.
The technological capabilities of thermal-impulse treatment, control parameters,
and factors on which the rational choice of processing modes for machine parts
and mechanisms depend are considered. The factors influencing the determi-
nation of the optimal modes of cleaning the edges and surfaces of the parts and
the factors allowing to form the technical characteristics of the heat source and
equipment as a whole, realizing the optimal modes with self-regulation prop-
erties, have been determined and systematized. Parts were analyzed after pro-
cessing by thermal impulse method and for comparison with thermochemical.
Therefore, detonating gas technologies are the most attractive because of their
versatility and flexibility concerning parts with complex configurations of
internal and external surfaces.

Keywords: Edge rounding � Thermal-impulse process � Temperature field �
Thermophysical properties � Burrs

1 Introduction

An integrated approach to ensuring the quality of aerospace technology provides for
technological support that excludes the negative impact of related phenomena on
product quality. Negative accompanying phenomena of technological processes are the
cause of hidden defects that appear in operation. These defects include primary tech-
nological pollution in the form of microparticles, a rapidly wearing part of the surface
microrelief, burrs on the surfaces and edges of parts. The most massive contamination
of hydraulic systems occurs at the beginning of the operation of products with particles
less than 5 µm. According to statistical data, most aircraft hydraulic system failures
associated with pump failure, jamming of distribution and control devices, and
increased wear of critical parts occur due to technological pollution. Therefore, one of
the most important measures to ensure aircraft units’ reliability and the service life is to
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fulfill the requirements for industrial cleanliness of unit parts and hydraulic systems
during production and operation. A distinctive feature of the production of aircraft units
is to ensure their minimum weight, the use of a variety, including high-strength
materials: aluminum, steel, titanium alloys, alloys based on copper, plastics, and rub-
ber, and high precision manufacturing of slide and plunger pairs, gears and other parts.
The nomenclature of parts at one enterprise can amount to several tens of thousands for
a small-scale type of production, and the nomenclature of used materials exceeds more
than a hundred items. All this leads to the overwhelming number of defects occurring
for production reasons due to technology deficiencies. So, according to statistics, 85%
of removal from bench tests of GTE engines occurs due to poor performance of
technologies for finishing and cleaning the surfaces of parts from technological pol-
lution [1]. More than one hundred and twenty finishing and cleaning treatment methods
are known, using mechanical, chemical, various physical processes. Detonating gas
technologies are the most attractive because of their versatility and flexibility for parts
with complex configurations of internal and external surfaces.

2 Literature Review

Mechanical treatment is not only a means of ensuring the accuracy of the dimensions of
the product but is also a source of technological contamination in the form of burrs,
microparticles, and a rapidly wearing part of the microrelief [2–4]. The paper [3]
analyzed micro-milling’s particular characteristics through a systematic series of
experiments, including cutting forces, vibrations, burr formation, and surface quality.
Burr formation mechanism in [4] was studied via 3D finite element simulation together
with experimental observations. The paper [5] investigated the effect of vibration
applied in the feed direction on the burr generation mechanism in vibration-assisted
micro-milling. In [6] proved that the main purpose of the cutting parameters opti-
mization of micro-milling is to avoid cutting parameters locating in the strong edge-
size-effect zone. The study [7] aimed to identify the reasons and conditions behind the
burr formation and investigate the effect of machining conditions, tool wear, and tool
coating on the amount of burr formation. In [8], the burr values increase with the
curvature for the top burrs because of the expanded plowing region due to the curvature
effect. Thereby, it is impossible to avoid burr formation in cutting [5–8], and their
complete removal with a razor tool is impossible because its use leads to the formation
of smaller secondary burrs [4, 7, 9]. Withal the thermochemical method has become
widespread. A combustible gas mixture with an excess of oxygen (up to 50%) is used
as a heat source. This method allows you to remove burrs from parts of any shape, from
small diameter holes, at the intersection of channels, i.e., where there is access to a
combustible mixture. No additional burrs are formed during processing [2]. The
advantages also include high productivity, versatility, flexibility [10], the ability to
automate the process, the stability of processing results, a wide range of processed
materials by changing the ratio of components and the mass of the combustible mixture
[11, 12]. When using the thermochemical method, the burrs are melted simultaneously
with oxidation. The release of combustion products from the working chamber is
carried out after 3…10 s when changing the bottom with parts. Prolonged contact of
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combustion products with the workpieces leads to their cooling and the condensation of
oxides on the surfaces of the workpieces, tooling, and working chamber. Figure 1
shows a classic view of a steel part after thermochemical treatment. The gas detonation
method differs from the thermochemical method in that detonating mixtures are used
without an excess of oxidant. With this method, the burrs are melted simultaneously
with partial oxidation [13]. On the surfaces of parts, in addition to oxides, melted
liquids settle in the form of spherical drops, which are removed by a repeated cycle
with detonating stoichiometric gas mixtures of lower pressure.

This negative phenomenon leads to additional heating of parts, an increase in the
cost of processing, and a decrease in the service life of the seals of the replaceable
bottoms of the working chamber. The thermal-impulse method differs from the ther-
mochemical method in that thermophysical processes are dominant. At the same time,
burrs and other technological contaminants are removed by melting, followed by con-
trolled discharge of combustion products from the working chamber before they begin
to condense on the surfaces of the workpieces. This method was developed for cleaning
surfaces and edges after mechanical processing of high-precision parts of aircraft
assemblies and instruments, which are characterized by high accuracy and the presence
of microparticles [14], the use of high-strength materials, a complex configuration of
internal and external surfaces, minimal weight and other features. Figure 2 shows a
typical view of a part of an aircraft unit after thermal pulse treatment. The advantages of
the method include flexibility, high productivity, a combination of cleaning and fin-
ishing operations on surfaces and edges, the ability to process complexly shaped high-
precision parts, including parts of fuel equipment and parts of clockwork (Fig. 3).

A feature of the thermal pulse method is removing contaminating particles and
burrs of a given thickness by adjusting two technological parameters - heat flux density
and heating time [15]. It makes it possible to eliminate damage to structural elements of
parts by self-regulation of the reflow process.

Fig. 1. Gear after thermochemical removal of burrs.

Fig. 2. Gear appearance after thermal-impulse treatment.
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3 Research Methodology

Thermal-impulse treatment of parts of hydraulic and fuel systems makes it possible to
reliably clean from primary technological contaminants, including the quickly wearing
part of microroughness, which significantly increases the reliability and durability of
aircraft hydro-fuel units in operation. The technological subsystem of thermal-impulse
treatment includes processes of various nature that occur in the processed parts and
equipment. Each of these processes is influenced to one degree or another by many
circumstances, which are given in Table 1. When forming the optimal processing
conditions for specific parts, it is necessary to solve a contradictory task – to melt liquid
and removable parts and avoid negative consequences from exposure to high-
temperature and aggressive gas combustion products. Such conditions can be met by
coordinating the characteristics of the heating source and the part with the subsequent
organization of the process of local removal of liquids. The thermal-impulse method
allows avoiding or minimizing the negative consequences of the contact of combustion
products with the processed parts due to a time-dosed heat impulse. The essence of
impulse technologies is to create conditions under which the energy in the impulse
source is exactly as necessary to perform useful work on the part. Ideally, the energy
available to the equipment and the required for the technological process should be
equal. Lack of energy excludes processing, and excess – leads to the melting of larger
elements or damage to the part. The established regularities of the temperature variation
of the part’s elements are given depending on their thickness and thermophysical
properties of materials at the optimal heating time [16, 17]. Such regular dependencies
are individual for all materials. They consider the thermophysical features of materials
and the geometric parameters of the elements of parts. The design features of parts are
determined by the functional purpose and the corresponding requirements for surfaces
and edges, which inevitably lead to the need to correct the calculated dependencies
(modes) for materials. The calculated modes of processing parts are the initial data for
setting up equipment.

4 Results

Considering the peculiarities of aircraft production and operation of equipment, sub-
jective factors should be excluded when developing processes for thermal-impulse
treatment. Therefore, the systematization and analysis of factors carried out based on

Fig. 3. Details of watch mechanisms after thermal-impulse treatment.
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the fundamental laws of thermal physics, thermodynamics, the results of studies of
detonation combustion of gas mixtures, supplemented by the necessary conditions for
solving the set technological problems, made it possible to determine scientifically
substantiated conditions for thermal-impulse treatment of specific parts.

Optimization of technological modes in the form of temperature fields is performed
by calculation using physical and mathematical models of heating liquids, heat-stressed
elements, and an array of parts. The heat supplied from the energy source to the part
and the removed elements are determined by the following relationship:

F
Z sn

s1

Z qn

q1

dqds ¼ Q;

where F – is the area of surfaces receiving heat, q – is the density of the heat flux, s – is
the processing time, Q – is the amount of heat used to heat the burrs (parts, working
chamber, fixtures [18, 19]).

It was theoretically established that the optimal processing time implements the
condition of the minimum heat flux density (heat consumption) and depends only on
the thermal-physical properties of the material and the thickness of the removed ele-
ment. The temperature of the part’s elements depends on the magnitude of the heat flux
(power of the heating source) and the heating time. In research work [1], examples of

Table 1. Factors affecting ensuring optimal quality of parts and determining treatment modes.

Part Equipment

- the melting temperature;
- specific heat of fusion;
- thermal conductivity;
- heat capacity;
- material density;
- dimensions of the edges rounding radius;
- the presence of thin-walled elements;
- the presence of different wall thicknesses;
- the presence of intersecting channels;
- the value of roughness;
- requirements for the microrelief of surfaces;
-requirements for the initial roughness of the
surfaces forming the edges;
-requirements for the quality of edge rounding;
-requirements for the accuracy and cleanliness of
surfaces;
- overall dimensions;
- mass;
- surface area

- overall dimensions of the combustion
chamber and volume;
- chemical composition of the combustible
mixture;
- gas mixture combustion mode;
- parameters of combustion products;
- chamber loading density;
- the surface area of the combustion
chamber, fixtures, and parts;
-the volume of fixture and parts;
-accuracy of dosing components of the gas
mixture;
- the pressure of the combustible mixture;
- the calorific value of fuel;
- the speed of the combustion products
exhaust system;
- combustion chamber surface temperature

Determine the optimal: treatment time, source
power

Provide the optimal: treatment time,
source power
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regular changes in the temperature of various materials from the thickness of the
elements are given at the optimum processing time. These regular dependencies are
individual characteristics of each material and allow you to set the modes of material
processing and, accordingly, the technical characteristics of the equipment. But for
high-quality processing of parts, the design features of the parts should be taken into
account: the presence of different wall thickness, thin-walled elements, the require-
ments for the dimensions of the edge radii, the requirements for the cleanliness of
surfaces and microrelief, which determine the conditions for the necessary correction of
the modes, as a rule, in the direction of tightening in time and accuracy. To provide the
required heat flux density and the optimal processing time, it is necessary to consider
the total surface area in contact with the combustion products. The process of thermal-
impulse treatment always occurs with excess thermal energy, proportional to the area of
the surfaces that receive heat. Therefore, to discharge excess energy, the equipment for
thermal-impulse treatment is equipped with a system for releasing combustion products
with adjustable speed. Figure 4 shows a typical oscillogram of the thermal impulse
treatment process, where the processes of combustion and discharge of exhaust gases
are recorded in time and the temperature change of the prototype.

Table 2 shows the thermophysical properties of pure metals used as bases for
obtaining the corresponding groups of structural alloys and the relative energy con-
sumption of their melting when removing burrs of the same volume. The energy costs
for melting pure materials are threshold or maximum for alloys based on these metals.
For example, the energy consumption of melting iron burrs and alloyed alloy based on
it is given. These data make it possible to preliminarily estimate the level of energy
costs for processing parts made of alloys of these metals and greatly simplify the
experimental determination of the parameters of deburring on massive parts of low
accuracy. But with a relatively similar energy consumption of the processes of
reflowing burrs from different materials, the heat source characteristics can be radically
different due to the thermophysical properties of the processed materials and the design
features of parts. For example, the heat consumption for reflowing burrs of the same
size for copper and titanium is practically equal, and the thermal conductivity coeffi-
cients of these materials differ by 20 times. Figure 5 shows the typical principle of
operation of a pulsed heat source and the change in the temperature field of a copper
burr over time. Figure 6 shows the difference in the temperature field with time for a
titanium burr of the same size as a copper one. The time at which a titanium burr can

Fig. 4. The typical oscillogram of a thermal-impulse process.
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melt through its entire thickness is more than ten times slower than a copper one. For
equipment that implements these technologies, the following conditions must be met -
on the one hand, ensure the duration of the pulse sources, and on the other, the speed of
the discharge of excess thermal energy (waste combustion products). If the removed
element of the part has not warmed up and, accordingly, has not melted over the entire
thickness, then removal will not occur. But if the time of intensive (impulse) heating is
longer than the optimal one, then the part’s elements of greater thickness will melt or be
damaged, which, given the design features of the parts and the requirements for the
reliability of aircraft units, is unacceptable. The use of an impulse heating source for
reflowing the removable elements of the parts makes it possible to expand the scope of
application of detonating gas mixtures both in terms of the nomenclature of parts and
materials and in technological processes.

When choosing the modes of thermal pulse processing, a contradictory task is
solved - the melting of the removed element and preserving the part in its original state.
To remove a burr or an element of a part of a given size and to heat the part to a
minimum, it is necessary to know the time of their heating reflow. In works [15, 16],
regular changes in the temperature of the part’s elements are established depending on
their thickness [17] and the thermophysical properties of materials at the optimal
heating time. Such dependencies are calculated and built for each material individually.
To determine the processing modes of specific parts, the condition is necessary but not
sufficient. It is especially correct for parts of aerospace engineering units. Increased
requirements for industrial cleanliness, reliability, the accuracy of parts, their minimum
weight, and a complex configuration of external and internal surfaces of body parts
obliges us to look for technological ways to improve the quality of products that
exclude subjective factors. The thermophysical properties of materials and the size of
liquids determine the energy consumption of the process of their reflow but do not
guarantee a high quality of processing of surfaces and edges of parts.

Table 2. Comparison of heat consumption for melting the most used bases for alloys.

Material The melting
temperature,
Tm (ºC)

Thickness,
q (kg⋅dm–2)

Thermal conductivity,
ƛ (mean) (W⋅(m⋅deg)-2)

Energy intensity,
C (kJ⋅(kg⋅deg)–2)

Relative heat
consumption Q*

Magnesium 650 1.70 131 1.060 1.00

Zinc 420 7.13 106 0.384 1.07

Aluminum 660 2.70 202 0.880 1.47

Titanium 1680 4.50 18 0.601 3.15

Copper 1083 8.96 366 0.451 3.18

Steel
X18H10T

1425 7.9 (16.4)* 22 0.508 mean 3.8

Iron 1535 7.87 (76)* 33 0.427 4.10

Nickel 1453 8.90 74.5 0.450 4.73

Chromium 1900 7.19 75.7 0.482 4.80
* (16.4) (76) – thermal conductivity at 20 °C
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The need to create a high heat flux density in a pulsed mode uses a combustible
mixture with a significant excess of thermal energy (proportional to the total surface
area in contact with the combustion products). The impulse heat supply is 10–30% of
the total amount of heat energy [16]. The next group of factors that characterize a part is
requirements for accuracy, surface cleanliness, wall thickness, surface area and weight,
requirements for rounding of sharp edges. This group of parameters tightens the range
of process parameters, both in time and in the power of the heat source. Requirements
for surface cleanliness limit the time of contact of combustion products with work-
pieces by cooling down to the condensation temperature of oxides. So, the accuracy of
parts determines the requirements for the conditions of their fixation in the device, the
requirements for the cleanliness of the surfaces - the conditions for the release of
combustion products. The presence of thin-walled elements and mating elements of
different thicknesses lead to clarification of the requirements for the accuracy of the
controlled parameters of the equipment, the value of the pressure of the combustible
mixture. In the presence of channels, including intersecting ones, it is necessary to
consider the intensity of the heat supply by the pulsed source. When choosing modes, it
is essential to consider the presence of thin partitions and walls in parts. This cir-
cumstance is especially important if the part’s material has a high thermal conductivity.
For parts made from aluminum and copper alloys, incorrectly selected modes can lead
to so-called spall damage. If the factors characterizing the part dictate the processing
modes, then the factors related to the heat sources determine the technological capa-
bilities of the equipment. Processing of parts with a given quality is possible if the
characteristics of the equipment match the conditions of the technological process. The
composition of the combustible mixture, the metering accuracy, its parameters, the free
volume of the working chamber, the combustion mode of the mixture, the surface area
of the chamber, and the device, the degree of chamber loading determine the

Fig. 5. Impulse heating of titanium burr.

Fig. 6. Impulse heating of copper burr.
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composition amount of thermal energy. The chemical composition of the combustible
mixture, the dimensions of the chamber, and the speed of the combustion products
exhaust system are determined by controlling the time parameter [20]. As noted earlier,
in the conditions of manufacturing aircraft units, it is advisable to use an impulse
source of thermal energy, which corresponds to the period of damping of shock waves
in the working chamber. It is known that the rate of detonation in gases is constant and
depends on the chemical composition of the combustible mixture, and the decay period
of subsequent shock waves depends on the size of the working chamber. To ensure the
required heat flux density, the pressure of the combustible gas mixture is regulated. The
strength of the equipment design limits the maximum pressures of the combustible
mixture. Therefore, the degree of loading of the chamber volume, the area of heat-
removing surfaces, the accuracy of their determination, and the accuracy of dosing the
combustible mixture are important parameters affecting processing quality. The pro-
cessing time is controlled by both the chemical composition of the combustible mixture
and the dimensions of the working chamber. The speed of the combustion products
exhaust system provides a mode of thermal effect on the part: impulse, mixed, or with a
predominance of a constant power heat source. The mode of the exhaust of combustion
products has a significant effect on the contamination of surfaces with oxides that
condense from the gaseous environment. Table 2 shows the thermophysical properties
of metals, which make it possible to demonstrate the need for two adjustable param-
eters in thermal-impulse treatment. The thermal-impulse method allows you to adjust
the duration of the heat impulse, which makes it possible to limit the maximum
thickness of the removed liquids without changing the initial state of the part. This
expanded the field of application of detonating gas mixtures, both in terms of the
nomenclature of parts and the number of technological processes implemented. Fig-
ure 7 shows a fragment of a body part made of aluminum alloy before and after
rounding the edges at the intersection of threaded holes.

Using the factors characterizing the parts, it became possible to combine the
operations of deburring, surface finishing, removing the quickly wearing part of the
microrelief, and rounding the edges of parts made of materials with high thermal
conductivity by optimizing processing modes to maintain the original quality of the
material of the parts (Fig. 7). Comparative analysis of the cost of deburring from one
part showed that the cost of deburring from one part by the thermal-impulse method is
2.2 times less than that of a foreign analogy.

Fig. 7. Body part made of AL 9 alloy before (a) and after (b) removal of liquids and rounding of
edges on threaded holes.
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5 Conclusions

The thermal-impulse method of cleaning parts from technological contaminants in the
form of particles, burrs, and quickly wearing out part of the microrelief allows you to
flexibly automate these operations when obtaining a close to the absolute degree of
cleaning surfaces and edges from the listed liquids. The use of the impulse mode when
treating parts in an environment of detonating gas mixtures has significantly improved
the quality of cleaning the surfaces and edges of high-precision parts at all manufac-
turing stages, including finishing. Regulation of the processing time and power of the
heat source makes it possible to increase the accuracy of dosing the energy used in
technological processes, which ensures the minimum possible heating of parts. Deto-
nating gas technologies are the most attractive because of their versatility and flexibility
to parts with complex configurations of internal and external surfaces.
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Abstract. The production of fuels of petroleum origin that would meet the
increased requirements for environmental properties is constantly growing. The
composition of the composition (catalytic reforming gasoline, hydrotreated
catalytic cracking, benzene refined, petroleum solvent, straight-run gasoline,
bioisobutyl alcohol, methyltretbutyl ether) on the performance properties of
gasoline was studied. Mathematical models of the “composition - properties”
type have been developed, which made it possible to optimize the ratio of the
components of the composition of high-octane gasoline and bioadditives. The
purpose of the article is to optimize the composition of high-octane gasoline
compositions for spark-ignition engines using bioadditives. Mathematical
models of the selected type were obtained using the central composite rotatable
plan (CCRP) of the experiment, with the specified values of the initial factors in
the studied range of values. As a result of the conducted research, optimal
compositions of high-octane gasoline of various brands using bioadditives were
obtained.

Keywords: Gasoline � Biocomponents � Mathematical modeling � Octane
number � Bioisobutyl alcohol � Methyltretbutyl ether � Optimal composition

1 Introduction

The production of fuels of petroleum origin that would meet the increased requirements
for environmental properties is constantly growing [1, 2]. This article is based on the
results of previous studies [3], where it was established that the ratio of components of
the composition of high-methane gasoline that would meet the requirements of
SSTU 7687:2015 to Euro-5 gasoline [4–6] in terms of octane number, sulfur content,
aromatic hydrocarbons and benzene, indicators of fractional composition, the con-
centration of actual resins is achieved by the optimal ratio of refined products and
bioadditives. The purpose of the article is to optimize the composition of high-octane
gasoline compositions for spark-ignition engines using bioadditives.
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2 Literature Review

World’s scientists are studying mixed fuels with different ratios of components to
improve their operational properties [7]. Bioethanol-based fuel mixture compositions
for internal combustion engines have been developed [8]. Simultaneously, the octane
number increases only due to bioethanol, which is present in such a mixture. The
bioethanol content in such gasoline is up to 79.9%, and the hydrocarbon components of
the oil refinery are used only in the amount of 20%.

Another well-known composition of mixed gasoline [9] contains catalytic
reforming gasoline, catalytic cracking gasoline; straight-run gasoline; butanes; oxy-
genates; alkylate. The disadvantage of this composition is the need to use expensive
alkylates, isomerizates, butanes, which, in addition, are acute deficient. So, optimiza-
tion of the composition of mixed high-octane gasoline with bio-additives, scientific
justification of its composition is appropriate and relevant.

In studies [10, 11], the effect of oxygenates on increasing the detonation resistance
of mixed fuels with their use is proved. The use of bio-components allows to improve
the operational properties of fuels and ensure high requirements for their environmental
friendliness [12, 13]. I also, in [14, 15], modern trades in designing technological
equipment are proposed.

Fuel supply and demand for fuel will differ over the next 50 years due to a steady
reduction in fossil fuels. Harmful contaminants released into the atmosphere have
greatly degraded the ecosystem, and there is a strong need to reduce or preserve these
emissions under safe limits [16, 17]. Most of the study has evaluated the best alter-
native fuel, which increases engine performance parameters and significantly reduces
emission parameters [18–20]. Finally, in [21–23], critical issues concerning the
development of multi-functional energy-efficient equipment have been proposed.

3 Researches Methodology

The object of research is gasoline with different content of hydrocarbon additives and
bioadditives. The subject of the study is the properties of high-octane gasoline, taking
into account changes in the ratio of components of the composition.

Mathematical models of the selected type were obtained using the central com-
posite rotatable plan (CCRP) of the experiment, with the specified values of the initial
factors in the studied range of values. Mixed factors that characterize the ratio of the
main fuel components were chosen as such variables, namely: x1 − gasoline content,
mass %; x2− bioisobutyl alcohol content, mass %; x3 − methyltretbutyl ether content,
mass %. The response functions select indicators of the properties of the obtained
mixtures: y1 – octane number; y2 – benzene content, % vol.; y3 – sulfur content, mg/kg;
y4 – content of aromatic hydrocarbons, % vol. To obtain an array of data and further
optimize the composition of high-octane gasoline, a complete factor experiment of type
23 was implemented, completed to a second-order rotatable Box-Hunter plan with six
experimental points in the center of the plan and a star shoulder of 1.6818, and
statistical analysis of mathematical models was carried out.
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The octane number according to the engine method was determined according to
GOST 511:2015 Engine fuel. Motor method for determining the octane number. The
sulfur content was determined according to SSTU ISO 20846:2009 “Petroleum prod-
ucts. Determination of the sulfur content in automobile fuel by ultraviolet fluorescence”
(ISO 20846:2004, IDT). The aromatic hydrocarbons content was determined according
to SSTU 7686:2015 “Gasoline. Determination of individual components by high-
resolution gas chromatography on a 100-m capillary column”. The benzene content was
determined according to SSTU EN12177:2009 “Petroleum products. Unleaded gaso-
line. Determination of benzene content by gas chromatography”. Modeling of the
“composition-property” process was carried out using a 2-order model.

The significance of regression coefficients was evaluated according to the student’s
criterion. Given that the experimental data corresponded to a normal distribution law
hypothesis, calculations were performed with a confidence probability of 0.95. Con-
struction of the planning matrix, calculation of coefficients of regression models,
verification of their significance and adequacy, and mathematical processing of
experimental data were performed using the STAT-SENS and STATISTICA 10 software.

4 Results

To determine the scope of the experiment, the effect of biocomponents on the change in
the octane number of the base gasoline base was established. Basic bases of A-92 are
gasoline (hydrotreated catalytic cracking gasoline – 53% vol.; catalytic reforming
reformat – 35% vol.; refined benzene production – 12% vol.) and A-95 (hydrotreated
catalytic cracking gasoline – 50% vol.; catalytic reforming reformat – 44% vol.; pet-
roleum solvent – 6% vol.). It was obtained by mixing the corresponding petroleum
components. The effect of biocomponents on the change in the octane number of the
base gasoline base was determined. To do this, bio-components were added to the base
bases in the amount of 5, 7, and 10% vol. everyone. Methyltretine butyl ether (MTBE)
and bioisobutanol (BIBS) were used as biocomponents. The effect of biocomponents
on the octane characteristics of the main base of gasoline A-92 and gasoline A-95 was
established (Table 1).

Table 1. Effect of biocomponents on detonation resistance.

Main basis of applications Octane number of the
base for A-92

Octane number of
basics for the A-95

100% vol. of main basics 90 94.3
95% vol. of base + 5% vol. MTBE 91.3 95.3
93% vol. of base + 7% vol. MTBE 92.9 95.8

90% vol. of base + 10% vol. MTBE 92.7 96.4
95% vol. of base + 5% vol. BIBS 90.5 94.8

93% vol. of base + 7% vol. BIBS 91.4 95.1
90% vol. of base + 10% vol. BIBS 91.8 95.7
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From the above data, it can be seen that the greatest increase in the octane number
is given by the addition of MTBE in the amount of 10% for gasoline a-92 and a-95, to a
lesser extent bioisobutanol. The possibility of increasing the octane number through
biocomponents makes it possible to reduce Sthe content of components with a high
proportion of aromatic carbohydrates, particularly catalytic cracking gasoline and
catalytic reforming reformat, partially replace them with low-octane straight-run
gasoline. Studies of the effect of bioadditives allowed us to establish the scope of the
experiment.

According to the central composite rotatable plan of the experiment, 7 model
compositions were developed, illustrated with examples of the ratio of components in
Tables 2 and 3. To quantify the number of given factors, modeling of the compositions
of experimental compositions was carried out taking into account that the factor x1
(gasoline content) corresponds to the total content of gasoline catalytic reforming,
catalytic cracking, and straight – run-in the ratio of 55:35:10, respectively, and the total
content of components was adjusted to 100% using refined benzene production and
petroleum solvent in the ratio of 55:45. To obtain mathematical dependencies of the
form y = f(xi) for i = 3, the zero level of the selected factors and their variation interval
are set. In this case, the center of the plan is located at a point with coordinates x1, x2,
x3, respectively 72, 4, 8 and intervals of variation – 6, 2, 2 the results of the experiment
on the central composite rotatable plan, taking into account the center of the plan and
intervals of variation, are shown in Table 3.

The results of computer calculations of the significance of the coefficients of the
obtained regression equations with the gradual exclusion of insignificant components
of the model made it possible to obtain mathematical models ŷ1–ŷ4:

ŷ1 ¼ 95:148þ 1:5956x1 þ 0:88267x2 þ 1:9777x3

þ 0:5375x1x2 þ 0:5375x1x3 þ 0:5375x2x3 þ 0:03226x22

ŷ2 ¼ 0:45867þ 0:03528x1

Table 2. Compositions of experimental compositions of gasoline using bioadditives.

Component Component content, mass % in the
experimental composition
1 2 3 4 5 6 7

Catalytic reforming gasoline 36.3 42.9 36.3 42.9 36.3 42.9 36.3
Catalytic cracking gasoline 23.1 27.3 23.1 27.3 23.1 27.3 23.1
Straight-run gasoline 6.6 7.8 6.6 7.8 6.6 7.8 6.6
Bioizobutyl alcohol 2 2 6 6 2 2 6
Methyltret-butyl ether 6 6 6 6 10 10 10
Refined benzene production 14.3 7.7 12.1 5.5 12.1 5.5 9.9
Petroleum solvent 11.7 6.3 9.9 4.5 9.9 4.5 8.1
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ŷ3 ¼ 5:2729þ 1:9797x1� 0:13859x21

ŷ4 ¼ 33:6þ 2:009x1;

where ŷ i – predicted values of the output variable using the j-th model.

Figure 1 presents graphical reviews of the studied parameters for factors x1 (ga-
soline content) and x2 (bioisobutyl alcohol content) in the range of ±2 encoded units
with a fixed value of x3 at the level of 0. From Fig. 2b–2d, it can be concluded that the
content of benzene, sulfur, and aromatic hydrocarbons correlates exclusively with the
content of gasoline in the studied mixtures since the additives used (bioisobutyl alcohol
and methyltretbutyl ether) do not contain these compounds in their composition. At the
same time, the influence of factors on the detonation resistance index (octane number)
demonstrates a rather complex interaction with each other. Figure 1a shows that an
increase in the content of bioisobutyl alcohol in the studied composition effectively
increases the detonation resistance of fuel in the range from 93 to 96.

For a comprehensive study of the interaction of the studied factors on the deto-
nation resistance indicator, diagrams of graphical responses of factors x2–x3 are con-
structed at fixed values of factor x1 with fixation at the levels of −1, 0, +1 (Fig. 2).

When determining the optimal content of components, it was taken into account
that the content of aromatic hydrocarbons in the gasoline composition should not
exceed 35 Vol.%, sulfur content – no more than 10 mg/kg, benzene content-no more
than 1.0 Vol.%, and the octane number is in the ranges corresponding to the brand of
gasoline: a – 92 (92–93), a-95 (95–96).

Table 3. Compositions of experimental compositions of gasoline using bioadditives.

Component Component content, mass % in the
experimental composition
8 9 10 11 12 13 14 15

Catalytic
reforming gasoline

42.9 45.2 34.1 39.6 39.6 39.6 39.6 39.6

Catalytic
cracking
gasoline

27.3 28.8 21.7 25.2 25.2 25.2 25.2 25.2

Straight-run gasoline 7.8 8.2 6.2 7.2 7.2 7.2 7.2 7.2
Bioizobutyl
alcohol

6 4 4 7.35 0.7 4 4 4

Methyltret-
butyl ether

10 8 8 8 8 11.4 4.65 8

Refined benzene production 3.3 3.3 14.4 6.95 10.7 6.9 10.7 8.8
Petroleum
solvent

2.7 2.65 11.8 5.7 8.7 5.7 8.7 7.2
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Table 4. Results of studies of gasoline quality indicators using bioadditives.

No. of
composition

Experiment plan, unit code Component content, WT. % Property indicators

x1 x2 x3 Gasoline Bioisobutyl
alcohol

Methyl
tert-
butyl
ether

Octane
number

Benzene
content,
% vol

Sulphur
content,
mg/kg

The content
of aromatic
hydrocarbons,
% vol

1 −1 −1 −1 66,0 2,0 6,0 93,1 0,43 3,1 31,6

2 1 −1 −1 78,0 2,0 6,0 93,3 0,50 7,0 35,6

3 −1 1 −1 66,0 6,0 6,0 92,8 0,42 3,1 31,6

4 1 1 −1 78,0 6,0 6,0 96,3 0,49 7,0 35,6

5 −1 −1 1 66,0 2,0 10,0 94,1 0,42 3,1 31,6

6 1 −1 1 78,0 2,0 10,0 97,6 0,49 7,0 35,6

7 −1 1 1 66,0 6,0 10,0 97,1 0,42 3,1 31,6

8 1 1 1 78,0 6,0 10,0 101,6 0,49 7,0 35,6

9 1,6818 0 0 82,091 4,0 8,0 98,0 0,52 8,4 37

10 −1,6818 0 0 61,909 4,0 8,0 92,0 0,40 1,6 30,2

11 0 1,6818 0 72,0 7,4 8,0 97,4 0,46 5,2 33,6

12 0 −1,6818 0 72,0 0,6 8,0 96,0 0,46 5,2 33,6

13 0 0 1,6818 72,0 4,0 11,4 98,8 0,46 5,2 33,6

14 0 0 −1,6818 72,0 4,0 4,6 91,6 0,46 5,2 33,6

15 0 0 0 72,0 4,0 8,0 95,2 0,46 5,2 33,6

Fig. 1. Feedback diagrams for factors x1 and x2 at x3 = 0 by parameters: a) octane number; b)
benzene content, % vol.; c) sulfur content, mg/kg; d) content of aromatic hydrocarbons, % vol.
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By using multi-criteria optimization of the data array based on the obtained
mathematical models, the values of factors corresponding to the optimal compositions
of high-octane gasoline with bioadditives are obtained in encoded units and natural
values. The parameters and results of the search for the optimal composition are shown
in Table 4. By stabilizing one factor at the optimal level, and the initial variables in the
range of their technological values from minimum to maximum, a compromise plot can
be obtained. So, if the gasoline content in the A-92 composition is stabilized at an
optimal level (−1.12), then a compromise section is obtained (Fig. 3a) provides for the
consumption of bioisobutyl alcohol and methyltretbutyl ether in the optimal mode. In
this case, the control vector of the mixture composition is located at the point with the
coordinates: x2 = + 0.84; x3 = −0.85, which in natural terms corresponds to the
consumption of these components of 5.68 mass % and 6.3 mass %, respectively.
Therefore, if the gasoline content in the composition a-92 is stabilized at a certain
optimal level (−1.12 code units; 65.28 mass %), then a compromise section is obtained
(Fig. 3a) provides for the consumption of bioisobutyl alcohol and methyltretbutyl ether
in the optimal mode. In this case, the vector of control of the composition of the
mixture is located at the point with the coordinates: x2 = + 0.84; x3 = −0.85, which in
natural terms corresponds to the consumption of these components of 5.68 mass % and
6.3 mass %, respectively. Similarly, a compromise section of the composition of high-
octane gasoline corresponding to the A-95 brand is determined (Fig. 3b).

Fig. 2. Response diagrams for factors x2 and x3 by the octane number parameter at fixed values
of factor x1 at the level of: a) 0; b) −1; c) + 1.

Optimization of the Composition of High-Octane Gasoline 619



Considering the obtained optimization results for factors x1- x3, the following
optimal compositions of high-octane gasoline for marks A-92, A-95 were determined
(Table 6).

Table 5. Warehouse optimization parameters and results high-octane gasoline using bioadditives.

Brand of
gasoline

The desired parameter values
are set

Obtained factor values

Coded Natural

ŷ 1 ŷ 2 ŷ 3 ŷ 4 x1 x2 x3 x1, mass
%

x2, mass
%

x3, mass
%

A-92 92–93 0,0–1,0 0–10 30–35 −1,12 +0,84 −0,85 65,28 5,68 6,3
A-95 95–96 0,0–1,0 0–10 30–35 −0,96 +1,21 +0,81 66,24 6,42 9,62

Fig. 3. Compromise area of the optimal composition of high-octane gasoline using bioadditives
of the brand: a) A-92 at fixed values of x1 at the level of −1.12; b) A-95 at fixed values of x1 at
the level of −0.96.

Table 6. Optimal compositions of high-octane gasoline using bioadditives.

Name of component Component content depending
on the brand of high-octane
gasoline, mass %
A-92 A-95

Catalytic reforming gasoline 35.90 36.43
Catalytic cracking gasoline 22.85 23.18
Straight-run gasoline 6.53 6.62
Bioisobutyl alcohol 5.68 6.42
Methyltretbutyl ether 6.30 9.62
Refined benzene production 12.51 9.75
Petroleum solvent 10.23 7.98
Total 100.00 100.00
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5 Conclusions

As a result of the conducted research, optimal compositions of high-octane gasoline of
various brands using bioadditives were obtained. The consumption of components in a
mixture of high-octane gasoline with bioadditives of bioisobutyl alcohol and methyl-
tretbutyl ether is: for the A–92 gasoline brand - 65.28; 5.68 and 6.3 mass %; for the
brand of gasoline A-95 – 66.24; 6.42; 9.62 mass %. In addition, an optimal compro-
mise area was established for the production of gasoline with the specified parameters
with the ability to adjust the content of bioadditives in the studied compositions.
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Abstract. In the article are considered some hydrodynamic performances of a
combined contact device. The experimental laboratory installation for studying
hydrodynamics is shown in the article. The experiment conditions and the
specificity of the installation of contact blocks inside the column are described.
It was specified that a more homogeneous gas-liquid structure is obtained using
a stabilizer, which is highly structured and turbulized. When installing two
stabilizers, there is a significant reduction in the spray zone since the presence of
a stabilizer due to its design and the input effects that are created in it at the end
of each lamella distributes the captured spray over the entire geometric surface,
thereby creating an additional mass transfer surface. The second stabilizer acts
as a splash trap and holds back the foam layer. It was found that the best
parameters of stabilizers for specified conditions. Determination of the factors
that influence the height of the gas-liquid layer in a combined contact device has
shown that the most characteristic parameters affecting the height of the gas-
liquid layer are the gas velocity, the diameter of the plate holes, and the free
cross-section of the device. As a result of the research and statistical data pro-
cessing, an equation was obtained for determining the height of the gas-liquid
layer in a combined contact device using small-hole and large-hole plates.
Realization of the stabilization method of the gas-liquid layer extends the scope
of foaming devices and opens up possibilities for intensifying technological
processes.

Keywords: Hydrodynamics � Stabilization � Foam layer � Plate � Turbulization

1 Introduction

The mass transfer processes and the technological equipment are commonly used in
various industries [1, 2] to multiphase flows purifying from impurities dangerous to the
environment, increasing the target components concentration in solutions, and
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separating gas-liquid mixtures into different fractions [3–5], associated with it the rapid
technological development of multicomponent streams purification and separation. One
of the main directions in designing intensive hydrodynamic modes of liquid and gas-
phase motion [6, 7]. The intensity rising methods of the above processes can be both
constructive using structured multi-profile packing in various combinations of their
arrangement in the equipment. The technological methods are the phase motion speed,
pressure, temperature increasing, the correlation of the operating parameters, the stable
foam layers formation [8].

2 Literature Review

In the papers [9–12], the column apparatus efficiency increasing ways and methods are
investigated and analyzed. At the same time, most articles paid attention to local flow
parameters determining during the gas mixture absorption in packed columns, the
liquid distribution over the packing surface [6, 7], the heat and mass transfer coeffi-
cients determination for phases [13–15]. The influence of the technological parameters,
mixtures flow rates, flows temperature and pressure, components physical properties,
flow non-uniformity, and constructive ones, such as packing type, packing inclination
angle, perforation, the packing material microstructure, on the separation efficiency is
investigated in some works as [16–22]. In [7, 12, 14, 18] research, the structured
packing type and non-structured packing [6] were considered. The heat and mass
transfer processes mathematical models, which make it possible to optimize packed
column design, the separation components degree, and the mass transfer characteristics
for each of the phases, are being developed [23–26].

One of the promising ways to intensify mass transfer is foam layer creation, which
can significantly increase gas-liquid interaction. Much less attention has been paid to
this phenomenon due to the complexity of the foaming layer structure. However, in
[27], the effect of the inlet fluid velocity and the hydrophobic of dispersed particles on
the stable foam layer height was considered, and in [28], the use of foam layer sta-
bilizers was substantiated and confirmed. So, the industrial realization of the stabi-
lization method of the gas-liquid layer greatly extends the scope of foaming devices and
opens up new possibilities for intensifying technological processes with the simulta-
neous creation of low-waste technologies [28].

3 Research Methodology

The choices of methods for studying hydrodynamics and the choice of gas-liquid
systems associated with experimental methods are essential since they largely depend
on the successful solution of research problems. For hydraulic tests, the specified
conditions are well-met by the gas-liquid “air-water” system, which explains the fre-
quency of its use in studies of packed beds, nozzles, and poppet contact devices. Since
this system can provide solutions to problems related to studying hydrodynamic
characteristics of the combined vehicle under study, it was chosen as a working system.
In this study, no additional reagents were introduced into the water, and, accordingly,

624 V. Moiseev et al.



the surface tension and viscosity of the liquid phase were not changed. A schematic
drawing of the experimental stand for studying hydrodynamics is shown in Fig. 1.

The combined laboratory apparatus is made by connecting three elements with an
internal diameter of 240 mm. The experimental installation consists of the following
main elements: a vertical column apparatus, a fan with a gas duct, a water supply
system, a water distribution system, and a catchment system.

The combined contact block is installed in the middle of the working section of the
column, in the upper section of the column, there is a separator and a water distribution
system, and the lower section is designed to enter the airflow through the hole for air
supply and water collection located in it.

In the column, the countercurrent movement of phases is organized. Air from the
gas fan is fed through the flue to the lower part of the device. Then it passes through the
grid distributor, as a result of which a uniform speed profile is achieved at the entrance
to the contact block. At the same time, the liquid phase from the pressure vessel is fed
into the column for irrigation.

For a uniform initial distribution of the liquid phase over the cross-section of the
apparatus, a distributor is installed on top. During passing through the device, the liquid
is distributed over the surface of the contact devices, and the gas phase occupies the
entire free volume of the device. Then the liquid enters the storage tank, and the gas is
released into the atmosphere. Three combined contact blocks were installed in the
column. The middle block was an operating element. When studying the combined
contact block, the foam height and the hydraulic resistance of the contact block were
measured. To measure pressure drops, selectors were used, which were placed inside

Fig. 1. Diagram of a laboratory installation for studying the hydraulic resistance of a combined
contact device: 1 - column; 2 - block of a combined contact device; 3 - liquid distributor; 4 - gas
distributor; 5 - gas blower; 6 – measuring tube; 7 - tube Pitot; 8 - rotameter; 9 - valves; 10 -
differential pressure gauges.
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the column and connected to the differential micro manometer using hoses through
fittings provided in the column for this purpose.

For determining the differential pressure above and below the block, pressure
sensors were installed, which are tubes Pitot that allow recording the change in the
dynamic influence of the ascending gas flow depending on its expenditure, liquid phase
expenditure, and geometry contact device elements. The pressure sensors are connected
to a differential pressure gauge, from which the differential pressure in the contact block
layer is measured.

First of all, experimental studies of the hydraulic resistance of a dry contact block
were carried out. The working medium in the experiments was air. Tests were carried
out for several modifications of combined contact blocks, which differed from each
other by the presence of one or two (contact elements) stabilizers installed at a distance
from the failure plate and the distance between the stabilizers.

The hydraulic resistance of a dry combined contact device was determined as a
function of air velocity. The hydraulic resistance was determined depending on the gas
velocity and the liquid load for various modifications of the contact blocks.

Hydraulic resistance is one of the essential characteristics of apparatuses for car-
rying out gas purification and heat and mass transfer processes, making it possible to
evaluate their effectiveness. All experiments to determine the height of the bubbling
layer were accompanied by the measurement of hydraulic resistance.

Experimental detection of hydraulic resistance of combo unit was to the following:
one or two packages stabilizers fit in a column over failure plate (second layer with
rotation 90° to the first concerning the axis of the column, and with remote a gap
against to the first one) then at various gas speeds, which modified using valves was
purged air from gas blowers. The air velocity was calculated according to the readings
of the micro manometer connected to the Pitot tube, and the corresponding hydraulic
resistance of the dry device was recorded a micro manometer connected to the fol-
lowing devices: before and after the contact device with gas samplers.

For measuring the hydraulic resistance of the irrigated device, water was pumped
into the column by a pump. The flow rate was regulated by a valve installed according
to the rotameter readings. Water was distributed over the column’s cross-section by a
sprinkler. Then the air supply was turned on, and the hydraulic resistance of the
irrigated area was reduced. The contact device was measured similarly to the hydraulic
resistance of a dry contact device.

The choice of gas velocities was determined by the gas blower performance and the
limits of the (operating) stable mode. First, the measurements were carried out from the
lowest possible speed (limited by the micro manometer) to the maximum possible
speed and then reverse again to the minimum speed. The gas velocity factor in columns
equipped with bubble bed stabilizers for the air-water system is within the limits of 1,5
- 5 kg0,5/(sm0,5).
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4 Results

Its mathematical model completely determines the hydrodynamics of the process. The
form of the fundamental equations follows from the structure of liquid and gas flows in
the contact device. When conduct research, hydrodynamic modes and visual obser-
vations installed the following areas gas-liquid layer the combined contact device: for
the gas-liquid system without use stabilization the foam layer when working finely
perforated plates gas-liquid the layer is not uniform, includes large gas bubbles,
channels, bags and torches and there is rocking gas-liquid layer, leading to exposure
leaf plates in some places particle gas without contact with liquid.

A more homogeneous gas-liquid structure is obtained when using a stabilizer,
which is highly structured and turbulized. With the help of stabilizers, it is possible to
achieve the direction of gas and liquid flows and evenly distribute them over the entire
cross-sectional area of the device, level out the bypass and pumping of the gas-liquid
layer, increase the height of the foam, reduce the spray zone and their number, and as a
result, increase the mass transfer surface.

When installing two stabilizers, there is a significant reduction in the spray zone
since the presence of a stabilizer due to its design and the input effects that are created
in it at the end of each lamella distributes the captured spray over the entire geometric
surface, thereby creating an additional mass transfer surface. The second stabilizer acts
as a splash trap and holds back the foam layer.

To achieve the upper height of the gas-liquid layer and homogeneous foam, studies
were carried out to determine the main design parameters of the combined contact
device using stabilizers and a hole plate (Figs. 2, 3, 4 and 5).

Fig. 2. Dependence of the height of the gas-liquid layer on the height of the stabilizer block
(hBL), mm: So = 0,217 m2/m2, do = 15 mm, Lo = 5 m3/m2 hour, 1 – wG = 2 m/s; 2 –

wG = 2,5 m/s; 3 – wG = 3 m/s; 4 – wG = 3,5 m/s; 5 – wG = 4 m/s.
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As a result of research, it was found that the best there are the following parameters
of stabilizer: block height 50–60 mm, angle of inclination of the corrugation to the
horizontal axis (a) 45–60°, the angle between the edges of the corrugation of the
lamellae of the block (b) 45–60°, the height of the corrugation face 5–15 mm, the
lamella can additionally be perforated with holes of 2–3 mm in increments of 5–
10 mm, depending on the process conditions.

Fig. 3. Dependence of the height of the gas-liquid layer on the angle of inclination of the
stabilizer corrugation (a), So = 0,217 m2/m2, do = 15 mm, Lo = 5 m3/m2 hour; 1 – wG = 2 m/s;
2 – wG = 2,5 m/s; 3 – wG = 3 m/s; 4 – wG = 4 m/s.

Fig. 4. Dependence of the height of the gas-liquid layer on the angle of corrugation of the block
lamellae b: So = 0,217 m2/m2, do = 15 mm, Lo = 5 m3/m2 hour; 1 – wG = 2 m/s; 2 –

wG = 2,5 m/s; 3 – wG = 3 m/s; 4 – wG = 4 m/s.
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When studying the height of the gas-liquid layer, a pattern was found (Fig. 2). This
shows that the height of the gas-liquid layer is increased with the stabilizer bar block
height. When stabilization, the foam layer achieved uniform distribution the foam layer
aligned concentration profiles, twists gas-liquid stream, and later significantly reduced
large-scale ripple of the foam layer and decreases the passage gas without interaction
with the liquid. Further increase in height and quantity stabilizers leads to a propor-
tional increase in hydraulic resistance, and the increase in work efficiency slows down.

As the angle of inclination of the stabilizer corrugation increases (Fig. 3), the height
of the gas-liquid foam layer gradually decreases. This is because there is a sharp change
in the direction of movement of the gas-liquid system at right angles to the horizon and
partial destruction of the swirling foam layer. When studying the corrugation angle
block slats (Fig. 4) height of the foam layer H is peaked at b = 45 � 60º. The
dependence of the height of the foam layer on the height of the corrugation face shows
(Fig. 5) that h in which the contact device effectively operates is due to the stabilization
effect of the foam layer. In this case, the side height is increased from 5 to 10 mm.

Experiments determine the effect of the height of the stabilizer position above the
plate canvas on the foam layer height. Figures 6 and 7 show that installing the stabilizer

Fig. 5. Dependence of the gas-liquid layer height on the corrugation height h: So = 0,217 m2/
m2, do = 15 mm, Lo = 5 m3/m2hour; 1 – wG = 2 m/s; 2 – wG = 2,5 m/s; 3 – wG = 3 m/s; 4 –

wG = 4 m/s.
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Fig. 6. Dependence of the height of the
gas-liquid layer on the location of the
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at the height of 100–120 mm above the plate surface and an increase in the gas velocity
contribute to an increase in the height of the foam layer and operation at modes close to
the upper limit the operating limits.

When determining the ratio between the free section of the plate So and the free
cross-section of the stabilizer e, we assume that it should be e/So > 1,5, the stabilizer
takes from 5–15% of the total free cross-section area of the device. Specified the
ratio e/So is performed for all types of contact elements investigated and varies from
2,2 to 9.

The studies which determine the height of the stabilized gas-liquid foam layer for
the air-water system are described by the following dependence for small-hole and
large-hole plates

H ¼ f ðW2; S0; d0; L0Þ

where WG is the gas velocity in the free cross-section of the device, m/s; S0 - the
free cross-section of the contact block, m2/m2; d0 – the diameter of the hole on the
plate, m; L0 – irrigation density, m3/m2 hour.

As a result of the conducted research and statistical data processing, an equation
was obtained for determining the height of the gas-liquid layer in a combined contact
device using small-hole and large-hole plates

H ¼ 1; 68 W0;75
G � L0;250 � S�1;65

0 � d�0;14
0 � q�1

L

Deviations of the calculated values of the height of the gas-liquid layer from the
experimental values do not exceed 10%.

5 Conclusions

Based on the conducted research, we choose the following design parameters of the
contact block: diameter of the holes of the plate d0 = 0,015 m, the height of the block
stabilizer 50 mm; height side faces of the slats block 10 mm; angle bevel edge to the
horizontal axis – 60–90°, the angle between the corrugation side faces is 45–60°.

The height of the foam layer is one of the main indicators of foaming, which allows
asserting the development of the phase contact surface and the efficiency of the pro-
cesses carried out in the foam layer.

Studies of the height of the gas-liquid layer have shown that its height depends on
the gas speed in the free section. With the growth of WG, there is also an increase in
H. Moreover, an increase in the gas-liquid layer height was compared when working
with a hole plate without a stabilizer and with installed stabilizers 1 and 2. The foam
layer height depends on the hole diameter and the gas velocity. There is also a sig-
nificant influence of the free cross-section of the contact device, which is mainly
determined by the free cross-section of the hole plate. An increase in the free cross-
section leads to a decrease in the observed gas-liquid layer height, which is due to a
decrease in the retention capacity at low gas velocities.
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So, determining the factors that influence the height of the gas-liquid layer in a
combined contact device have shown that the most characteristic parameters affecting
the height of the gas-liquid layer are the gas velocity, the diameter of the plate holes,
and the diameter of the plate holes and the free cross-section of the device.

Realization of the stabilization method of the gas-liquid layer greatly extends the
scope of foaming devices and opens up new possibilities for intensifying varied
technological processes.
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Abstract. Combined cooling, heat and power (CCHP), or trigeneration, sys-
tems based on gas engines as driving engines, are among the main prosperous
trends in energy-saving technologies. Addition reserves of enhancement of such
integrated energy systems efficiency increase fuel efficiency of their basic gas
engines by cyclic air cooling. The processing of the monitoring data on gas
engine fuel efficiency has proved inefficient operation of traditional cooling all
the engine room incoming air in the central conditioner fed by chilled water
from absorption lithium-bromide chiller using engine exhaust heat. An advanced
system of gas engine inlet air two-stage deep cooling by combined absorption-
ejector chiller with absorption chiller as a high-temperature stage and ejector
chiller as a low-temperature stage has been developed. The method of rational
loading of the proposed engine inlet air cooling system proved annual fuel
reduction by about 50 % higher than traditional cooling by absorption chillers in
temperate climatic conditions.

Keywords: Combined cooling � Heat � Power � Combustion engine � Ejector �
Absorption chiller

1 Introduction

The combined cooling, heat, and power (CCHP) gained widespread applications [1, 2].
Such trigeneration is considered as the main trend in energy-saving technologies [3, 4].
As driving engines in CCHP, gas engines (GE) are widely used [5, 6]. A large power
augmentation is gained in gas turbines (GT) [7, 8]. The fuel efficiency of basic engines
can be increased by cyclic air cooling [9, 10]. In a typical GE intake air cooling system,
all the ambient air incoming engine room is cooled in a central conditioner fed by
chilled water from absorption lithium-bromide chiller (ACh) using exhaust heat [11,
12]. Because of the large incoming air volume and heat influx to air in the engine room
from where it is sucked into the engine turbocharger, the intake air temperature is
considerably increased. It results in falling engine fuel efficiency.

In order to provide deeper engine cyclic air cooling in addition to ACh the
refrigerant is to be used [13, 14]. To evaluate the cooling effect, GE fuel consumption
and power output data at varying ambient air temperatures can be received by treating
GE fuel efficiency monitoring [12, 15].
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The study’s goal is to improve the fuel efficiency of the gas engine of the CCHP
plant by combined inlet air cooling in a two-stage absorption-ejector chiller utilizing
exhaust heat and rationally designed to provide close to maximum annual fuel
reduction.

2 Literature Review

An enhancement of fuel efficiency of combustion engines is possible by cooling cyclic
air in waste heat recovery chillers [16, 17]. The ACh are the most widely used in CCHP
plants and provide cooling air to about 15 ºC with a high coefficient of performance
(COP is 0.7 to 0.8) [18]. The refrigerant vapor-compression chillers consume electrical
energy to drive compressors and provide cooling air practically to any low temperature
[13]. The most simple in design refrigerant ejector chillers (ECh) can cool air to 5-10ºC
but with low COP of 0.2 to 0.3 [12, 13].

The efficiency of waste heat recovery cooling is especially high for the engines with
the combustion of water-fuel emulsion [19, 20]. It is achieved due to the application of
low temperature condensing surfaces [21, 22] providing deeper exhaust gas heat uti-
lization that leads to additional heat converted in refrigeration. For cooling cyclic air of
combustion engines, Jet technologies have a growing application [23]. They can be
used for cooling scavenge air in internal combustion engines (ICE) [24, 25]. Jet cooling
is especially effective in GT [26]. The high-efficiency heat exchangers should be
applied to reduce cooling system sizes [28, 29].

3 Research Methodology

The efficiency of gas engine inlet air cooling was investigated for the CCHP plant of
combined energy supply at the “Sandora”–“PepsiCo Ukraine” (Nikolaev, Ukraine).
The CCHP plant is equipped with two cogenerative Jenbacher gas engines,
JMS 420 GS-N.LC (rated electric power output PeISO = 1400 kW, heat power
Qh =1500 kW of each engine). The heat of exhaust gas, scavenge air-gas mixture,
engine jacket cooling water, and lubricating oil is used for heating water to about 90 °
C. The hot water is used in AR-D500L2 Century absorption Li-Br chiller to produce
chilled water of 7 to 12 °C, which is spent for technological needs and feeding to the
central air conditioner that provides cooling ambient air incoming the engine room,
from where it is sucked into the engine turbocharger.

The cooling capacity Q0∙spending for ambient air cooling is calculated according to
heat balance on coolant (chilled water from ACh):

Q0 ¼ cwðtw1�tw2ÞGw; ð1Þ

where cw – specific heat of water [kJ/(kg�K)]; tw1and tw2 – measured temperature of
water at the inlet and outlet of air cooler [°C]; Gw – water mass flow rate [kg/s].

The values of current volume fuel consumption Be.v, m
3 /h, and electrical power

output Pe, kW, of gas engine JMS 420 GS-N.LC was taken by treating corresponding

Rational Loading on Combined Waste Heat Recovery Cooling System 635



monitoring data on Be.v and Pe in dependence on the air temperature at the engine inlet
ta2. Specific volume fuel consumption is calculated as be.v = Be /Pe, m

3 /kWh, and
specific mass fuel consumption as be = be.v qg = qgBe /Pe, kg /kWh, where qg –
density of fuel gas, kg/m3.

The results of monitoring data processing were used as a decrease in specific fuel
consumption Dbe due to engine intake air temperature drop Dt by 1 °C, i.e., Dbe /Dt.

The values of rational design cooling capacities needed for cooling air in ACh to
ta2 = 15 °C and in ECh to ta2 = 7 and 10 °C were calculated according to the devel-
oped method [10] with taking into account current effect in fuel reduction DB, kg/h,
due to cooling engine intake air at varying actual ambient air temperatures tamb and
relative humidities uamb.

The yearly varying real weather data collected in the weather datasets of the
meteorological center were used by applying the “online” program “mundomanz.com”.

The current fuel-saving B, kg, for hour time duration s, h, due to cooling engine
intake air with temperature decrease Dta, °C, is calculated according to correlation:

B ¼ Dta � s Dbe=Dtað Þ � Pe; ð2Þ

where Dta = tamb – ta2 – decrease in air temperature [°C]; tamb – ambient air
temperature [°C]; ta2 – air temperature at the air cooler outlet [°C].

The annual fuel saving
P

B, kg, is calculated by summarizing current fuel
reduction B on step by step (hour by hour) basis as

P
B:

X
B ¼

X
Dta � s Dbe=Dtað Þ � Pe½ � ð3Þ

The annual fuel saving
P

B in response to its consumption is used as a primary
criterion for assessing engine intake air cooling system efficiency yearly operation.

The values of cooling capacities Q0 spent for intake air cooling with temperature
decrease Dta are calculated as

Q0 ¼ ðca nDtaÞGa; ð4Þ

where: ca –specific heat of moist air [kJ/(kg�K)]; n – specific heat ratio of total heat,
including sensible and latent heat, to sensible heat rejected from the air during to its
cooling; Dta = ta – ta2 – decrease in air temperature [°C]; ta – ambient air temperature
[°C]; ta2 – air temperature at the air cooler outlet [°C]; Ga – air mass flow rate [kg/s].

A rational design cooling capacity Q0.rat is determined to exclude its unproductive
expenses caused by overestimating (oversizing chiller) without obtaining a noticeable
effect in increasing the annual fuel saving

P
B.

With this, the values of refrigeration capacity Q0.15 for cooling ambient air from its
current temperature tamb to the temperature ta2 = 15 °C and Q.10 for cooling ambient air
ta2 = 10 °C have been calculated for current site climatic conditions.
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4 Results

The scheme of a typical gas engine inlet air cooling system with an absorption chiller is
presented in Fig. 1.

In a typical gas engine inlet air cooling system, all the ambient air coming into the
engine room is cooled in the inlet air cooler of the central conditioner fed by chilled
water from the absorption chiller utilizing the exhaust heat of the engines. Because of
much more increased volume of incoming ambient air (about twice higher than engine
cyclic air mass flow) and heat influx to the cooled air from engine room surroundings
the temperature of intake air tin at the entrance of engine turbocharger suctioning it
from engine room can be considerably higher than 20 or 25 °C in hot summer days. At
the raised ambient air temperatures, the radiators (dry coolers) cannot cool the scavenge
air to the required reliable level of its temperature at the outlet of the scavenging air
cooler (of about 40 to 45 °C). It causes automatically decreasing the engine gas supply
to maintain a charged gas-air mixture temperature at the inlet of engine combustion
cylinders at the appropriate level.

Daily changes of specific gas consumption be received by treatment of monitoring
data on the fuel efficiency of JMS 420 GS-N.LC is presented in Fig. 2.
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A reduction of specific gas fuel consumption be is possible by addition decreasing
temperature of engine cyclic air with mass flow rate G, fed to the turbocharger directly,
as compared with typical cooling all the ambient air (of twice engine cyclic airflow G),
coming into the engine room, to the temperature tin of 20 to 25 °C and higher in hot
summer days.

The scheme of the developed gas engine cyclic air cooling system with refrigerant
ejector and absorption chillers is presented in Fig. 3.

According to this scheme, chilled water from the absorption Li-Br chiller with a
temperature of 7 °C is used as a coolant in high-temperature air cooler ACHT as the first
stage for cooling ambient air to 15 °C. The further subcooling air to 10 or 7 °C is
conducted in low-temperature air cooler ACLT by refrigerant boiling at the temperature
of about 2 to 4 °C from ECh as the second stage of the combined two-stage AECh. The
chilled air from a two-stage air cooler is directed through air ducting immediately to the
suction of the engine turbocharger.

The values of cooling capacities Q0.7,10,15 and heat Qh.7,10,15 required for cooling
engine inlet air to the temperatures 7, 10, and 15 °C are presented in Fig. 4 and Fig. 5.
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The values of available exhaust heat Qh, the heat required Qh.7,10,15 for cooling
ambient air to ta2 = 7, 10 °C (in AECh) and 15 °C (in ACh) in developed engine intake
air cooling system (in Fig. 3) and Qh.ACh.in in a typical existing system (ta2 = tin) and
corresponding remained heat DQh.7,10,15 in developed and DQh.ACh.in in typical sys-
tems are presented in Fig. 5.

The enhancement of gas engine fuel efficiency due to the application of developed
intake air cooling system can be estimated by decreasing current specific mass fuel
consumption Dbe and summarized daily values of mass fuel reduction

P
DBe due to

engine inlet air cooling to the temperatures of 7, 10 and 15 °C (Fig. 6).
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As Fig. 6 shows, the application of developed engine cyclic air cooling system
provides decreasing current specific fuel consumption Dbe by the values of 2 to
3 g/kWh at increased ambient air temperatures tamb, that leads to their summarized
daily values

P
Be of about 50 kg for gas engine JMS 420 GS-N.L of 1400 kW power

output, i.e., practically twice larger than by typical cooling in ACh.
The efficiency of the engine intake air cooling system and a rational value of its

design cooling capacity without system oversizing can be determined by a developed
method based on annual fuel saving as a primary criterion. With this, the annual fuel
saving RB is calculated by summarizing all the current fuel reductions B through step
by step procedure along with the overall range of cooling capacities Q0 for a considered
temperature of cooled air ta2 (Fig. 7).
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As Fig. 7 shows, a developed cooling system with combined AECh of design
cooling capacity Q0.10 about 70 kW, provides cooling ambient air to ta2 = 10 °C with
annual fuel saving

P
B10 about 12.3 t is closed to a maximum value.

It is seen, although a rate of increment of annual fuel saving
P

Babove this value is
negligible, the range of cooling capacities Q0 needed to provide a maximum value ofP

B, i.e., to cover the maximum current cooling duties Q0, is still wide. It approves a
considerable oversizing of the cooling system, designed traditionally to cover the
maximum current cooling needs Q0. So, the proper (rational) values of design cooling
capacities Q0 are determined for an appropriately sized cooling system.

As Fig. 7 shows, the application of the developed method of cooling system
rational designing allows to reduce the sizes of the system by about 15 to 20% due to
rational design cooling capacities Q0rat decreased by DQ0 = Q0max –Q0rat compared
with their maximum values Q0max calculated traditionally.

The method allows estimating the efficiency of applying the proposed advanced
cooling system with combined AECh for deeper engine inlet air cooling to ta2 = 7 and
10 °C as compared with traditional cooling to ta2 = 15 °C in ACh. As Fig. 7 shows,
applying a combined engine intake air cooling system to ta2 = 10 and 7 °C in AECh
provides annual fuel saving

P
B in 1.5 to 2.0 times higher than cooling to ta2 = 15 °C

in ACh for temperate climatic conditions.

5 Conclusions

The results of processing the monitoring data on the fuel efficiency of driving gas
engines in combined electricity, heat, and cooling generation plant have proved inef-
ficient operation of traditional cooling. All the engine room incoming air in central
conditioner fed by chilled water from absorption lithium-bromide chiller.

An advanced system of gas engine inlet air two-stage deep cooling by combined
absorption-ejector chiller has been developed.

The method of rational loading of the proposed engine inlet air cooling system
proved the increment of annual fuel reduction at raised ambient air temperatures by
about 50% compared with traditional cooling by absorption chillers.

An advanced cooling system provides decreasing specific fuel consumption by 2.0
to 3.0 g/kWh due to stabilized low temperature of the air at the suction of engine
turbocharger at increased ambient air temperatures.

The proposed system does not require considerable additional investments over the
existing one, so the ejector chiller generally consists of heat exchangers and can use
existing cooling towers to remove rejected heat (Fig. 4).
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Abstract. Technical regulation is carried out based on the real possibility of
ensuring the required level of environmental friendliness of harmful emissions.
Requirements for the environmental safety of ships are developed by the
International Marine Organization (IMO). The requirements of IMO standards,
applications, and protocols of the MARPOL 73/78 convention regulate tech-
nical, organizational, and legal environmental protection issues at sea. Their
implementation often leads to a reduction of the economic and energy perfor-
mance of marine diesel engines. However, the main difficulties in ensuring the
environmental safety of internal combustion engines are associated with the
selectivity of the components of the exhaust gases system. The innovative
scheme of Exhaust Gas Recirculation (EGR) system with using the heat of
recirculation gas by absorption chiller (ACh) for cooling the air at the intake of
main ship engine is proposed. The effect of using the heat of recirculation gas
for cooling engine intake air is analyzed considering the changing climatic
conditions on the vessel’s route line. The results of calculations have shown
reducing the emissions of harmful substances (NOX by 26 to 39%; SOX by 9 to
14%) when the engine is running with recirculation of gas.

Keywords: Ecology � Exhaust gas recirculation � Absorption chiller � Harmful
emissions

1 Introduction

The ships are the sources of air pollutions that account for about 60 to 80% of all
pollutants. Among these substances, the most harmful to nature are emissions from the
exhaust gases of internal combustion engines [1, 2]. Like all other types of transport,
sea and river vessels are a source of an environmental hazard. Although, the overall
balance the share of air pollution from ships is relatively small and does not exceed 3%.
However, in places of intensive navigation and ports, a stable air and water pollution
level is created, exceeding the concentration limit by 10–15 times. The main shipboard
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source of environmental pollution is the main and auxiliary combustion engines of the
power plants. Diesel engines dominating as the main marine engines and diesel gen-
erators are preferable in terms of fuel efficiency, service life, and the ability to operate
on heavy fuel oil (HFO). The combustion of diesel fuel produces hydrocarbons
(CnHm), sulfur oxides (SOx), carbon oxides (CO and CO2), soot, and nitrogen oxides
(NOx).

Reducing the number of harmful substances in exhaust gases is an effective method
for the greening of ship engines. Exhaust gas recirculation (a method known as EGR -
Exhaust Gas Recirculation) is carried out by bypassing exhaust gases from the mani-
fold to the receiver. The EGR technology is one of the advanced methods for reducing
NOx and SOx. But this method has a negative effect. The usage of EGR increases the
specific fuel consumption (SFC) of the engines [3, 4].

It is justified to use the technologies of the utilization of recirculation exhaust gas
heat for cooling engine intake air to improve the environmental and fuel efficiency of
the marine diesel engine using EGR systems [5]. These technologies allow increasing
fuel economy by cooling the cyclic air in waste heat using chillers (WHUCh) [6, 7].

2 Literature Review

Nowadays, it is possible to speak about clean air only conditionally, especially in
industrial zones. In most cases, the ambient air is polluted. Presenting in the atmo-
spheric air and polluting it, harmful substances negatively affect human life.

Diesel exhaust gases are complex gas mixture containing more than 200 compo-
nents. The four components nitrogen (N2), oxygen (O2), carbon dioxide (CO2), and
water (H2O), make up 99 � 99.9% of the exhaust gas volume. For ecology, they are
non-toxic. The remaining 0.1 � 1% of the volume of exhaust gases are components
that pose an environmental hazard. Their danger is usually assessed by two charac-
teristics: toxicity and smokiness [8].

The toxicity of exhaust gases is the number of gaseous components that harm
wildlife and humans. Among the many toxic components, about 80 � 95% are
accounted for by five of them. The degree of their harmfulness is different and in
relative form can be expressed by the ratio:

CO : CHX : SOX : NOX : RCHO ¼ 1 : 2 : 16 : 40 : 40

Nitrogen oxides undoubtedly lead in the list of the main toxic components. The
exhaust gases of diesel engines contain about 10 compounds of nitrogen with oxygen,
but the dominant is NO. Its share is 95 � 98% of all oxides. The remaining 2 � 5%
are higher nitrogen oxides: etc. Nitric oxide is formed in the combustion chamber of an
engine during fuel combustion. Oxidation is carried out by two chain reactions:

N2 þ O ¼ NO þ N�Q; N þ O2 ¼ NO þ O þ Q

The first reaction is decisive and endothermic. It means: nitrogen oxidation can take
place only when heat is expended at high temperatures (actually more than 2000 K);
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NO output does not depend on the chemical composition of the fuel; the duration of the
reaction, and, accordingly, the amount of formed nitrogen oxide depends on the
temperature.

NO2 is considered the main toxic component of exhaust gases. Its toxicity is 7 times
higher than that of NO.

The formation of sulfur oxides in the combustion chamber of the engine is subject
to the following chain reactions

S þ O2 ¼ SO2; 2SO2 þ O2 ¼ 2SO3

The starting material for these reactions is the sulfur contained in the fuel. Con-
sequently, the SOX content in the exhaust gas is uniquely determined and controlled by
the fuel quality. Sulfur oxides are undesirable components in exhaust gases.

Annex VI of MARPOL 73/78 regulates the emission of nitrogen oxides from the
exhaust gases of marine diesel engines and the sulfur content of the fuel. Since 2016
the IMO Tier 3 standard has been introduced, which assumes the reduction in nitrogen
oxide emissions by 80%. It is extremely difficult to meet such stringent requirements;
revolutionary technical solutions must fulfill these requirements. The IMO Tier 3
requirements are valid only in certain water areas, the so-called “Emission Control
Areas” (ECA). For sailing on the high seas, Tier 2 regulations remained in effect after
2016 [9].

The methods for reducing toxicity are differentiated concerning the harmful com-
ponents of the exhaust gases. For example, measures aimed at reducing NOX do not
positively affect CO and CHX, but in relation to soot emissions, they have the opposite
effect. Therefore, the choice of one or another method for improving the environmental
friendliness of an internal combustion engine is always accompanied by the search for
the compromise between toxicity, smoke, fuel efficiency, and the cost of implementing
the method.

In the meantime, MAN Diesel will continue to study EGR systems for reducing
NOX emissions in practice. It is shown that the introduction of exhaust gas recirculation
in combination with the Miller cycle, two-stage high-pressure, and Common-Rail fuel
system with electrically controlled injectors allows reducing NOX emissions by up to
80% and bringing them to 2 g= kWh). To avoid smoke, the fuel injection pressure is
increased to 170 MPa. Thus, using the EGR system allows, in principle, to meet the
Tier 3 requirements [10].

Today, the innovative approaches for designing technological equipment are pro-
posed in [11, 12]. Notably, it is promising to use technologies to increase combustion
engines’ fuel and energy efficiency with EGR systems [13]. It would combine high
environmental efficiency [14] with engine fuel efficiency due to waste heat utilization
[15–17] and engine cyclic air cooling by applying refrigeration [18, 19], trigeneration
or integrated energy systems [20], and jet technologies, and statistical treatment of data
of influence of actual climatic conditions [21, 22] on performance characteristics of
cooling systems [23, 24]. To evaluate the effectiveness of technologies for reducing
harmful emissions and saving fuel, methods and modeling [25, 26] of the influence of
environmental parameters on the performance of waste heat recovery cooling systems
are used, monitoring and experiments [27, 28] are carried out. Such technologies
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provide engine cyclic air cooling by waste heat [29, 30] using ejector chillers (ECh) as
the most simple in design and high efficient absorption chillers (ACh) with a coefficient
of performance f = 0.6–0.7. Using this efficient heat exchanger [31–33] with equalized
flow distribution [34, 35] can be used for cooling [36, 37].

The study aims to assess the efficiency of the ship’s main engines with an eco-
logical EGR system through intake air precooling by the ACh using the heat of
recirculation exhaust gas.

3 Research Methodology

The effectiveness of the application of the proposed technical solution was analyzed
based on the EGR system typical for MAN low-speed two-stroke diesel engines under
the Tier III environmental conditions. Recirculation is provided by bypassing part of
the exhaust gases purified from harmful gases in the scrubber after cooling in the heat
exchanger-gas cooler.

It provided a schematic solution using the heat-using circuit of the ACh for the two-
stroke engine 6G50ME-C9.6 [38], responsible for Tier III environmental conditions.
To analyze the system parameters and characteristics of the diesel engine, the CEAS
software package was used. The next initial data were used for the calculation: power –
Ne = 9288 kW; engine load – NMCR = 90%; SFC – ge = 166.0 g/(kWh); speed –

ne = 96.5 rpm; EGR system.
The calculation of the engine characteristics was carried out on the operating mode

during the voyage of the dry-cargo ship from Odessa to Shanghai. In Fig. 1, there are
changes in the climatic conditions during the voyage (temperature of seawater tw,
ambient air temperature ta, relative humidity ua, and absolute humidity da).

The calculation of the operating parameters of the heat-recovery contour based on
the absorption chillers was carried out according to the equations used in the software
package developed at the Department of Conditioning and Refrigeration of admiral
Makarov National University of Shipbuilding (Ukraine).

Fig. 1. The variation of climatic conditions (air temperature ta, the temperature of seawater tw,
absolute humidity da, and relative humidity ua) during the vessel trade voyage Odessa-Shanghai.
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The calculation of the operating parameters of the heat-recovery contour based on
the absorption chillers was carried out according to heat balances.

Q0 ¼ ðca nDtaÞGa; ð1Þ

The refrigeration capacity is calculated as:
where Dta = tamb – ta2 – decrease in air temperature; ta – air temperature at the inlet

of engine turbocharger, °C; ta2 – temperature of cooled air at the air cooler outlet, °C;
cma – specific heat of moist air, kJ/(kg�K); Ga – air mass flow rate, kg/s; n – specific
heat ratio of the overall heat (latent and sensible heat) to the sensible heat removed
from the air during cooling.

The heat coefficient f is the ratio of the cooling capacity Q0 (the amount of heat
removed from the cycle air) to the amount of heat expended Qg supplied to the ACh
from the exhaust gases or charge air:

f ¼ Q0=Qg ð2Þ

The values of the cooling capacity Q0.15 required to cool the air at the engine inlet
were calculated based on the decrease in its temperature from the current temperature in
the engine room ta1 (ta1 = tch + 10 °C) to ta2 = 15 °C by the value Dt15, available
cooling capacity Q0rg(0.7) - taking into account the transformation of the available heat
of exhaust gases Qh.rg into cold to the ACh:

Q0 ¼ Qh:rg f ð3Þ

Required heat consumption Q0.15(0.7) for cooling the air at the engine inlet device to
the temperature ta2 = 15 °C on the ACh:

Q0:15ð0;7Þ ¼ Q0:15=f ð4Þ

During the voyage, the available cooling capacity Q0rg(0.7) exceeds its value Q0.15

required to cool the air at the engine inlet to the temperature ta2 = 15 °C, as the heat of
exhaust gases Qh.rg is much higher than its required value Qh.15(0.7) for cooling the air at
the engine inlet to ta2 = 15 °C.

The following characteristics of the ACh were selected: temperature of hilled water
tcw = 7 °C; coefficient of performance f ¼ 0:7.

4 Results

The solution using the ACh was developed and analyzed (Fig. 2). During the usage of
the EGR system, some of the exhaust gases (10–40%) go into the scrubber recycling
system (SRS). In it, they are purified by spraying water through nozzles [39]. Then the
exhaust gases are cooled in the heat exchanger - gas cooler (heater [40] of water for
refrigerant generator of ACh), condensed vapor from exhaust gases is drained through
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condensate trap and cooled gases are fed by the fan to the scavenge air receiver, where
gases are mixed with the scavenge air coming from the turbocharger.

It is suggested to use the heat of the recirculating gases for high-pressure liquid
refrigerant evaporation in the generator of ACh with a generation of high-pressure
refrigerant vapor as motive fluid for absorption to suck a low-pressure refrigerant vapor
from refrigerant evaporator – air cooler (AC-RE) at the intake of the turbocharger.
Thus, the cooling capacity of ACh is used for cooling air at the intake of the engine
turbocharger.

During the voyage of the vessel for the engine 6G50ME-C9.6, the SFC without
EGR system is 165–167 g/(kWh) (Fig. 3). SFC with EGR system on the route is 168–
170 g/(kWh). In this case, the RC is Kr = 13–15%. The total mass of the exhaust gases
flow rate Gg = 18–20 kg/s, and the flow of recirculating flue gases is Gg.r = 2.8–
2.9 kg/s. The mass flow rate of “fresh” air to the engine turbocharger is Ga = 16–
17 kg/s without EGR system and with EGR system Ga.egr = 13–14 kg/s.

For the engine 6G50ME-C9.6, according to the calculations using the CEAS
software package, when cooling intake air for every 10 °C, a reduction in specific fuel
consumption is 0.109 g/(kWh�K) for every 1 °C of the air temperature drop.

Fig. 2. Scheme of EGR-technology for the two-stroke diesel engine 6G50ME-C9.6 with ACh.

Fig. 3. Variation of specific fuel consumption ge of the engine without EGR and ge.egr – with
the EGR system, recirculation coefficient Kr during the vessel route Odessa-Shanghai.
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The results of analysing the operation efficiency of recirculation gas heat-recovery
ACh with coefficient of performance f ¼ 0:6; 0:7 show the following cooling capacity
received (Fig. 4): Q0.rg(0.6) = 595–640 kW (f = 0.6), Q0.rg(0.7) = 690–750 kW
(f = 0.7).

The th1 temperature has been selected, taking into account the risk of low-
temperature corrosion. This method reduces the temperature of the air that enters the
engine turbocharger: Dta(0.6) = 7.4–17.2 °C (f = 0.6) and Dta(0.7) = 9.3–21.5 °C
(f = 0.7). In turn, this leads to a decrease in the specific fuel consumption SFC.

A decrease in the temperature of intake air due to its cooling by the chillers leads to
decreased SFC and the total fuel economy

P
Bf.

This happens during the vessel route due to decrease in the temperature of intake air
at the turbocharger cooled by ACh using the heat of RG at different coefficients of
performance is the following (Fig. 5): RBf(0.6) = 14.7 t (for f = 0.6), RBf(0.7) = 17.2 t
(for f = 0.7) and RBf(0.7) = 16.5 t (for f = 0.70).

Fig. 4. Variation of available heat of exhaust recirculation gas (rg) Qh.rg, cooling capacity Q0.rg
(0.6), and Q0.rg(0,7) generated by ACh using the gas heat Qh.rg at the coefficient of performance
(h = 0.6, 0.7) during the vessel route Odessa-Shanghai.

Fig. 5. Variation of SFC of the engine with EGR system without using its heat for engine intake
air cooling ge.gr, with using its heat for engine intake air cooling ge.gr at different coefficients of
performance f = 0.6 and 0.7 in ACh and SFC ge – due to engine intake air cooling to tc2 = 15 °C
and

P
Bf.gr(0.6),

P
Bf.gr(0.7) summarized along the vessel route.
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This technology allows to reduce harmful emissions more than 0.2–0.3% for SOx

and NOx, but for EGR system f = 0.7 is: DgNOx(0.7) = 26.3–39.1% (4.7–6.7 g/(kWh));
DgSOx(0.7) = 9.6–14.3% (1.1–1.5 g/(kWh)). Meanwhile, it should be emphasized that
this enhances CO2 emissions by DgCO2(0.7) = 1.5–1.7% (6.3–9.4 g/(kWh)).

For the price [41] of heavy fuel oil IFO380 370 $/t the savings in consumed fuel
cost during the ship route Odessa-Shanghai are 5439 $ (f = 0.60) and 6364 $
(f = 0.70). A vessel on this route makes up to 12 voyages per year. Then the annual
savings in fuel cost will be 65268 $ (f = 0.6) and 76368 $ (f = 0.70). The ONDA heat
exchanger MPE 1350 [42] can be applied in the ejector chiller. Its cost is about 30000 $
taking into account the cost of its mounting. Proceeding from this, the payback time of
waste heat recovery installation will be about 1 year.

5 Conclusions

The developed novel systems achieve double effect due to using the waste heat of
recirculation gas, traditionally removed aboard by sea water, for engine cyclic air
cooling and, hence, decreasing the heat load on the scrubber recycling system and
decreasing specific fuel consumption due to intake air cooling simultaneously.

The method of precooling intake air at the diesel engine turbocharger by ACh using
the heat of recirculation exhaust gas is well actualized into ICE with an EGR system.

An analysis of the influence of changes in climatic conditions on the Odessa-
Shanghai route on air cooling at the inlet to the turbocharger of the MAN 6G50ME-
C9.6 diesel engine has been carried out.

It was determined that the use of ecological recirculation gas heat in ACh allows
reducing the air temperature at the intake of the ship’s main diesel engine by about 30°
C and provides a reduction of the specific fuel consumption by about 3.5 g/(kW∙h).
Simultaneously, the harmful emissions are reduced due to EGR: of NOX by about 35%;
SOX by 14%.
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Abstract. In modern mechanical engineering, there are a large number of
shock absorber designs with the ability to adjust the damping characteristics,
which are called relaxation. At present, hydraulic piston shock absorbers with
the translational motion of the movable element relative to the body are used as
dissipation devices in suspensions. These shock absorbers realize the perfor-
mance of the throttle-valve type only, which is associated with the functionality
of these devices, depending on design constraints. In this work, the synthesis of
fundamentally new relaxation dampers was carried out, the performance of
which is not related to the pressure in the working cavity. Their essential dif-
ference is the presence of a mechanical control loop in the structure, which
determines a close relationship between the operating characteristics of the
shock absorber and the amount of movement of its moving element relative to
the body. In the synthesis process, the approbation of the corresponding
methodology was carried out, built based on modeling technical systems with
modified kinematic graphs. The synthesis results are presented in the form of
two constructive implemented samples. A comparative analysis of the obtained
samples was carried out, and their main operational characteristics were
determined.

Keywords: Graph theory � Kinematic graphs � Shock absorber � Performance
characteristics � Mechanical control

1 Introduction

One of the most effective methods of dealing with vibrations is using devices for their
damping as part of a technical system by converting mechanical energy into heat. Such
devices, called shock absorbers, are used in conjunction with elastic elements in springs
and torsion bars. To damp-free the vibrations of large masses and prevent high relative
speeds of smaller masses, masses are connected by elastic elements.

Currently, the most widespread is hydraulic shock absorbers (shock absorbers of
viscous friction). Among them are shock absorbers with a friction force proportional to
the speed of movement of the working body (the vast majority of modern hydraulic
shock absorbers) and shock absorbers with a friction force on the working body that
depends on movement (relaxation) [1]. In relaxation shock absorbers, the friction force
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on the working body can be either proportional to the displacement or have a nonlinear
dependence. The relationship between the friction force on the working body of the
shock absorber and its speed (displacement) is called the operating characteristic of the
shock absorber [2].

Due to increased requirements for the protection of technical systems from oscil-
lations associated with expanding the spectrum of amplitudes and frequencies of their
external disturbance, the existing shock absorbers with their operating characteristics in
some cases are not effective. Alternative relaxation shock absorbers with adjustable
operating characteristics do not always have the functionality to realize the required
performance [3]. In this regard, the synthesis of new designs of relaxation shock
absorbers with extended functionality to implement the required (target) characteristics
is relevant.

2 Literature Review

For existing designs of relaxation shock absorbers, there are four ways to control their
performance. These ways include: mechanical, hydromechanical, electromechanical,
and electromagnetic [4, 5]. The first and second of the indicated ways are the most
common and are inherent in the vast majority of existing shock absorbers, which are
passive mechanical systems [6].

The mechanical regulation method is realized by overlapping the throttling holes,
which are formed depending on the specific geometry of the piston and housing during
their joint movement [7]. In the case of a hydromechanical control method, the
throttling hole in the piston completely or partially overlaps a single or packet mem-
brane (elastic washer or a set of them) [4]. It is the magnitude of the membrane
deformation under the action of pressure in the shock absorber cavity that determines
the corresponding size of the throttled hole [8, 9]. Electromechanical and electro-
magnetic methods of regulating performance characteristics are characteristic of shock
absorbers, an external energy source, and active mechanical systems [10, 11].

Studies in which the analysis of passive dissipative suspension elements have been
carried out show that adjusting their characteristics more important than the design of
the shock absorber itself is the constructive implementation and geometric parameters
of throttling holes and elements used to cover them [12]. This is because, in the
hydraulic shock absorber consisting of housing 1 of the piston 2 and the element
covering the throttle hole 3, damping is carried out due to the hydraulic resistance of
the liquid working fluid, which flows through narrow channels (Fig. 1). Creating such
channels 4 is used as a parameter that allows one to select hydraulic shock absorbers of
the throttle or throttle-valve type [13].

However, the development and intensification of technical and technological pro-
cesses require other performance characteristics that cannot be implemented using
existing structures of relaxation shock absorbers due to their low functionality.
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The alternative using shock absorbers, representing active systems, due to their
relatively high cost and additional energy consumption, is selective and is justified only
for unique or expensive equipment [14]. Therefore, the synthesis of new structures of
passive shock absorbers with extended functionality, which can implement the required
(target) performance, is an urgent scientific and applied problem.

3 Research Methodology

At present, a sufficiently large number of techniques have been developed that allow
performing the structural synthesis of mechanical devices based on their required
parameters [10, 15]. However, it is impossible to single out the methods directly related
to the synthesis of structures of controlled shock absorbers.

A technique based on the axiomatic theory of modified kinematic graphs is used
successfully for the structural analysis and synthesis of controlled mechanical devices
[15, 16]. The essence of the technique lies in the fact that the structure of a certain
uncontrolled device, taken as the basic one, can be expanded with additional
mechanical structures to organize a specific mechanical control. When synthesizing a
mechanical device using this method, a device model is used in the form of a modified
kinematic graph, which, unlike a conventional kinematic graph, where only kinematic
connections between device elements are considered, non-kinematic connections are
added (Fig. 2).

In this case, these connections of a non-kinematic nature are modeled by adding a
“marked” edge to the kinematic graph (edge b, Fig. 2, d). In this case, an idealized
representation of the structure of any plane passive device, with one or several
parameters that are subject to controlled change, is a modified kinematic graph (not
two-pole),

Fig. 1. Hydraulic shock absorbers: throttle type (a); throttle - valve type (b); operating
characteristic of the shock absorber in the form of the dependence of the force on its piston on the
speed of movement (c).
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which characterizes the negative mobility of the device under consideration by the
following expression.

W ¼ 3(pR - 1) - 2q5 - q4 - qb � 0 ð1Þ

where pR – the total number of graph vertices corresponding to the number of hard
parts of the device; qi – the number of ribs of the graph equal to the number of
kinematic pairs of the i-th class; qb – the number of ribs of the graph, equal to the
number of non-kinematic bonds (elastic and dissipative) between the hard parts of the
device, while this component does not affect the kinematic characteristics of the device
and can be considered as a virtual kinematic pair of the 4-th class.

The possibility of kinematic control of one or another parameter of the device,
which is subject to controlled change, can be judged by using the indicator for the
modified kinematic graph used in the form of a cyclomatic number

r ¼ q - pR þ 1� z ð2Þ

where q is the number of ribs of the graph that determine both kinematic and non-
kinematic interactions; pR is the total number of vertices of the graph, z - an indicator of
monitored parameters.

Indicator of controlled parameters, the dependence of which on their number (the
number of marked ribs), defined by the expression

z ¼ qb þ 1.
It is easy to see that according to indicators (2) and (3), the device taken as an

example for modeling with a modified kinematic graph is not independently controlled
(Fig. 2). The presence of an element p2 in its design, which defines the corresponding
model as a graph with a hanging vertex, allows us to speak only of manual control of
the performance characteristics of this device. Changing its operating characteristics
can be carried out by radially displacing element p2 in the grooves of element p1 to
change the area of the throttling hole. It is not difficult to notice that the device must be
removed from the working position and disassembled for this purpose.

Fig. 2. Modeling a device using a modified kinematic graph: device (a); kinematic diagram of
the device (b); model in the form of a kinematic graph (c); model in the form of a modified
kinematic graph (d).
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The studies were theoretically substantiated and experimentally confirmed that a
device with a mechanical control system must meet three primary conditions [16, 17].
The first condition (1), which defines the mechanism under consideration as a mech-
anism with excess mobility, corresponds to the modification of the model in the form of
a kinematic graph by introducing non-kinematic elements into it. Condition (2)
determines the presence in the graph of at least two cycles corresponding to two types:
the main cycle associated with the functional interaction of the device elements that
determine its performance and the cycle that determines the change in the conditions of
such interaction - control cycles. The third condition, which determines the presence of
mechanical control, is determined by the presence of one or more cycles, provided that
the marked edge e* is an element of the set of edges G (E) of this cycle

e� 2 G(E) ð3Þ

These conditions are accepted by the main conditions in the synthesis of mecha-
nisms with a mechanical control system based on their model in the form of a modified
kinematic graph.

4 Results

When synthesizing structures of relaxation shock absorbers with a mechanical control
system, it is necessary to determine how it is supposed to control the dissipation of the
future device.

At present, a new version of the shock absorber dissipation control is proposed,
based on a controlled change in the properties of its working fluid in the form of a
magnetoelectric fluid. However, the simplest and most common control method is to
change the throttle hole in the shock absorber piston. This is done using bypass valves
in some existing shock absorber designs. The synthesized design provides the con-
nection of the performance characteristics of the shock absorber, not with the pressure.
However, with the piston movement, the use of valves in the proposed design is not
provided. However, an element that covers the throttle hole in the shock absorber's
piston according to some kinematic law may be a necessary and sufficient condition for
its synthesis. Justifying the need for an additional movable element in the form of an
overlapping plate for the throttle hole in the shock absorber's piston, it is easy to
conclude that it interacts with the piston in some contact. This contact interaction can
be realized in the form of a kinematic pair of the 5th class, for example, translational
(p5T).

Thus, the previously presented shock absorber model can be used as the initial data
for the synthesis of a new device, using it as the basic structure of synthesis (Fig. 3, a).
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The synthesis task is to expand the basic structure by introducing into the model an
additional number of poles and edges and the order of their placement when the
accepted synthesis conditions are met. In this case, it is necessary to obtain an increase
in the cyclomatic number, taking into account the fulfillment of condition (3).

Based on the condition of minimizing the number of additional elements of the
model in the form of a graph, the following options for expanding the basic structure
are possible (Fig. 3, b):

– option A, in which the original basic structure can be extended with poles p3, p4,
and three additional ribs that correspond to rotational kinematic pairs of the 5th
class;

– option B, in which an additional edge corresponding can extend the original basic
structure to the kinematic pair of the 4th class. The calculations based on the
indicators of the synthesis conditions indicate their exact implementation for the
two presented options.

Fig. 3. Synthesis of relaxation shock absorbers with a mechanical control system: initial data (a),
device models in the form of modified kinematic graphs satisfying three synthesis conditions (b);
assembly matrices for synthesized devices (c); kinematic diagrams of synthesized devices (d).

Table 1. Correspondence of models to the conditions of synthesis of a passive device with a
mechanical control system.

Model Condition Fulfillment of conditions

(1) (2) (3)

Basic W = 1 r = 1 − No
Option A W = 1 r = 2 p0−b-p1−q5T-p2−q5T-p3−q5R-p4−q5R -p0 Yes
Option B W = 0 r = 2 p0−b-p1−q5T-p2−q4-p0 Yes
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The correspondence of the basic model and the obtained variants to the conditions
of synthesis of a passive device with a mechanical control system are shown in Table 1.

Further work with assembly matrices obtained based on models in the form of
modified kinematic graphs (Fig. 3, c) allows you to develop kinematic diagrams of
synthesized devices (Fig. 3, d).

The design implementation of the obtained kinematic diagrams in the form of 3D
device models was performed using the CAD package Autodesk Inventor Series
(Fig. 4).

Checking the kinematics and strength of the main elements of the synthesized
relaxation shock absorbers with a mechanical control system, carried out using the
applied CAD package, fully confirms their operability, which was the basis for
patenting the synthesized devices. In addition, the studies carried out show that the
percentage of unification of rubber, fasteners, and body parts in the proposed design
solutions is relatively high and amounts to 65%. This is because the design of the shock
absorber, adopted as the basic device in the synthesis, is quite widespread. All this
allows us to assert a slight increase in the cost of production of such shock absorbers at
specialized enterprises since this does not require a serious change in the technological
process.

5 Conclusions

Simulation of the kinematics of the synthesized devices showed a close relationship
between the change in the area of the throttling holes and the geometric parameters of
the additional mechanical circuit added to the basic device.

Fig. 4. Design implementation of synthesized devices: option A (a); option B (b) (the
designation of the device elements corresponds to the designations adopted in their modeling by
modified kinematic graphs).
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A comparative analysis of the synthesized devices showed that the realized piston
movement in sample A is less than in sample B, which is associated with a lever system
in the working cavity of the latter. In addition, this lever system (which occupies a
certain volume of one of the parts of the working cavity of sample A) also determines
the different dissipation coefficients, depending on the movement direction of the
piston. In sample B, large displacements of the piston can be realized, while the
volumes of the working cavity with the middle position of the piston are the same for
this device. In this regard, the direction of movement of the piston does not have a
particular effect on the damping factor. From a technological point of view, the
manufacture of sample B looks somewhat more complicated than sample A. However,
in terms of the functional capabilities -–the cost of manufacturing, both synthesized
samples can be considered quite effective.

The obtained results of kinematic modeling suggest that the presented designs will
make it possible to implement the operating characteristics of various forms of non-
linearity. For sample A, this can be achieved by using asymmetric throttling holes, and
for sample B, using a different shape of the cam mechanism determines the kinematic
pair of the 4th class.

It is advisable to evaluate the efficiency of the synthesized samples according to the
criterion of compliance of the realized working characteristics with some target ones,
which are implemented using shock absorbers with other (electromechanical or elec-
tromagnetic) types of control.
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Abstract. In the modern technology of beet-sugar production for purification of
diffusion juices, the primary reagent use lime is given in juice as water-lime
suspension (water-lime suspension). The cost of lime for purification of diffusion
juice is 2–3% by weight of beets, while the effect of purification from non-sugars
does not exceed 30%, often falling to 25%. It is known that freshly preparedwater-
lime suspension contains up to 30% of impurities, which contain 80–85% of
potentially active lime, which is discharged into the dump, making irreversible
losses of lime for beet-sugar production. Disposal of these impurities by activating
free but inactive and bound lime would reduce its losses during the purification of
the aqueous-lime suspension. In this regard, and in order to economically use
exhaustive deposits of limestone, increase the degree of utilization of potentially
active lime, which is excreted with impurities, increase the effect of purification of
beet-sugar production juices and reduce sugar costs, there is a need to find new
ways. Today, the technologies of many industries use various electrophysical
methods to increase the activity of chemical reagents, particularly a method of
creating an electric discharge in a liquid, which results in an electrohydraulic
effect. This work is devoted to developing a method of electrohydraulic treatment
of water-lime suspension in beet-sugar production to increase its activity and
reduce losses of active lime with impurities, which will reduce lime costs for juice
purification and increase the effect of purification and sugar yield.

Keywords: Lime � Water-lime suspension � Electrohydraulic effect � Lime
activity � Clinker materials

1 Introduction

Lime in the sugar industry is obtained by firing limestone in mine kilns. The chemical
and fractional composition of limestone must meet the technical conditions of
“Limestone for the sugar industry” [1]. The content of calcium carbonate in limestone
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should be not less than 93% by weight of dry limestone, so impurities in limestone
should be no more than 7% [2]. Lime unloaded from the kiln is divided into free lime,
consisting of active and inactive calcium oxide and bound. Only active calcium oxide is
used in the technological process - lime, which reacts with water during quenching,
turning into calcium hydroxide [3]. Anything that does not react with water during
quenching must be removed by cleaning the aqueous-lime suspension from impurities
[4].

Thus, the inactive lime as a part of the free lime is the sum of coarse-grained low-
activity calcium oxide, which is slugged with films of bound lime [5]. Inactive lime can
be converted to active by grinding. But the typical technological scheme of preparation
of water-lime suspension in sugar factories does not provide grinding, so inactive lime
and bound lime is removed from the water-lime suspension during purification from
impurities, making irreversible losses of CaO for sugar production [6]. It should be
noted that fine fractions of lime react especially actively with limestone impurities [7].

Coarse-grained recrystallized lime and bound lime are commonly referred to as
calcination. It is clear that the burn, which reacts extremely slowly with water even at a
temperature of 80–90 ºC, is removed by cleaning the aqueous-lime suspension, taking
with it most of the potentially active CaO. The amount of this lime at a firing tem-
perature greater than 1350 ºC can reach 20% of the mass of total lime [8].

2 Literature Review

The physicochemical properties of the water-lime suspension can be influenced in such
ways as using various additives in the preparation of water-lime suspension, devices -
dispersants and others [9]. In sugar production, a separate direction of improving the
quality of water-lime suspension - activation of water-lime suspension, ie technical
measures (or a set of technical measures) used in the preparation of water-lime sus-
pension to improve its technological value [10].

Under the activity of the aqueous-lime suspension means the percentage of lime in
the form of calcium hydroxide in the entire lime-containing component of the aqueous-
lime suspension [11]. It is believed that the higher the content of Ca(OH)2 in the entire
lime-containing component of the water-lime suspension, the greater its ability to
chemically interact with sugars of diffusion juice during preliminary and main defe-
cation and carbon dioxide during saturation [12].

The most well-known methods of activation are:

– mechanical - mechanical dispersion of particles of the extinguishing mass or ready
water-lime suspension;

– chemical (reagent) - addition of certain chemicals - dispersants, suspension stabi-
lizers, substances that accelerate quenching, increase the solubility of calcium
hydroxide - during quenching of lime or in slaked lime.

The disadvantages of such activation methods are that it is impossible to dispose of
potentially active lime contained in impurities [13]. This indicates the feasibility of
finding a fundamentally new way to improve the quality of the water-lime suspension,
the use of which would eliminate the existing shortcomings [14].
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One of the modern directions of development and research of a fundamentally new
way to improve the quality of water-lime suspension is the electrohydraulic treatment
of water-lime suspension [15].

The electrohydraulic effect is a high-voltage electric discharge in a liquid medium.
During the formation of an electric discharge in a liquid, energy is released over a
relatively short time [16]. A powerful high-voltage electric pulse with a steep leading
edge causes various physical phenomena [17]. In particular - the appearance of ultra-
high pulsed hydraulic pressures, electromagnetic radiation in a wide range of fre-
quencies - sometimes to X-ray, cavitation phenomena [18].

The study of the influence of the electrohydraulic effect on the quality of the water-
lime suspension will increase its activity, which will lead to an improvement in the
effect of purification of juices and savings of limestone and fuel on its firing.

The aim of the work is to develop an electrohydraulic method of activating the
water-lime suspension to intensify the processes of purification of beet-sugar produc-
tion juices. To achieve this goal, it is necessary to solve the following tasks:

– to investigate the effect of electrohydraulic effect on the activity of water-lime
suspension;

– to investigate the change in the dispersion of the water-lime suspension at different
parameters of electrohydraulic treatment;

– to investigate the influence of the electrohydraulic effect on the activation of bound
lime.

3 Research Methodology

Modern generally accepted and special methods of research and analysis of suspen-
sions of water-lime suspension, lime water, distilled and tap water, cement are used in
work. The main parameters of the electrohydraulic effect, which we varied in the study,
were the discharge voltage and the number of electric discharges [19].

The developed experimental electrohydraulic installation (Fig. 1) consists of the
electric discharge chamber 1 and the generator of pulse currents 7.

The cylindrical case of the electric discharge chamber 1 made of stainless steel is
established on risers of bed 2 using two lugs 3, on one axis welded to an external
surface of electric discharge chamber 1. This allows you to move discharge chamber 1
from a vertical position to a horizontal position without removing it from the risers of
frame 2. This design solution provides convenienceб if necessary, to drain the pro-
cessed product remaining in the discharge chamber 1 and to wash it. The tightness of
the electric discharge chamber 1 is provided by a cover 4 attached to the chamber using
a flange connection. In cover 4 is mounted electrically isolated from it, the positive
electrode 5. The negative electrode 10 is mounted at the bottom of discharge chamber
1. The interelectrode distance is regulated by the vertical movement of the leg of the
negative electrode 10 using a threaded connection. Both electrodes are connected to the
pulse current generator 7 using high-voltage cables 6. Pipes 8, 9 are intended for the
input and output of the processed product.
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The work uses generally accepted and special methods of research and analysis. In
the water-lime suspension before and after electrohydraulic treatment were determined:
activity, specific conductivity of the conductometer OK-102/1 company Radelkis,
stratification rate and volume of sediment Ca(OH)2, the solubility of lime in lime water,
dispersion and specific surface area Mastersizer, the duration of the activation effect,
studied the effect of the electrohydraulic effect on bound lime.

4 Results

For establishing a rational regime of electrohydraulic treatment of water-lime sus-
pension, a broad series of microscopy of preparations of water-lime suspension was
treated in different modes. As a result, a rational mode was determined: the discharge
voltage in the range of 30 – 45 kV, and the number of discharges with increasing
voltage decreases from 15 discharges at 30 kV to 10 discharges at 45 kV.

Figure 2 presents two photographs of the untreated original aqueous-lime sus-
pension. Large and medium-sized calcium hydroxide micelles, as well as single
hydrated particles of Ca(OH)2, are observed on them.

Fig. 1. Schematic diagram of an experimental electrohydraulic installation.
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After electrohydraulic treatment of the water-lime suspension at a voltage of 30 kV
with 10 discharges, the micelles are disaggregated, but a number of medium-sizedmicelles
can still be traced (Fig. 3).During electrohydraulic treatmentwith 15discharges at the same
voltage, the number of single hydrated particles of calcium hydroxide increases, and the
micelles that remain intact have a small size (Fig. 4). The disaggregation of agglomerates of
calcium hydroxide micelles looks more vivid during electrohydraulic treatment of water-
lime suspension with 10 discharges at a voltage of 45 kV (Figs. 5, 6).

Fig. 2. The initial water-lime suspension (660 times increase).

Fig. 3. Lime milk, treated with 10 discharges at a voltage of 30 kV (660 times increase).

Fig. 4. Lime milk, treated with 15 discharges at a voltage of 30 kV (660 times increase).
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Thus, due to the electrohydraulic treatment of the water-lime suspension in the
range of specific modes is almost complete disaggregation of agglomerates of micelles
of calcium hydroxide.

It is established that in a particular mode of electrohydraulic treatment, the activity
of the water-lime suspension increases by 12–14% compared with the activity of the
untreated suspension (Table 1).

The increase in the activity of the aqueous-lime suspension can be explained by the
fact that there is intense destruction of both lime particles that did not react with water
during quenching and the electrohydraulic effect agglomerates of calcium hydroxide
micelles to monoparticles that react quickly and entirely with acid.

To be sure that in the process of electrohydraulic treatment of water-lime sus-
pension, there is an increase in the dispersion of the solid phase, samples of the
suspension were examined for dispersion and specific surface of the solid phase using
the device of the German company “Mastersizer l” [20].

The water-lime suspension was treated with electrohydraulic discharges in 15
discharges at a voltage of 30 kV and 10 discharges at a voltage of 45 kV.

Fig. 5. Final lime milk (660 times increase).

Fig. 6. Lime milk, treated with 10 discharges at a voltage of 45 kV (660 times increase).
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The obtained graphs of the particle size distribution of the solid phase of the water-
lime suspension untreated and treated with electrohydraulic discharges are presented in
Fig. 7.

According to the obtained data (Fig. 7), the untreated polydisperse water-lime
suspension (1) is dominated by particles with a size of 20 lm., The percentage of the
fraction of this size in the total volume of the suspension is 67. (2) the percentage of
this fraction increases to 77. And when treating aqueous-lime suspension with 10
discharges at a voltage of 45 kV in the entire volume of the suspension is dominated by
particles of 14.2 lm, accounting for 80% of the total solid phase (3). This significantly
affects the specific surface area of the solid phase, which in the untreated water-lime
suspension was 0.311m2 / g, after treatment with 15 discharges at 30 kV - 0.350 m2/g,
and after treatment with 10 discharges at 45kV - 0.69 m2/g, i.e., increased compared to
the untreated suspension by 2.2 times.

As already mentioned, one of the components of the water-lime suspension is
bound lime. Bound lime includes calcium carbonate (CaCO3), calcium sulfate
(CaCO4), and complex lime compounds with limestone and solid fuel admixtures.
These compounds are called clinker minerals and are the products of the high-
temperature reaction of CaO with SiO2, Al2O3, and Fe2O3. They are always present in
lime, but in violation of the firing temperature, their number increases significantly, and
the amount of active lime, which binds to complex compounds - clinker minerals, can
reach 20 – 25% by weight of the total kiln lime [21]. Clinker minerals react very
slowly with water during quenching and are removed with impurities during the
purification of water-lime suspension, so the lime, which is part of clinker minerals, is a
non-recoverable loss for sugar production. The presence of clinker minerals in lime
milk is undesirable from a technological point of view. Therefore, of great interest is
the possibility of isolating lime from them during the preparation of water-lime
suspension.

Table 1. Influence of electrohydraulic effect on the activity of water-lime suspension.

Before processing After processing

CaOact,
%
suspension
mass

CaOsum,
%
suspension
mass

Activity,
%

High
voltage,
kV

Number of
discharges

CaOact,
%
suspension
mass

CaOsum,
%
suspension
mass

Activity,
%

Activity
increase, %

1 15.2 18.2 83.5 30 10 17.4 18.2 95.6 12.1

2 15.0 18.3 82.0 30 10 17.2 18.3 94.0 12.0

3 15.3 18.6 82.2 30 15 17.7 18.6 95.2 13.0

4 15.3 18.5 82.7 45 10 17.9 18.5 96.7 14.0

5 15.1 18.6 81.2 45 15 17.7 18.6 95.2 14.0
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It is not possible to obtain bound lime that does not contain free lime in the
laboratory. The temperature of formation of clinker minerals: silicates, aluminates, and
ferrites of calcium oxide is 1250 – 1500 ºC, and they can be obtained only in industrial
conditions. An ideal example of a mixture of clinker minerals that do not contain free
lime is cement.

We have experimentally determined that the treatment of an aqueous suspension of
cement with electrohydraulic discharges accelerates its reaction with water, thereby
increasing the content of dissolved lime in water, pH, and specific conductivity of
cement water. It was found that the activity of the water-cement suspension immedi-
ately after electrohydraulic treatment increases sharply from 21.2% to 29.6%, and then,
for another two hours, continues to increase to 34.9%.

The increase in the suspension activity is accompanied by an increase in the pH of
the solution from 12.15 to 12.45. The increase in activity is also facilitated by
increasing the solubility of lime in water for two hours – from 0.036% to 0.103% of
CaO (to the mass of the solution). Consequently, an increase in specific conductivity
from 0.415 Cm/m to 0.835 Cm/m This is a consequence of the grinding of particles of
cement slurry and the destruction of molecules of complex compounds of clinker
minerals with the release of lime in the free state during electrohydraulic treatment.

Externally treated with electrohydraulic discharges, the water-cement suspension
had an increased number of gem-like formations, and its solid phase resembles clay silt.

This action of electro-hydraulic discharges makes it possible to release a specific
part of the lime, which was in a bound state, thereby disposing of the burn according to
the typical technological scheme of preparation of the water-lime suspension is dis-
carded into the dump.

Fig. 7. Changing the dispersion of the solid phase of the water-lime suspension during
electrohydraulic treatment depending on the discharge voltage and the number of discharges: 1–
untreated water-lime suspension; 2– treated at a voltage of 30 kV and the number of discharges
15; 3– treated at a voltage of 45kV and the number of discharges 10.
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5 Conclusions

The influence of electrohydraulic effect on the properties of water-lime suspension is
investigated, and the expediency of its application for activation of water-lime sus-
pension is substantiated. The rational processing mode, which lies within the voltage of
30–45 kV at the number of discharges of 15–10, is determined.

The effect of increasing the activity of the water-lime suspension treated with
electrohydraulic discharges in the experimentally determined mode by 12–14% com-
pared with the activity of the untreated suspension was established.

Increasing the dispersion of the solid phase of the aqueous-lime suspension after its
treatment increases the specific surface area of the solid phase Ca(OH)2 in 2.2 times
compared to the untreated suspension.

The destructive effect of electrohydraulic discharges on bound lime, which is
present in the water-lime suspension, allows to utilize quicklime by 15–20% by weight
of total CaO, which is obtained in the lime department of the sugar factory, and this is
for sugar production with a capacity of 3000 tons of sugar beet processing per day is 15
- 21 tons of CaO per day.
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Abstract. In a fast-changing digital era – the characteristic of Industry 4.0, the
impact of new technology on mechanical design is tremendous. The use of
virtual prototypes to get closer to a first-time-right design is extended to become
a real digital twin with the introduction and embedding of IoT from the design
stage. Simulations are typically used for design, and in certain cases, offline
optimization. Digital twins are used for the entire design-execute-change-
decommission lifecycle in real-time. It is the task of engineering education to
introduce this technology to students. Due to a combination of many tech-
nologies, the challenge is to find an appropriate model for diversity. As a model
to cope with the multi-disciplinary character of digital twins from the design
stage on, a movable photovoltaic installation with a solar tracker is used. This
twin contains the different stages from virtual prototype to digital twin in a setup
that can be implemented in a project-based education methodology.

Keywords: Virtual prototype � Digital twin � Solar panel � Solar tracker

1 Introduction

Digitalization in every field of technology is speeding up continuously. The product
design and development in the past relied primarily on experience and engineering
judgment in producing concept designs. Next physical prototypes were then con-
structed and tested in order to evaluate the characteristics and compliance to require-
ments. Without methodologies to evaluate the performance of design in advance, the
prototypes were unlikely to meet expectations, so usually, the initial concept had to be
re-designed several times to address weaker performance revealed in prototype testing.

Today, manufacturers are under pressure to reduce time to market and optimize
products to higher levels of performance and reliability. Methods for easier, quicker,
and cheaper design processes like CAD/CAE became common practice. The use of
virtual prototypes (VP) – in which engineering simulation software is used to predict
product behavior before constructing physical prototypes - allows engineers to explore
the performance of multiple design alternatives without investing the time and money
required to build physical prototypes.

The next step to better designs is not only using simulation to improve designs, but
also by using data generated during the lifespan of a design. Using Internet of Things
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(IoT) to collect data from smart products and transmitting in real-time to analyze using
big data technology. The introduction and embedding of IoT from the design stage on
to make the virtual prototype behave (even) more as the real object converts the VP
into a digital twin (DT). DTs are used for the entire design-execute-change-
decommission lifecycle in real-time and lead to design optimization based on mea-
sured data.

A teaching-by-project approach seems to be the most appropriate method to have
engineering students implement the technologies and experience all aspects of the web
around the digital twin. Already Confucius (450BC) observed and stated “Tell me and I
Will Forget; Show Me and I May Remember; Involve Me and I Will Understand”.
These old words have been formalized and proven by pedagogical research and noted
down in Dale’s cone of experience [6].

The challenge for education is to incorporate all these new techniques in the study
curriculum of engineers. As – from its nature – DT is a multidisciplinary approach
combining different technologies and processes, a traditional approach in separate
subjects would not be appropriate. Secondly, the study of cases only without imple-
mentation by students is also doomed to underestimation or oversimplification of DT
technology.

In the literature review, a definition of virtual prototype and digital twin is pre-
sented. Next, a model/case study is presented, which is used to teach engineering
students in electro-mechanics on the subject of DT.

2 Literature Review

2.1 Virtual Prototype (VP)

In mechanical design, virtual prototypes had become standard practices over the last
decades, when after the 1990s design moved away from drawing-centered to model-
centered.

Virtual prototyping (VP) is a method in the process of product design. VP involves
using computer-aided design (CAD) and computer-aided engineering (CAE) software
to validate a design before committing to making a physical prototype. In electro-
mechanical design, this is done by creating 3D-computer generated geometrical shapes
(parts) and combining them into an “assembly” and subsequent testing different
mechanical motions, fit and function, and strength to analyze and optimize (Fig. 1).

A VP contains shape (like in technical drawings or 3D CAD models) and all
attributes and properties necessary in the model to become a virtual prototype. This
means the system’s material properties and dynamical response are embedded in the
model, so it “behaves” like the actual physical system.

After analyzing and optimizing, the design is further detailed and build
(development).
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2.2 Digital Twin (DT)

For the digital twin, there are many definitions. A DT is a digital replica of a living or
non-living physical entity [1]. DT refers to a digital replica of potential and actual
physical assets (physical twin), processes, people, places, systems, and devices used for
various purposes [2]. The digital representation provides both the elements and the
dynamics of how an Internet of things (IoT) device operates and lives throughout its
life cycle [3]. Digital representations are fully integrated with real-time data exchange
between an existing physical object and a digital object in both directions. One might
refer to it as Digital Twin [4].

Definitions of DT technology all contain two important characteristics (Fig. 2).
Firstly, the connection between the physical model and the corresponding virtual
prototype. Secondly, this connection is established by generating and transferring in
both directions real-time data using sensors and actuators. The digital twin is a core
enabler of autonomy and, therefore, the key to achieving a new level of flexibility in
automation systems [5].

DTs integrate IoT, artificial intelligence, machine learning, and software analytics
to create dynamic digital simulation models that update and change similar to their
physical counterparts. A digital twin continuously learns and updates itself from
multiple sources to represent its near real-time status, working condition, or position.
A DT also integrates historical data from past usage to update its digital model.

This monitoring and updating of the VP and after design iteration the physical
model is called the digital thread of the DT. The digital thread is the whole of IT-related
objects and processes that connect the design to the physical model. It contains the
sensors and physical connections for the monitoring and measuring of the physical
behavior of the model, the control software and algorithms to drive modifications, and
the actuators/controlling hardware that can change the state of the physical model.

DT technology is considered a key technology for Industry 4.0. Most of the
described examples in the literature deal with process monitoring, with very few with
the complete design cycle. DTs are used for different tasks, such as fault diagnosis in
photovoltaic installations both on the rooftop and building integrated photovoltaic
systems [7], manufacturing assembly systems [8], or autonomous electrical charging
stations [9], and entire cities for policy support [10].

Fig. 1. Virtual prototype.
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DTs are becoming an integral part of the digital transformation that impacts all
aspects of life and has a significant impact on the educational system [11]. Students
(and teachers) are the future generation of users and responsible for the roll-out of
digitalization. It means they need to be trained to conceive, build and maintain digital
twins too.

Implementing a DT concept for industrial equipment can also partially solve
problems related to hardware unavailability for the remote learning process, which is
now very actual with the pandemic situation and improve the professional training
quality when the pandemic is over [12].

3 Research Methodology

The challenges on introducing the DT technology from design thinking to a working
model and optimization of it into the teaching of engineers are big.

On the one hand, the boundary conditions of teaching students limit a number of
key properties and foreseen benefits of the DT-technology: DT technology aims to
improve the next generation of the design through the feedback of data generated
during the operation of the operation the current design. This is very difficult to achieve
in a student environment as students do not have the time nor means to iterate their
design. So the challenge is finding a setup that can mimic this optimization.

On the other hand, we want the DT to be part of the total concept in the design life
cycle span, so we do not want separate design cases, VP, and DT. Dale [6] showed that
the best way to teach students is to experience the methodology themselves.

The model’s objectives are that students can design, build, and optimize a virtual
prototype and use it as a basis for their own digital twin, in which the feedback and
integration of real-time (measuring) data are implemented. Simultaneously, we want to
integrate as much as possible from the recognized technologies which enable the
making and implementation of a DT (Fig. 3). Integrated technology in this model is
circled in Fig. 3 in green and future integration in orange. It shows that the model/case
offers all necessary technologies and is still comprehensive enough for students.

The proposed methodology is to implement a course with the theoretical back-
ground of the digital twin technology in electro-mechanical systems with case studies
and examples of existing digital twins, combined with the design and construction of a

Fig. 2. Digital twin.
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digital twin. Besides the technology, professional skills are integrated into the
assignment. Students will work in multi-disciplinary teams of students (mechanical
engineers, automation engineers, software engineers), which need much communica-
tion and will also need to take care of the information and documentation of the model
for the users.

As a case for the student project, we use a moveable solar panel with a control and
sensor system (Fig. 4) as this is a comprehensive model, which is also scalable from
lab-size to full-blown life-size models. It is also a system for renewable energy, it can
serve as a case for courses on sustainability.

In this model, we integrate the following steps and show the course interaction with
other courses of the curriculum:

– The making of a virtual prototype as the base for the digital model of the system. It
consists of three major parts
• Make 3D CAD model: interaction with courses on design, mechanical machine

components, electrical drives (Fig. 4, arrow 1)
• Introduce properties and requirements in the CAD model to make it a virtual

prototype: interaction with material sciences, mechanics, dynamics (Fig. 4,
arrow 1)

• Optimize the model through calculated simulations to have the best possible
design: interaction with mechanics, numerical methods as FEA (Finite Elements
Analysis), MBA (Multi-body analysis for mechanisms), CFD (Computational
Fluid Dynamics). (Fig. 4, arrow 2)

Fig. 3. Enabling technology of digital twin, adapted from [1].
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– Adding control for the positioning of the system:
• Control position of the real physical system through a control algorithm. The

algorithm can be chronological (in which the solar panel is oriented according to
to its physical position on earth in combination with the calendar) or adaptive (in
which the sun is constantly tracked and the panel’s orientation is adjusted to be
perpendicular to the sun-vector). (Fig. 4, arrow 3, 4). The control algorithm is
also fed by the virtual prototype, which could detect dangerous situations from
the point of view of structural strength or adjustments and instruct the control to
go into safe mode.

• This part has interaction with courses on control theory, automation technology,
and computational methods for the algorithms.

– Making of the digital twin:
• Instrumentation of the physical system by adding sensors and feedback network

(Fig. 4, arrow 5, 6):
• Sensors for: orientation angles, solar/light intensity detectors, wind speed

(anemometer), wind direction (wind vane), temperature, delivered power,
deflection of the installation/mechanical loading of the structure (strain gauges),
snow detection (optical sensor)

• Network: wired or wireless connection
– This digital twin incorporates/offers the following possibilities:

• Feedback from the physical system via the solar/light intensity detectors for
adjusting/adapting the orientation control.

• Data acquisition and analogue/digital conversion on sensor-information.
• Visualization of data: accumulated power in time.
• Real-time updates the virtual prototype and recalculate mechanical forces and

strength to detect possible dangerous situations (e.g., extreme wind load versus
panel orientation).

Fig. 4. Digital twin setup.
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• Use of big (accumulated) data and possible (future) integration of AI (artificial
intelligence)/machine learning: from the interaction between temperature/
cooling/cooling energy and delivered power and the accumulated power effi-
ciency, studies can be conducted, and future design improvements can be
studied/simulated.

4 Results

At the first stage, the virtual prototype of the solar panel installation has been built in
CREO6.0 (PTC). The model consists of the 3D-CAD representation of the installation,
including the material properties and requirements.

The model has been calculated to optimize the design towards strength, in which
discrete/worst-case scenarios for loads have been implemented. For this, an MBA
(Multi-Body Analysis) and FEA (Finite Elements Analysis) have been integrated.

For the digital twin, a feedback loop has been implemented so that the real-time
position/orientation of the physical model updates the virtual prototype, i.e., the model
reacts on sensor measurements for the orientation, and the CAD model is updated
accordingly.

First feedback sensors are the position of the panel (used for the digital twin angles
ANGLE_PYLON and ANGLE_PANEL), the wind direction (ANGLE_WIND), and
WIND_SPEED (Fig. 5). Feedback information is stored in a CSV-formatted file in
which each line contains a time-stamp and the values of each sensor data:

Set Name;SENSORS/ANGLE1_GP;SENSORS/ANGLE2_PSP;
SENSORS/ANGLE3_WIND;SENSORS/WIND_SPEED
2020-09-27T07:00:30.126Z;0;0;0;0
2020-09-27T07:00:31.126Z;10;0;0;5
….
2020-09-27T07:00:38.126Z;90;45;40;20

The values are next coupled to internal parameters in the digital twin through using
an object of the “sensor”-type in the software. These resulting parameters drive the
digital twin for positioning using the angles for calculations using the wind speed and
angles.

Wind speed results in wind pressure acting on the panel:

P ¼ 0:613 � v2; ð1Þ

where v – wind speed, m/s; P – wind pressure, Pa
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During the design stage, wind speeds are taken from the references. In the feedback
stage, wind speed is the measured WIND_SPEED. Generally, wind speed ranges from
0 m/s (no wind) to over 32.6 m/s (in a hurricane). The mentioned wind speeds are
mean speeds, averaged over 10 min by convention.

The wind pressure is converted to a wind force to serve as a load in the FEA-
strength analysis of the structure:

F ¼ A � P � Cd; ð2Þ

where A – projected surface (m2) of the solar panel; P is the wind pressure; Cd –

drag coefficient (dimensionless). The projected surface is the surface of the solar panel
perpendicular to the wind vector and depends on the wind vector and actual position
(PYLON_ANGLE and PANEL_ANGLE).

The drag coefficient is dependent on the actual shape of the element which is hit by
the wind. For ease of calculation, we use standard drag coefficients for a cylinder
(pylon) of 1,2 and the panel’s flat surface a coefficient of 2,0.

The adaption of the digital twin to the sensor data and the (re)calculations according
to the actual data can be seen in Fig. 6.

We have a dual-axis tip-tilt configuration [13], with a vertical and horizontal
rotation axis.

Fig. 5. VP, indicating the angles and current sensor values for the positioning in the figure.
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The position can also be generated by the control algorithm towards the virtual
prototype. Several approaches to the tracking algorithm exist [13–15]. The positioning
algorithm functions on a chronological base in the current setup, meaning date, time,
and position on the world map determine the panel's orientation. The algorithm is
clock-based and does not adapt to solar conditions at each moment. Every day there is a
reset towards the predicted ideal orientation. This chronological algorithm is a good
and easy basis to start from and be adapted and elaborated in the student project.

5 Conclusions

The proposed model and case study for integrating the digital twin concept from design
to the monitoring stage of a real-life construction into engineering studies has proven
feasible.

The challenge of making a comprehensive case that is at the same time compact to
fit in the available timing of students’ curriculum while still containing all technologies
enabling digital twins has been realized. The model makes it possible to use a step-by-
step introduction from virtual prototype to digital twin and encourages a multi-
disciplinary approach between mechanical engineers, automation/electronics engineers,
and software engineers.

For future work, there are ample possibilities left in the digital twin of the solar
panel towards data visualization and the use of AI (artificial intelligence) to optimize
the efficiency of power generation and integration in a cloud-based platform.
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Abstract. The paper presents the technology for developing a test of learning
outcomes applied to engineering students. Considering the evidence, which
reflected the practice of learning outcomes testing and tests development, the
need to study the problem was revealed. There was a lack of scientifically based
recommendations that allow designing valid and reliable assessment tools for
the learning outcomes diagnostics under competency-based education. The
finding of the current research was formed as a technology of the test devel-
opment. The substantiated technology included four phases: organization and
preparation, design and expertize reflection and diagnostics, and final techno-
logical phase. Each phase involved certain stages. The proposed diagnostic
procedures made it possible to design valid tests that met the quality criteria in
examining the level of learning outcomes for engineering students. When the
test developer adheres strictly to the reasonable testing phases, they obtain an
algorithm for creating a valid test item, which could be accumulated in a test
database and then used to design tests. Following the technology stages, an
educator/examiner/test developer could design, justify and evaluate the test item
according to a scientific basis rather than their intuition. That enables objective
and reliable results of student’s achievements testing.

Keywords: Learning outcomes � Test � Engineering students � Assessment �
Evaluation � Validity � Test items

1 Introduction

Testing and evaluating in higher engineering education are the most important means
of motivating and stimulating students’ cognitive learning activities. The objects of
testing in competency-based learning are knowledge, skills, attitudes, and beliefs, the
relationships between things, ability and skills to apply the acquired knowledge in
practice, experience of creative activity, values, etc. The results of the analysis of the
scientific sources gave grounds to assert that in the available scientific papers. There
was no unity in scientists’ opinions on the approaches to developing objective, valid,
reliable methods, forms, and technologies for assessing students’ competence.
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Teaching practice also needed thorough methodological developments as usual
methods and forms of knowledge testing that have been used for years to appear to be
extremely limited for assessing students’ competence and achievements.

This situation required changes in the system of monitoring student’s achieve-
ments, designing and applying objective diagnostic techniques, and studying didactic
problems related to various aspects in the development and application of methods for
learning outcomes assessment. Investigating the methodological aspects of skills and
abilities testing for engineering students is significantly important and expedient. They
were considered while designing test development technology to guarantee the pos-
sibility for the educator/examiner to perform objective and reliable results of student’s
achievements.

2 Literature Review

The analysis of the published research on test design and application enabled the
investigation of those issues, which are being investigated recently. The researchers
have studied the aspects of different methods of student achievement assessment and
test effectiveness [1, 2], the opportunities and obstacles of the process of test devel-
opment and application [3, 4], as well as the questions of suitable assessments of such
skills as professional knowledge, critical thinking, and problem-solving [5, 6]. The
problem of a test and testing results validation has been considered and the analysis of
existing approaches [7, 8].

Despite the obvious effect of the scientific approach to assessing learning outcomes
in higher education [9], nowadays, there is a lack of methodological recommendations
for the test development procedure to create valid assessment tools. There is also a need
to develop a scientific base for conducting and evaluating test results under the con-
ditions of educational digitalization [10] and forced-choice of distance learning as
feasible during quarantine periods.

In addition, there are noticeable differences in the views of scientists on the prin-
ciples and approaches to creating test items of different levels and tests in general.
Other aspects under consideration were the technology of test creating and differenti-
ation of test items by degree of complexity. These issues prevent the effective use of a
test as a method of objective measurement of student’s learning outcomes and actualize
the study of the problem connected with educational test designing.

The purpose of the study was to substantiate the technology of testing as a valid
method of assessment and evaluation of students’ learning outcomes. Some advanced
theories of didactic measurements became the base for the substantiation. To achieve
the goal, the following tasks were planned: to substantiate some characteristics of the
students’ learning outcomes testing, describe the phases and stages of the test devel-
opment technology, present the method of designing different test items, summarize the
results in the form of a structural and logical diagram.
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3 Research Methodology

To solve the research goals, a set of theoretical and empirical methods was used.
Theoretical approaches included analysis of scientific sources (dissertations, conference
proceedings, periodicals, philosophical, psychological, pedagogical, methodological
literature) and regulations (laws, standards, acts, concepts) to study the state of the
problem and analyze existing solutions. The comparison was used to compare
approaches and identify the leading ideas and directions of scientific solutions. Syn-
thesis was applied at the stage of substantiation of the theoretical base for the tech-
nology. Generalization enabled the formulation of conclusions. Empirical methods
included questionnaires, observation of participants in the pedagogical process, inter-
views of students and teachers to reveal any difficulties and limitations connected with
an objective and reliable assessment of student’s learning achievements.

We would note the advantages of testing compared to empirical (traditional cus-
tomary) ways to monitor student’s learning outcomes. Firstly, properly organized
testing allows checking a much larger amount of knowledge than traditional methods
of control. In some cases, the test enables checking the entire amount of educational
results provided by the curriculum. Secondly, a teacher can test the learning outcomes
at a certain stage of the course. For this purpose, the test includes items of a certain
type. They allow using a scientific basis to check the mastery of educational material in
a certain period rather than perform it intuitively [11]. Thirdly, tests do not have
established shortcomings inherent in traditional methods of control (subjectivity of
assessment, inability to restore results, relatively small amount of verification of the
content of educational material, different complexity of tasks given to students to
determine their level of mastering, different number, and volume of additional ques-
tions, etc.).

It should be emphasized that during testing, we have the opportunity to deal
simultaneously with a significant number of students. Online testing immediately
provides a score for the student after completing the test. There is a possibility to repeat
the test conditions several times to find out changes in the level of students’ mastering.
Considering the results of the scientific works analysis [11], we assume that the testing
technology is a model of pedagogical activity that reflects the procedure for imple-
menting and formulating assessment goals, creating sets of test items, testing itself, and
evaluating testing results. When certain requirements are met, they provide scientifi-
cally based and objective results in determining the student’s achievements. The
technology presented could be applied to design tests in all the engineering subjects,
e.g., Farm Machines, Mechatronic Systems, Hydraulic Drive, etc.

4 Results

After that, we directly described each phase and stage in designing testing methods,
verifying and evaluating learning outcomes.
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The I Phase (Organization and Preparation)
Stage 1. Definition of the testing purpose and objectives. The purpose and objectives of
testing depend primarily on the type of control. In particular, the preliminary exami-
nation (diagnostic testing) assesses the level and structure of students’ readiness to
master a new discipline. During ongoing monitoring (formative testing), tests are used
to gauge student learning and obtain operational data on the level of students’
knowledge to organize effective management of the educational process. The control at
the end of the learning module (benchmark testing) involves identifying and evaluating
the results of learning a particular module as a completed part of the curriculum.
Summative testing aims to identify the system and structure of students’ knowledge for
a long period of study (semester, academic year, etc.).

Stage 2. Structuring the content of learning materials or compiling a register of
knowledge elements. When structuring the content of learning materials, it is advisable
to use the educational and professional programs and the curriculum. Firstly, it is
necessary to single out the most important educational outcomes from the list of ones
that students should master according to the standard. Then they need to be structured
into groups [12]. The group C (concept) includes categories, terms, concepts, desig-
nations, P (phenomena) has properties, phenomena, facts, observations, descriptions of
technical objects, mechanisms, etc., R (relations) are made up with relations, theorems,
laws, rules, theories, models, structures, etc., A (algorithms) consists of algorithms of
activity (problem-solving, proof of theorems, etc.), sequence of actions, procedures,
rules of decision-making, etc. Sometimes it is advisable to determine the structure of
the learning content and use such structuring of the material to identify typical groups
of learning components. If the content of learning material is difficult to structure, it is
recommended to compile a register of learning elements [11, 13].

Stage 3. Choosing the type of test items. There are main requirements for designing
test items. Firstly, a student can perceive the task content immediately after the first
reading. Secondly, the content of the task should be limited to 7 ± 2 portions of
information because a person can keep in short-term memory just that number of
elements. Thirdly, the test item should be based on a true statement (it is not recom-
mended to ask questions about the things which are not used, do not work, do not exist,
etc.). Fourthly, in the content of the task, there should be no contradictory opinions or
statements. Finally, it is desirable to provide, if necessary, only mental arithmetic.
There are two types of items in pedagogical tests: tasks with free answers (open); tasks
with given alternatives (closed). Open items include a completion type (a fill-in-the-
blank). The fill-in-the-blank item offers the student to enter a word, a number, or
formula using the keyboard (or writing it down on paper). There are some examples.

1. A kind of valve at a certain current rapidly reduces the resistance and passes the
current further (from the collector to the emitter) is ….

The key is a transistor.
Another variant of the item includes listing when the student is offered to list com-

ponents, properties, characteristics of the object required in the task. The example is:
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2. Name three main elements of the simplest electrical circuit:

1__________;2__________; 3____________.

The key is the source of electric energy, electric energy receiver, connecting wires.
Closed items consist of instructions and a list of possible answers or the elements

used by the student to choose or compose the correct answer. Items with given variants
of answers are divided into single-alphabetic, double- and multi-alphabetic. One-
alphabetic tasks (multiple choice) contain questions or conditions of the problem and
one list of possible answers or their elements used to choose the correct answer
(Fig. 1).

The peculiarity of a single-alphabetic (multiple choice) test item is that it contains
both correct and incorrect answers. The incorrect answers (distractors) must be
homogeneous to show the same properties and belong to the same category as the
correct answer. Tasks for restoring the sequence of answers include a question or a
condition of the problem and a list of answer options that the student must arrange in a
clearly defined sequence, for example:

Establish the correct sequence of stages for the metallurgical process:
1 Steel smelting 2 Cast iron smelting 3 Ingots getting
4 Preparation of iron ore 5 Production of rolled metal
The key is 4, 2, 3, 1, 5.
A variety of the items above are selective and organizational tasks, which offer the

student to choose the correct answers and arrange them in a clearly defined sequence.
Matching type of the items is used when there is a clear pairwise correspondence
between the elements of two alphabets (lists) such as names of the elements and their

Fig. 1. The main elements of a single-alphabet (multiple choice) test item 1 is instructions, 2 is a
task, 3 is options, 4 is a key (may be given after the student’s choice)
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designations in drawings or diagrams, names of objects in different languages, words,
and their synonyms, etc.

In addition to the methodology for selecting the test items, it is needed to note that
the test should contain items of all types and meet the basic requirement: the test should
represent the amount of learning outcomes that must be checked.

The II Phase (Design and Expertize)
Stage 4. Development of items sets and test construction. The length of the test (the
number of the items) should be enough to cover all the important issues of the learning
subject (concepts, laws, patterns, hypotheses, facts, structural components of the the-
ory, methods of practice, etc.). According to this indicator, there are short tests (10–20
test items), medium tests (20–500 items), and long ones (500 and more items). During
the experimental work, we proved the validity of the opinions [12, 13], that the optimal
number of tasks in testing, which lasts 30 min, should be 30–60 items.

At this stage of substantiation of testing technology for assessing engineering stu-
dents’ learning achievements, it is expedient to consider the difficulty of test items.
Scientific and methodological sources give various recommendations for solving this
problem. In particular, V. Avanesov [13] offers the following component layout: half of
the items in the set should be the lowest level of difficulty (familiarization and ori-
entation level: awareness about elements, including categories, terms, concepts, names,
properties, phenomena, facts, description of objects, mechanisms, etc.); a third of
testing tasks are designed to check the awareness of a higher conceptual and analytical
level (knowledge of basic relations, theorems, laws, concepts, rules, hypotheses, the-
ories, models, analytical, graphical, logical dependencies, structures); the rest of the
tasks in the set are to be of the highest level of difficulty (a productive and synthetic
level which shows the ability to use in practice algorithms of activity, in particular,
algorithms for solving problems, proving theorems, procedures, rules of decision
making, behavior, etc.).

Stage 5. Expert assessment of tests by teachers. During the experimental research,
the evaluation of the qualitative characteristics, the correctness of the formulation of the
conditions of test items, the accuracy of formulation of the test, in general, involves
teachers (experts) who have teaching experience in certain disciplines. The experts are
given reminders of defects, which could occur in test items. The defects include
semantic difficulty, grammatical and logical hints, long (noticeable) correct answers,
repetition of words, the tendency to convergence, etc. The stage is planned to eliminate
errors and inaccuracies of wording. In addition, teachers passing the tests must time
their work. The experts’ answers are compared with the etalon. Some adjustments to
the content of the test are made according to the recommendations of the experts.

Stage 6. Checking the test on a control sample of students. To obtain statistically
significant results in control testing, the following conditions must be met [13]: control
testing should be conducted in several parallel groups, at least twice, on different days
and with varying options of the test, there must be at least 20 people in each group, the
same conditions of control testing should be provided in all groups (time, place,
duration of inspection), all respondents should receive approximately the same diffi-
culty test items, it is advisable to perform the testing using special software.
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Stage 7. Analysis of the control testing results. To properly evaluate the results of
the control testing, it is necessary to determine the evaluation methodology. There are
several approaches to the evaluation of testing results. They are described in detail in
the works [6, 13, 14]. The technology of assessment of the test items is based on the
following requirements [13]: if the task is solved correctly, the student receives 1 point,
if at least one of all the correct options is not marked, or, in addition to the correct ones,
at least one incorrect option is added, 0 points are scored.

Phase III (Reflection and Diagnostics).
Stage 8. Selection of valid test items for the basic set. The validity of a test is con-
sidered to be a complex concept [14]. It includes the validity of the toolkit (validity of a
test item, the validity of the test), the validity of the method (content validity, validity
of compliance), the validity of testing and evaluation procedures. The test validity
indicates the test measures and how well they do that [14, 15]. Considering this, the
validity of test items is determined based on such characteristics as difficulty (level of
information assimilation, according to B. Bloom’s taxonomy [16, 17]), distributiveness
(ability to distinguish students with different levels of knowledge with sufficient
accuracy).

Stage 9. Compilation of the final test. To complete a test of 30–60 items, which
make up the test length, are selected from the base of test items. Together they reflect
the content of the discipline, module, rubric, etc. The tasks are arranged to meet the
requirements. Firstly, inhomogeneous tests constructed for a separate discipline or a
module, the difficulty must increase. Secondly, in heterogeneous tests, made up of
several disciplines, the items are placed in a spiral; when the test is first completed with
the easiest tasks, then the next level of difficulty goes. When compiling the summative
test, it is important to agree on two conditions: to cover the content of learning material
with a set of multi-level tasks entirely and to adhere to the terms of testing.

Stage 10. Preliminary test quality control. To pre-check the quality of the test, it is
necessary to involve students (80–100 people) who have already mastered the disci-
pline. Students’ actions are timed, and the time required for testing is determined. In
addition, the resolution of the tasks is checked again, in particular, the tasks answered
by less than 5% of students. We recommend using the Powell optimization method.
Alternative methods by Polak Ribière and Fletcher Reeves were also tested. The
conclusion about a greater error was made.

Stage 11. Evaluation of the validity and reliability of the test. The validity of the test
is assessed experimentally. To do this, a group of students (at least 50 people) con-
sistently passes two types of testing: test items and written testing on the issues that
reflect the test items’ content. If the distribution of the students’ scores after those two
control measures coincides with the significance level of 0.05, the test is considered to
be valid. The reliability of the test is related to the accuracy of measuring the level of
student achievements. Among the variety of ways to determine this indicator, the
simplest, in our opinion, is to calculate the Pearson correlation coefficient between the
results of repeated trials of the same test in the same group (at least 50 people). If the
correlation coefficient value is more than 0.7, the reliability of the test is considered
sufficient.
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The IV Phase (Final Technological)
Stage 12. Testing. The testing procedure also affects the validity of the method for
objective assessment of learning outcomes. It should be noted that testing involves
compliance with certain psychological requirements [18]. It is also important to follow
the rules: the student must be sure that the exam with test items is more objective than
an oral examination or a written test, the student must be warned that he can perform
the tasks in any sequence convenient for him, when testing, students should be alerted
about the limited time, it is necessary to adhere to confidentiality of testing, before the
testing, students should be informed about the low probability of random guessing, it is
essential to reduce terms of the score calculations as much as possible [7, 19].

Stage 13. Evaluation of testing results. According to B. Bloom’s Taxonomy of
Educational Objectives [16, 17], the level of knowledge is the lowest level of the
cognitive domain. At this level, the quality of assimilation of concepts, facts, principles,
methods, design features, technical characteristics, etc., is checked through the test. At
the level of comprehension (the second level of the taxonomy), the possession of
knowledge is tested, and the ability to explain facts, approaches, principles, interpret
the material in a certain way, and carry out its transformation. To test the results on
these levels, it is advisable to use multiple choice and matching test items types. The
tasks for restoring the sequence are used to assess the levels of analysis and synthesis.

Such levels of knowledge as evaluation and creation are extremely difficult to assess
using a test. There can be no single answer, so the problem should be solved in different
ways. Therefore, the test method should be combined with other methods, such as a
written (essay), calculation and graphic tasks, projects, or creativity tests [20].

5 Conclusions

The proposed technology of test development makes it possible to carry out valid test
items that meet the quality criteria in determining the levels of student’s learning
outcomes and achievements. Thus, when test developers use a scientific approach, they
have an opportunity to create a database of diverse test items, construct a valid test,
conduct testing and evaluation procedures, and obtain objective, reliable results while
testing engineering students. The technology for test development includes four phases
(organization and preparation, design and expertize reflection and diagnostics, and final
technological phase) realized in thirteen stages that describe the whole procedure
starting from the definition of the testing purpose and objectives students’ testing
results.

Further scientific research on valid test development could be devoted to devel-
oping a system and instruments for assessing the quality of professional engineering
education. Moreover, such issues as the objectivity of the student’s outcomes assess-
ment and the influence of the number of questions, their complexity, response time,
etc., on the objectivity of testing require additional study.
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Abstract. The purpose of the article is to study the problem of the formation of
ecological competence of future agricultural engineers based on modeling the
content of professional training as a holistic pedagogical process of managing
students’ learning activities. Theoretical and empirical methods (monographic
analysis, synthesis, modeling, forecasting) were used in the research. The model
for ecological competence forming of future agricultural engineers was pre-
sented as a semantic network. The requirements of educational qualification
descriptors were the initial points for the model. The finishing point was an
aggregate of criteria of professional competence. Experimental research was
conducted based on the Kharkiv Petro Vasylenko National Technical University
of Agriculture on the example of educational disciplines that formed future
specialists’ professional competence at a bachelor and master levels in Agri-
cultural Engineering. Research results confirmed the adequacy of the model for
the process of ecological competence forming in agricultural engineering stu-
dents during their professional education. Realization of the model for the
process of ecological competence forming in future engineers of agrarian sphere
provided visualization of pedagogical conditions for didactic processes activa-
tion and organizational and technological algorithms under the conditions of
management, co-management, and self-management of students’ learning. As a
result, the quality of professional training has increased. The practical signifi-
cance of the obtained results lies in the possibility of applying the proposed
management model in the educational process of higher education institutions in
the process of forming the environmental competence of future engineers in the
agricultural sector.
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1 Introduction

Today ecological education is defined as one of the basic world civilization priorities in
the system of factors for ecologization of all types of human activity. It is considered an
independent and urgent problem and an important instrument for ecological processes
management, the main lever of improvement in production and consumption, taking
into account the possibilities of the biosphere. Ecological competence forming in
agricultural engineering students is an obligatory learning outcome in the process of
their professional education. The functional providing of engineerings processes is
closely related to the environment. Agricultural engineers are expected to possess
fundamental knowledge both in mechanization and automation of production processes
and also in the field of ecological technologies of agroengineering. The necessity of
priority change in engineering education is becoming more obvious. The priorities
should focus on forming and developing students’ ecological thinking and abilities to
apply ecological technologies and improve existing ecosystems [1]. We consider the
specific functioning of agrarian industry and the necessity of ecological problems
solving to enhance environmental quality. In this context, ecological competence
forming in agricultural engineering students is one of the actual and near-term tasks for
education development [2].

Unfortunately, today, the contradiction between the growing amount of engineering
work in the agrocultural industry and insufficient engineer ecological competence level
is obvious. That requires substantial modernization of the pedagogical system based on
the development of innovative didactics methods, forms, and facilities for forming and
developing ecological competence of future engineers of the agrarian sphere. At these
terms, the pedagogical system of innovative level of education needs the substantial
reflection of the newest administrative tendencies in the process of engineering edu-
cation at the level of technological process of students’ ecological competence forming.
These aspects require planning organizational and administrative models for engi-
neering education. The models would provide technological achievement of the
assured level of ecological competence (EC) of future specialists [3].

2 Literature Review

According to the Determination and Selection of Competencies international project
(DeSeCo), the definition of educational competencies is suggested. It considers a
general global view of the future, including the most advanced ideas of democratical
values and targets connected with balanced development of humanity based on
ecology development of a technical process, an environment defense, and economical
stability [4].

An ecological competence allows a specialist to solve the ecological safety and
safety of labor in production surroundings without harming the environment. Nowa-
days, an ecological problem refers to the list of global problems of humanity,
enthralling after the scales and meaningfulness of all spheres of activity, including
agriculture. As a strategic decision of this problem in the 1980s, the International
Commission on Environment and Development, which was created by the decision of
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the United Nations, offered a conception of sustainable development [5]. The leading
role in realizing sustainable development concept is the development of ecological
culture by the higher school. It influences significantly on final forming and outlining
of the fundamental components of future specialist’s world view. It is the period of
active formation of the value-semantic sphere of personality and possession of practical
methods and requirements of ecological imperative.

The latest positions of the national strategy of education development in Ukraine
state that under the conditions of ecological competence forming the educational
process must organically connect the professional training with modern technologies of
development of ecological thinking by researches in industry of ecological safety and
revival of biosphere according to modern terms of digital pedagogics (SMART edu-
cational complexes, information, and communication technologies, digital resources,
and facilities of activation of cognitive activity of students) [6]. The need to regulate
environmental processes on a global and regional scale necessitates the modernization
of the content of engineering education and upbringing, which cannot overcome the
contradictions between the existing and appropriate level of environmental knowledge.

The solution to this pedagogical problem is possible only if the competence
characteristics of the future agricultural engineer will be based on scientifically
grounded goals, integration of scientific knowledge, and public demand. Acquisition of
ecological competence by prospective engineering personnel of the agrarian branch
aims to complete the formation of the ecological culture of specialists. The starting
point of higher environmental education is the formation of applicants for high envi-
ronmental culture, deep environmental knowledge and biosphere worldview, training
of bachelors and masters in all areas of environmental, practical, managerial, educa-
tional, and scientific activities.

Analysis of recent publications on the topic of the study [7] allows us to identify
some general approaches to ensuring the organizational and pedagogical conditions of
the process of environmental competence forming in future engineering personnel of
the agricultural sector:

– formation of the motivation and value mechanism of assimilation by students of
competence characteristics of educational result;

– development of ecological culture and system thinking in future specialists;
– development of models for managing the content of education based on a holistic

pedagogical process;
– introduction of computer-oriented systems and information technologies;
– application of innovative learning technologies in the conditions of the distance

form of the educational process;
– introduction of student research projects in the field of environmental education;
– intensification of practical training of future engineers in terms of production.

Thus, the analysis of the level of elaboration of the problem of ecological com-
petence forming in future engineers of the agricultural sphere is an actual component of
complex research for obtaining high-quality engineering education.

The purpose of the article is to substantiate the model of environmental competence
of future agricultural engineers and design an appropriate pedagogical model of
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managing the process of environmental competence forming in terms of engineering
education.

3 Research Methodology

The study is based on a set of methodological approaches to the formation and
development of environmental competence of engineering personnel in the agricultural
sector. First of all: competence, system, activity, technological, managerial,
personality-oriented, culturological, axiological, and other approaches.

The methodology of the competence approach in the ecological competence for-
mation is connected with the idea of comprehensive development of the future agri-
cultural engineer, training him as an expert and as a person able to solve environmental
problems, implement environmental safety measures, and ensure the development of
ecological culture. The competence approach is humanitarian in its basis. It aims to
form humanistic values, the development of worldview qualities of future profes-
sionals, their creativity, and their ability to self-educational activities. The concept of
the competence approach is interpreted as the focus of the educational process on the
formation of competencies (crucial, subject, general professional, special professional)
personality. That provides formed general professional competence of the specialist
[8, 9].

A high level of achievement of ecological competence requires the use of inno-
vative technologies and didactic models of pedagogical process management. This
article proposes introducing a pedagogical model of managing the educational activi-
ties of students in the process of ecological competence forming in engineering per-
sonnel of the agricultural sector.

The following research methods were used to solve the set tasks: theoretical
(aspectual and conceptual-terminological analysis of literature sources, comparative
analysis, generalization and systematization of scientific directions and educational
programs of engineering specialists); empirical (functional analysis of research results,
statistical processing, and data interpretation). The use of a set of methodological
approaches and methods allowed to form a didactic management system for the for-
mation of environmental competence of future agricultural engineers, taking into
account modern organizational forms and pedagogical technologies to achieve edu-
cational results.

4 Results

To determine the component structure of environmental competence of future engineers
in the agricultural sector, we consider the integral characteristic of the content of
pedagogical activities, professional competence. Competence is an objective category
that captures a socially recognized set of a certain level of knowledge, skills, abilities,
experience, etc., which can be applied in a wide range of human activities [10]. The
professional competence of an agricultural engineer includes such qualities as: tech-
nological culture, ecological culture, organizational and managerial culture, the culture
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of scientific activity, experience in organizing engineering activities, etc. Each of these
groups is based on very specific content primary qualities.

The ecological orientation of society is designed to adapt the theoretical justifica-
tion of the essence of the transformation of general norms and principles of engineering
to the specific conditions of environmental competence forming in specialists. A review
of the definitions of the environmental competence concept of [11, 12] allowed us to
conclude that this definition does not have a single point of view. The generally
accepted point of view is that the essence of environmental competence is based on
knowledge, values, inclinations, and acquired experience, which determine a person’s
ability to solve environmental problems. This concept is considered a higher level of
tasks that specialists need to be able to solve, regardless of the profile of training, both
from the standpoint of reducing the negative impact on nature and improving the
environment.

Studying the cultural aspect of engineering allowed us to conclude that the EC can
be considered an independent cultural phenomenon, a form of intercultural interaction,
used as a model of moral behavior concerning the biosphere and society [13]. Con-
sideration of the psychological aspect of engineering helped to identify the features of
the content of environmental competence as a motivationally conditioned value char-
acteristic of the personality of the agricultural engineer to characterize its phased
organization [14]. Based on the analysis of the production aspect, the features of the
application of environmental competence in the professional activity of the engineer,
forms, and types of its implementation are determined [15]. Taking into account these
aspects allowed us to conclude that for effective environmental competence forming,
the specialist must have a purposeful system of knowledge, skills, and abilities to use
safe technologies in agricultural engineering, experience in using environmentally
friendly technologies, high level of environmental culture, motivational and value
orientation, demonstrate the ability to self-develop environmental competence.

The previous provisions prove that environmental competence must correspond to
specific areas of professional activity of the engineer and have a structural and func-
tional design in the form of a model for the competence of a specialist in terms of
training. Based on the aspect analysis, the ecological competence of the future agri-
cultural engineer is defined as the ability of a specialist to successfully implement
environmental measures in professional activities, based on systematic knowledge of
environmental support of technological processes and methods of implementation,
skills, planning experience, organization, motivation, and control over the functioning
of the ecological system. It also includes a set of personal qualities that cover the
motivation, value, moral and ethical standards of environmental goals. The component
structure of the EC is determined based on the philosophical category of experience.
According to a category, in the process of purposeful assimilation of knowledge about
the object and its subsequent transformation, new connections, properties, patterns are
opened, new methods and tools are tested, certain value orientations are acquired in the
field of organization of ecological activity.

Analysis of the competence approach [16, 17] allowed to determine the compo-
nents of environmental competence of the future engineer of the agricultural sector and,
on this basis, to develop an appropriate model based on the criterion of the formation of
environmental experience (Fig. 1).

Administrative Fundamentals of Ecological Competence Forming 701



We understand the model of ecological competence of the future engineer of the
agricultural branch as an integrative structure with the following components: emo-
tional and value (motivational needs, interests, goals, and values of ecological activity);
cognitive (completeness, system, flexibility of knowledge, their scientific nature, eth-
ical orientation of knowledge); activity (cognitive activity, creative ecological activity,
abilities and skills to apply ecologically safe technologies, to implement innovative
projects in the field of ecological safety); personal development (ability to self-

Fig. 1. The model of ecological competence of an agricultural engineer.
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development, skills and abilities to improve the existing ecological system, to design
new algorithms for achieving environmental goals in terms of engineering).

The presented model of ecological competence of an agricultural engineer is based
on the classical ideals of rationalism, recognition of the omnipotence of the human
mind, and scientific comprehensiveness. The model organizes the educational process
to achieve the goal through purposeful knowledge of environmental reality within the
educational process. It is achieved through knowledge of the laws of nature and society
because the determining cause of the ecological crisis is the mismatch between the
paths of socio-technical development and the laws of evolution of the biosphere. This
model defines the goals and content of environmental activities in the system of
engineering training. Considering the state requirements for the professional compe-
tence of agricultural engineers, it is possible to offer adequate functional models of
agricultural engineers at the level of formation of their environmental competence. The
analysis of modern paradigms (knowledge, cultural, humanistic) allowed determining
the theoretical, methodological, and axiological guidelines for implementing this model
in forming the EC of future agricultural engineers [18].

The expediency of applying the concept of student-centered learning as a theo-
retical basis for the formation of EC is substantiated. To implement this concept, taking
into account the results of scientific and pedagogical research [19], we have proposed a
pedagogical technology for managing the process of formation of the EC of future
agricultural engineers. Regarding the technological process of environmental compe-
tence forming in future professionals, the pedagogical system should be provided with
didactic mechanisms for managing students’ learning and creative activities at all
stages of the educational program [20]. This technology aims to increase the efficiency
of the formation of environmental competence of the future engineer of agricultural
profile based on systematic management of the pedagogical process.

We present a model of managing the process of EC forming in future agricultural
engineers in the form of a semantic network, the initial peaks of which are the
requirements of educational and qualification characteristics and educational and pro-
fessional training programs. The final peak is a set of educational components of the
environmental competence of agricultural engineers. Achieving educational results is
based on the pedagogical influence of functional didactic units, the tops of which are
management functions: planning, organization, motivation, control, and analysis.

The general dependence of the level of ecological competence (EC) forming in
future agricultural engineers at the level of criteria achievement for educational
activities (x1, x2,…, xn) in terms of management of the set of functions for planning,
organization, motivation, control and regulation R (P, O, M, K, P) can be represented
by the function of achieving the initial, intermediate and final goals:

EC¼ f fRP ðXnÞþRO ðXnÞþRM ðXnÞþRC ðXnÞþRA ðXnÞg ð1Þ

where: R (P, O, M, C, A) are the intermediate goal functions (planning, organi-
zation, motivation, control, regulation); (xp) is criteria for didactic goals (indicators of
the level of environmental competence formation in the relevant management
function).
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The development function of the individual determines the components of envi-
ronmental competence based on its continuous development under the influence of
educational processes. Let’s consider ecological competence as a constantly growing
characteristic of the professional competence of the future agricultural engineer. We
can offer a general mathematical model for the process of achieving the level of
ecological competence formation in the form of a mathematical power function:

ð2Þ

where: EC is a conditional definition of the achieved level of ecological competence in
the process of managing student activities; A is a constant coefficient that reflects the
dependence of the level of formation of environmental competence on the factor
characteristics (pedagogical conditions) and the organizational level of management of
students’ educational activities; X1… Xn are the conditional definition of factor features
that are taken into account as criteria of ecological competence in determining this
function; a, b, c are indicators of degree at numerical values of factor signs.

The results of research on the nature of the process of achieving students’ learning
goals give reason to believe that the management model of the process of acquiring the
formation of environmental competence can be represented as a nonlinear parabolic
dependence.

5 Conclusions

Environmental competence is an integral attribute of the professional engineering
activity of agricultural specialists. Ecological competence of agricultural engineers is a
system of acquired environmental and engineering knowledge, skills, experience in
professional engineering, mastery of methods for effective solution and prevention of
environmental problems, the ability to choose optimal technologies and technical
means in terms of production activities taking into account possible environmental
consequences and moral and ethical imperatives.

Based on the analysis of the content of engineering activities, the structural com-
ponents of the model of ecological competence of future engineers of the agricultural
sector were determined: emotion and value, cognitive, activity, personal developing.
Ecological competence forming in agricultural engineering students is carried out based
on the pedagogical influence of functional didactic knots, which tops are administrative
functions: planning, organization, motivation, control, regulation.

The new results concerning the visualization of the process of formation of envi-
ronmental competence of future engineers in the agricultural sector were obtained. It is
represented by a management model in the form of a mathematical power function. In
this case, the productivity of achieving educational results is determined by the level of
pedagogical influence on educational activities by the teacher and the level of co-
management and self-management by the student.
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Due to the application of the functional management system, the controllability of
the pedagogical process is ensured. That determines the high level of formation of
ecological competence. The results showed that experimental groups’ students were by
25% better in professional skills during internships at enterprises.

The obtained results allowed to determine the ways of further scientific and ped-
agogical research in this direction: development of information electronic methodical
systems of educational and methodical support in the conditions of ecological com-
petence forming in future engineers of the agricultural profile; introduction of peda-
gogical SMART technologies of management of educational and creative activity of
students during the period of their engineering education.
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Abstract. The article is devoted to the problem of electronic textbooks
(e-textbooks) introduction into the practice of engineering education. This study
focused on applying electronic textbooks to improve students’ professional
competence development during their acquisition of Electrical Engineering
disciplines. The approach of purposeful development of students’ knowledge
and skills in the electrical engineering field was used. The Electrical Engi-
neering electronic textbook was developed using the open Internet universal
system of information management (CMS) Joomla 3.5. The e-textbook included
20 topics supported by theoretical information, illustrations, and electrical
processes simulations with the opportunity to manage the simulations. The
electronic textbook was equipped with the tests to provide systematic, incre-
mental and purposeful acquisition of the learning content. The test also enabled
to assess of students’ learning outcomes of the Electrical Engineering course.
The electronic textbook was tested under the conditions of five Ukrainian
vocational schools. The experiment results provided evidence of the electronic
textbook efficiency in developing the professional competence of engineering
students with a probability of 95%. The conclusion about the positive impact of
the electronic textbook application on the students’ learning outcomes, devel-
opment of their needs, motives, and goals was not accidental. Some directions of
further research have been outlined.
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1 Introduction

Nowadays, engineering productions need a competent engineer, a flexible, mobile,
purposeful personality with an active civil position, who has successfully acquired
educational and professional competencies, can solve problems, and is ready to lifelong
learning developing his professional career. Therefore, the successful adaptation of a
graduate of vocational (technical) educational institutes (hereinafter – V (VT) EI) to the
real conditions of production increasingly depends on students’ thorough mastery of
the advanced engineering knowledge combined with their practical application skills.
Developing professional competence of engineering students requires improvement of
their information and digital literacy, design skills, analysis, and decision-making skills
with a high level of reflection.

In the digital society, where intelligent mobile devices are becoming more and
more popular, the information and communication technologies allow easy, fast global
access to educational, scientific, and other information at any time. It is also possible to
apply digital technologies in self-education when a student can find the answer to any
question through discussion on forums, qualified consultations, video instructions,
training tests, etc.

2 Literature Review

In V (VT) EI, engineering students’ competence-oriented training is the systematic
mastering by students a set of fundamental professional and key competencies. In
general, competence is interpreted as the person’s ability to perform a certain type of
activity, which is expressed through knowledge, skills, moral and ethical values, and
other personal qualities.

It should be noted that general professional competencies are knowledge and skills
that are common to the profession. For example, according to the educational standard
[1, 2], an electrician who will repair and maintain electrical equipment must know
principles of energy conservation, rational operation of electrical equipment, safety
regulations, and the basics of labor law, a market economy, and entrepreneur-
ship. Recent research showed that engineering students should be focused on using
electricity, operating electrical equipment and power tools effectively, processing
information to solve problems, and performing professional duties successfully. Nec-
essary knowledge and skills complete the content of general professional competencies
of the future graduate [3].

Analyzing the factors that affect the quality of engineering education, scientists
emphasize that in the structure of electrical professional competencies, the central core
is knowledge and skills in electrical engineering, a discipline that covers electrical and
magnetic phenomena, electricity production, transmission, distribution, among con-
sumers and its conversion into other types of energy [4]. The point, in this case, is that
the results of mastering the Electrical Engineering discipline form the subject of
electrical competence of future experts in electrical engineering. In the current study,
that phenomenon was considered the dominant professional competence of the
prospective electrician. It determines the electrician’s readiness to carry out qualified
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installation, repair, adjustment, and maintenance of electrical equipment, lighting, and
routine work due to a balanced combination of electrical knowledge, skills, needs, and
motives for mastering innovative experience in the field of electrical engineering.

To increase the efficiency of mastering the learning content in electrical competence
by engineering students, a teacher should use a set of teaching aids which include
material and ideal objects, intermediaries, and tools to activate the students’ educational
and cognitive activities, optimize the educational process, improve its quality. The
newly declared provisions are confirmed by scientists [5], highlighting some functions
of teaching aids. Firstly, it’s compensatory (facilitating the process of acquiring
knowledge, reducing the time and effort for studying). Secondly, they mean infor-
mativeness (transmission, deepening, concretization of learning content). Thirdly,
integrativeness (study of an educational object, process, or phenomenon both in parts
and as a whole) is included. Fourthly, instrumentality (safe and rational provision of
educational and cognitive activities of students and mentoring activities of the teacher)
has been emphasized. Finally, communicativeness (the quality of being willing, eager,
or able to talk or impart information in teacher-student or student-student groups) [6].

There is no doubt that the mentioned functions of electronic educational resources
(EER) fully perform teaching aids based on digital media of any type, placed on the
Internet, reproduced by electronic digital technical means, and used in the educational
process [7, 8]. Since the subject of our research is related to the use of e-textbooks, we
consider it is important to cover the characteristics and requirements of that e-learning
tool.

Scientists note that an e-textbook is interpreted as an electronic educational pub-
lication with a systematic presentation of educational material that corresponds to the
syllabus [7, 8], contains digital objects of various formats, and provides interaction
between a student and a teacher fostering engineering student’s creativity [9, 10].
Regulatory requirements for the content, organization of material, interface, design,
etc., are set for this type of e-learning resources. Summarizing the existing require-
ments, we can state that an e-textbook should be designed with a high level of artistic
design, clearly structured and logically organized learning content as well as productive
methodological tools [11, 12]. An e-textbook should be designed on the principles of
clarity, accessibility, activity and consciousness, and consistency. There is one more
vital idea that learning with an e-textbook should be organized to consider the students’
individual characteristics [13]. That should be the dominant vector [14].

The scientists emphasize that an e-textbook has significant advantages if require-
ments are met compared with the conventional hard copy of a textbook [15, 16].
Obviously, the positive effect of an e-textbook could be achieved due to the use of
hyperlinks, audio and video files, computer animation, provision of a high level of
visibility of learning content. All those tools exceed the static representation of dia-
grams, graphs, charts, and photos used in a printed textbook. Another relevant quality
of an e-textbook is mentioned in the publications [12, 13, 16]. It can be quickly updated
compared with a printed textbook. Moreover, when using the e-textbook, it is possible
to consider students’ individual abilities through text, hypertext or frame structure,
hints, multi-level test tasks, etc. The application of an e-textbook for distance learning
enables feedback and interaction and simplicity and convenience while using various
gadgets (smartphones, tablets, and laptops) [9].
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Despite the extensive publications on the problem of electronic textbooks designing
and application, some issues still require to be studied. The fact is that the acquisition of
subject competencies takes place in stages according to the following logic: a) setting
and understanding the cognitive task, creation of students’ learning incentives, b)
students’ perception of new material from different sources, c) comprehension and
generalization of new knowledge, d) consolidation and improvement of new knowl-
edge, e) application of knowledge in practice, the formation of skills and abilities, f)
verification and analysis of students’ competence achievements. Naturally, each stage
of that competence-oriented study has its own learning goal, the achievement of which
is aimed at students’ mastering the competencies of a particular discipline. The
development of the methodological basis to meet the requirements of every stage was
one of the goals of the current research [5].

In this regard, the research was aimed at the approaches to provide the requirements
for the development of electronic educational resources. As the problem principle
includes appropriate forms, methods, and means of learning based on the logic of
students’ search activities, we set the goal to study the question of the content of an e-
textbook and the ways of its organization so that it includes concepts and methods for a
sufficiently high level of generalization, synthesis of inductive and deductive activities,
the emergence of problem situations in the students’ minds.

3 Research Methodology

The system of work methods with an e-textbook should determine the choice of
methods for students’ theoretical and practical activities and provide the optimal
combination of word and clarity, inductive and deductive, sensory and rational,
knowledge and practical action, etc. We used theoretical, comparison, synthesis, and
abstraction, empirical and statistical methods to achieve this goal. Theoretical methods
allowed to analyze published resources on the research problem to clarify the content of
basic concepts and findings, justify the application of theoretical principles for
development and application of an e-textbook to develop students’ engineering com-
petence, study teaching practice at V (VT) E institutions, available software as well as
normative sources to trace the development of pedagogical thought on the problem.
That enabled us to determine the directions of the current research. Comparison,
synthesis, and abstraction methods were used to justify applying Joomla 3.5 open
universal control system for publishing information on the Internet (CMS). It was used
for the development of the Electrical Engineering e-textbook. Empirical methods
(observation, questionnaire, pedagogical experiment) were employed to study and
prove the effectiveness of the Electrical Engineering e-textbook for shaping electrical
and technical competence in engineering students. The statistical method enabled
gathering and processing experiment data and determining the statistical significance of
the results obtained in the experimental part of the study.
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4 Results

During the e-textbook development process, the designers should consider the men-
tioned requirements for the content, organization of learning information, interface,
design of e-textbooks, theoretical provisions on the laws of visual perception of data,
the selectivity of students’ attention in acquiring new knowledge. The Electrical
Engineering e-textbook employs the content and structure designed according to the
logic of the educational process [17, 18].

Structurally, the e-textbook includes 20 topics and a laboratory workshop on the
Electrical Engineering subject. Each topic of the e-textbook is presented in the fol-
lowing order: diagrams with reference signals; theoretical material using a compre-
hensive (both reproductive and problem) presentation of the material, a combination of
verbal and visual (photo, presentation, video, gif-animation, etc.) presentation of
information (Fig. 1).

The e-textbook also includes virtual simulators (programs for simulation of elec-
trotechnical equipment working processes, visualization of experiments with the ability
to manage some parameters) presented in Fig. 2.

Fig. 1. A fragment of the presentation of theoretical material in the Electrical Engineering e-
textbook on the topic Alternating current and alternating current circuits [19].

Electronic Textbooks as Means for Developing Professional Competencies 711



The homework is provided as, for example, implementing visual diagrams for
coding the content of learning material with the application of reference signals,
practical tasks, exercises to consolidate new material, etc. (Fig. 3), tests for self-
assessment of students’ achievements, virtual laboratory work.

Fig. 2 Virtual simulator Capacitor Laboratory (fundamentals of electrostatics) [19].

Fig. 3 A fragment of homework in the Electrical Engineering e-textbook on the topic Electric
machines of direct current [19].
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As a teacher should play the dominant role in the learning process which employs an
e-textbook, we have defined the main teachers’ functions. They include motivation of
students, fostering educational and cognitive activities in mastering the material of an e-
textbook, organization, regulation of the processes of mastering new knowledge and
skills, coordination of education (frontal, group, pair, individual) forms, diagnostics,
assessment of students’ competence achievements to set promising educational tasks.

To provide productive students’ activity while mastering electrical competence,
students need to develop the skills of self-assessment, self-analysis, self-motivation,
and self-organization. To respond to the current requirements of the graduates, e-
textbook realizes the idea of equipping engineering students with a set of knowledge
and developing their ability of self-development and self-study of technical phenom-
ena, processes, and equipment. For this purpose, a complex of test items for self-
control, which combines the verbal and visual representation of the information, uses
possibilities of game and video to foster students’ self-estimation of educational
achievements. They have been developed and introduced in the e-textbook (Fig. 4).
One more powerful stimulus was added to activate the cognitive activity of engineering
students. It was a possibility to check the test answers immediately.

A pedagogical experiment was conducted to determine the effectiveness of the
Electrical Engineering e-textbook for the development of electrical competence of
engineering students. The experimental study involved 29 teachers and 547 students
from Bila Tserkva Vocational Lyceum state vocational school, Higher Vocational
School № 34 Vynohradiv, Korsun-Shevchenko Vocational Lyceum state educational
institution, Ovruch Vocational Lyceum, Uman Vocational Agricultural Lyceum state
educational institution in 2018 and 2019. According to the parallel forming experiment
program, control (293 students) and experimental (256 students) groups were chosen at
the vocational schools.

The hypothesis, which was tested, stated that the development of electrical com-
petence of engineering students would be more effective if students of the experimental

Fig. 4 An example of a test item using game forms [19].
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groups use an e-textbook (along with the usual teaching aids), which structurally and
functionally corresponds to the logic of the educational process and takes into account
the laws of visual perception of information. It is noteworthy that students used con-
ventional textbooks while mastering the Electrical Engineering course in the control
groups. The method of expert assessment was used to determine the levels (high,
sufficient, medium, low) of students’ competence.

The analysis of the pedagogical experiment results showed a certain advantage in
the levels of electrical competence of the students who studied in the experimental
groups compared with the control ones. In particular, about 74% of students in the
experimental groups showed high and sufficient levels of electrical knowledge and
skills formation at the end of the experiment. The share of students with high and
adequate levels in the control groups was approximately 11% lower.

Experts also revealed unity because electrical competence’s motivational and value
component is better shaped in experimental groups’ students. Compared to the results
shown by students of the control groups, the share of respondents with a high level of
needs and motives of electrical activity is higher by 5.94%, with sufficient, higher by
9.35%; with the average, lower by 12.16%; with low, lower by 3.13% (Fig. 5).

At the same time, it was noted that the learning method with an e-textbook
influenced the reflexive ability of the students. It gave new information for additional
research on the problem of forming personal qualities and students’ reflective skills,
which are considered to be quite painstaking tasks and require systematic efforts of the
vocational schools teaching staff.

To compare the distributions of students in control and experimental groups,
Statistics in Pedagogy application [20] was used after the expert assessment of the
respondent’s electrical competence levels. Since the results were measured on an
ordinal scale and the number of gradations was 4 (four levels), the sample size was
quite large (n ˃ 50), the program automatically performed calculations according to the
Pearson’s test (c2). The results of statistical calculations proved the efficiency of the e-
textbook with a probability of 95%. It gave evidence that the conclusions about the

Fig. 5 The levels of electrical competence in students of control (__) and experimental (__)
groups, %.
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positive impact of the e-textbook on the students’ outcomes, their motivation to master
the Electrical Engineering course were not accidental.

5 Conclusions

The analysis of the theory and practice of engineering education showed that nowa-
days, advanced production needs a competent, flexible, mobile, and efficient engineer
who can successfully solve problems and is ready for lifelong learning. Searching for
ways to improve engineering students’ information and digital literacy, design skills,
analysis, and decision-making skills with a high level of reflection, we accepted and
supported the overall opinion that digital technologies used for self-education help
students find and process information effectively. To increase the efficiency of mas-
tering the learning content by engineering students, we studied how the application of
different teaching aids based on information and communication technologies influ-
enced students’ educational and cognitive abilities, optimized the educational process,
and improved its quality. In this context, the subject of the current research was related
to the use of e-textbooks. The Electrical Engineering e-textbook under consideration
covered 20 topics and included a laboratory workshop on the subject, diagrams with
reference signals, theoretical material with reproductive and problem presentation, a
combination of verbal and visual aids. The e-textbook also included virtual simulators,
home tasks, and control tests. The survey revealed that the learning process that
employed an e-textbook enabled a teacher to play the dominant role in motivating
students, fostering their educational and cognitive activities, regulating knowledge and
skills mastering, diagnostics, and assessing students’ achievements. To determine the
effectiveness of the Electrical Engineering e-textbook for the development of electrical
competence of engineering students, a pedagogical experiment was conducted. It
involved 29 teachers and 547 students from 5 Ukrainian state vocational schools. The
results showed significant differences in students’ levels of electrical competence in
experimental groups compared with control ones.

It has been stated that the development of engineering students’ personal and
professional qualities, their reflexive abilities is not currently intensive enough. That
requires additional scientific and pedagogical research. Moreover, further research
could be devoted to the justification of the didactic conditions for the extensive
introduction of e-textbooks into the engineering educational process, designing and
applying the criteria for learning outcomes assessment.
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