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Abstract

One of the challenges of machining process is to improve the quality of machined surface by reducing the vibration of cutting
tools. The research aims to suppress vibration using composite boring bars with an enhanced damping capacity. A new design of
boring bars with different cross-sections is considered. Static and dynamic behavior of the proposed tools is investigated. A
mathematical model for determining the eigenfrequency is proposed, and it is compared with computer simulation and exper-
imental results. The validity of the proposed models is verified by conducting experimental machining tests in order to study the
changes in vibro-acoustic signals depending on the cross-sections of the toolholder. The results show that the composite material
significantly improves damping of boring bars, which leads to a reduction in the vibration compared to conventional boring bars.
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1 Introduction

At present, experts working in engineering face a number of
important tasks, such as improving the competitiveness and
technological level of the cutting tool and metalworking
equipment and reducing the cost of metalworking, e.g., turn-
ing, milling, and boring operations. One of the main methods
to reduce the production cost is to increase the productivity of
metalworking, especially boring operations, which can be
done by increasing the cutting speed and using more advanced
designs of cutting tools. The main focus in the development of
modern engineering production is automation, which puts
high demands on the machining tools to increase productivity.
The implementation of automation in the processing chain of
the production intensifies not only the cutting conditions, but
ranges of drive regulation, power, and speed of the moving
parts of machines, and the load acting on them. This causes
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considerable vibrations and thermal growth, which adversely
affects accuracy and leads to an accelerated cutting tool wear
[1-3]. Vibrations occurring in a machining process are dan-
gerous, especially during the finishing operations while work-
ing with high-precision machine tools [4, 5].

Considerable research has been conducted to find out how
to avoid vibrations occurring during a machining process.
Such research first started at the beginning of the twentieth
century by Taylor [6], and then in the 1940s, Arnold [7] stud-
ied cutting tool vibrations based on experimental turning op-
eration. Later, many efforts were made by Tobias and
Fishwick [8], Tlusty and Polacek [9], Smith [10], Merritt
[11], and Altintas and Budak [12] to identify the chatter prob-
lem for the machining productivity. Machine vibrations are
transferred to the workpiece through the tool and fixtures, so
that the surface quality is significantly reduced. The vibration
problem during boring operation is increasingly more signif-
icant because for this operation, a flexible cutting tool is used.
Different authors focused their attention on analytical and ex-
perimental studies of the boring bar dynamic. Parker [13]
studied the stability of a cantilever boring bar, represented
by a simple two-degree-of-freedom mass-spring-damper sys-
tem, in order to identify the effect of coupling between the
modes on the vibration behavior during a machining process.
Zhang and Kapoor [14] derived an analytical form of tool
motion to predict the boring bar chatter during a machining
process. They also experimentally determined the stability
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limit of width of the cut and compared it with the results of the
predicted values. Rao et al. [15] provided a new dynamic
boring force model that considers the chip cross-sectional area
under dynamic conditions. Andren et al. [16] identified the
boring bar vibration properties using the Euler—Bernoulli
beam model and compared it with the time-series approach.
Sortino et al. [17, 18] studied the process damping stability in
the internal finish turning a hybrid dynamic model of the
tooling system based on finite element beams and empirical
models. They claimed that the experimental damping values
mainly depended on the ratio of the boring bar overhang to the
bar external diameter and on the boring bar material. Another
strategy to improve the dynamic behavior of the boring bar is
analyzing the influence of the clamping condition [19] and the
geometry of the cutting insert on the cutting force [20-23].

Using a standard tool in machines cannot provide the de-
sired result, since the tool, as a final point of contact of the
machine-tool-workpiece having a nanometric accuracy,
should not only absorb the vibrations transmitted from the
machine, but should also have a minimum temperature expan-
sion during machining. The production of such a tool cannot
be imagined without the use of modern construction materials
and advanced technologies [24], since the dynamic stiffness
and eigenfrequency of boring bars depend on damping, static
stiffness [25], and on the specific stiffness of the boring bar
material [26]. Therefore, materials used for boring bars should
possess high static stiffness as well as damping properties.

Passive and active damping mechanisms are another meth-
od that can control the vibration level. Although active
dampers are more effective in vibration suppression, they are
very expensive since they are complex in design and they
consume high external power [4]. In contrast, passive
damping does not need external energy and it is simpler and
more economical [27, 28]. There are only a few intrinsic
damping mechanisms in metals, which are effective in a wide
range of amplitudes, frequencies, and temperatures [29].
Some works on improving the damping behavior of the boring
bar are briefly summarized below. Most of them are based on
the creation of high heterogeneity of boring bars with a soft
component responsible for a high damping capacity.

Nagano et al. [30] designed four types of composite boring
bars, having different shaped steel cores, based on pitch-based
carbon fiber reinforced plastic, in order to increase chatter
resistance of the tool structure compared to the conventional
steel and cemented carbide bars. Ema and Marui [31] used
three types of impact dampers in boring bars. Impact dampers
consist of free mass and clearance. A ring-shaped free mass
was equipped on the flank face or the top face of a boring tool
using a bolt and a supplementary sleeve. The other one was
equipped by a ring-shaped free mass along the center axis of a
boring tool shank. The authors stated that damping capacity of
boring bars was improved and chatter vibration was sup-
pressed effectively. Hwang et al. [32] developed a clamping
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part with a metal core or a sleeve inserted in the composite
body at the clamping part and investigated the clamping ef-
fects on the dynamic characteristics of the composite boring
bar in order to increase the eigenfrequency and damping of the
structures using a finite element analysis and impulse response
tests. Lee et al. [33, 34] stated that using carbon fiber epoxy
composite material in the boring bar has suppressed vibration
in metal cutting and improved the dynamic stiffness about
30% in comparison with tungsten carbide boring bar.
Miguelez et al. [35] improved the behavior of boring bars
against chatter using a passive dynamic vibration absorber
taking into consideration mass, stiffness, damping, and posi-
tion as the absorbers parameters to construct the stability-lobes
diagram. Saffury and Altus [36] analyzed a viscoelastic beam
to suppress the vibration of turning bars during machining
operations and compared to the common dynamic vibration
absorber. Rubio et al. [37] suppressed chatter in the boring bar
by selecting an optimum parameter of a passive vibration
absorber attached to a boring bar.

The objective of the present work is to develop boring bars
with an enhanced damping capability using epoxy granite to
suppress chatter during a machining process. The application
of composite materials such as epoxy granite can provide high
dynamic stiffness and decrease the eigenfrequency of the bor-
ing bar due to their better specific properties of strength and
stiffness as well as high damping in comparison with steel and
cast iron [38, 39]. The static, dynamic, and computer investi-
gations of the proposed tools are carried out. The relationships
between damping capacities of the modified boring bars and
the frequency response of the vibro-acoustic signal are
determined.

2 Materials and methods
2.1 The object of study

The object of the study is a boring bar, model S32X-PCLNR
12-Bh 12, made of a hardened steel (AISI 5140), and with a
rhombic insert. The boring bar cross section is circular with
32 mm and length of 213 mm. It should be mentioned that
geometrical requirements of the boring bar are related to
degrading vibrations, influencing on surface quality, tool du-
rability, and productivity [35].

In this study, in order to increase the damping capability of
the boring bar, passive damping mechanism is used, which is
based on changing boring bars performance against vibration
by improving the design of the boring bar or application of
material with high damping capability in the structure of the
boring bars to dissipate extra energy [4]. Damping capacity in
eleven boring bars with different cross section is investigated.
One of them remains as the conventional boring bar for com-
parison (cross section No. 0 in Fig. 1a); in ten others, the
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Fig. 1 a Cross-sectional shapes of the modified boring bars. b The modified boring bars

longitudinal grooves with different cross-sectional shapes for
the length of 160 mm are made (Fig. 1b). These grooves are
used to fill up toolholders with composite material. The cross
section of toolholder, reinforced by composite material, large-
ly changes the static and dynamic stiffness of the tool.

Thus, new cutting tools are designed and made such that
they are simple in design, and they have a variety of mass
combination of metal skeleton (steel “skeleton”) and filler
(composite material), contact area of the composite material
and the steel, as well as moments of inertia of the cross sec-
tions. The epoxy granite is used as a composite material,
which is a reinforced composite material based on epoxy bind-
er (thermoset resins) and fillers in the form of rubble and fine
powder made of high-strength granite and gabbro-diabase.
The epoxy granite belongs to the category of a polymer con-
crete and possesses good mechanical properties [38]. Epoxy
granite is applied in different fields such as machineries, con-
struction in structural materials, where high damping, physi-
cal, mechanical, durability, chemical, thermal properties, and
efficiency in the product preparation are required [39]. Table 1
shows the physical and mechanical characteristics of epoxy
granite [38, 39]. Before filling the grooves by epoxy granite,
they were carefully degreased and dried. The following mix-
ture was prepared for filling the grooves by epoxy granite. The
fillet was granite with a grain size of less than 0.5 mm. The
epoxy resin solution ED-20 4.5-7.4%, active diluent 0.8-2%,
1.6-2.3% of an amine hardener are used as a composite.
Curing process took place for 24 h at standard conditions.

Table 1  Physical and mechanical characteristics of epoxy granite
Parameter Epoxy-granite
Density (kg/m®) 2400-2600
Strength stress (MPa)

Compression 150-160

Tensile 15-20
Elasticity module (MPa*10™%) 3.5-4.0
Poisson's ratio 0.25-0.40
Thermal conductivity (W/(m*K)) 1.7-1.75

Linear expansion coefficient (1/°C) (12-16)*10°¢

(b)

The adhesive not only helps the steel to join the composite
shank, but also can increase the damping of the boring bar
through the constrained damping mechanism [40].

The moment of inertia of the boring bars, as one of the
main physical characteristics affecting stiffness of toolholder
and damping capability, is determined by the ratio of geomet-
ric parameters for which it is defined. In this case, the tool-
holders have inhomogeneous structures, so the calculation of
the moment of inertia should be made separately for the metal
body and the filler. The moment of inertia for the conventional
and proposed boring bars are determined using Egs. (1) and
(2). Quantitative value of volume fraction of epoxy granite in
the modified boring bars and the contact area between metal
and the fillet (epoxy granite) have a direct impact on the
damping capability of boring bars. The amount of volume
fraction of epoxy granite can be defined as a volume of the
toolholder filled with epoxy granite and the contact area taken
as a contact length of the metal and epoxy granite multiplied
by length of the toolholder filled with epoxy granite plus con-
tact area between metal and epoxy granite at the end of the
toolholder. The obtained data are presented in Table 2.

Table 2 Summary of numerical characteristics of the boring bars
reinforced by epoxy granite

No. of Contact area Volume Moment of  Maximum
cross  between metal and fraction of inertia of strength,
section epoxy granite, epoxy toolholder, MPa
mm? granite, mm®  mm*
0 0 0 51445 190.430
1 9538 66880 19945 268.872
2 9850 40000 22181 229.286
3 13530 40000 32257 222.348
4 16600 44800 25275 224.270
5 7034 24480 49561 207.833
6 7046 27556 16018 207.833
7 8982 29120 30270 216.48
8 17082 45120 29868 224.450
9 16200 32000 40841 203.124
10 8100 16000 51043 196.570
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Y, = nd* /64, (1)
Y, =Y, +PY? (2)

where Y, represents the moment of inertia of the conventional
boring bar, d is the diameter of the toolholder, Y, is the mo-
ment of inertia of the modified boring bar, Y, is the centrifu-
gal inertia, P is the area of the cross section, and y is the
coordinate of the center of gravity.

One of the important processes in boring bar design is the
determination of their strength. For this reason, the boring bar
is considered to be a cantilever beam for which the classical
methods of material strength is applied using the Egs. (3) and
4):

0 < Oper, (3)
oc=M/W, (4)

where o represents the maximum strength of the boring bar,
Oper 18 the permissible strength of the boring bar which is
400 MPa for the material AISIS140, M is the bending mo-
ment, Wis the moment of resistance of the cross section of the
tool holder.

The results of the strength calculation are represented in
Table 2. As can be seen from the Table 2, the maximum
strength values of all boring bar are less than the permissible
one. Therefore, the modified boring bars have enough strength
during machining process.

2.2 Analytical model

It is known that tool life depends not only on the amplitude,
but also on the frequency of vibrations arising during cutting
process. The so-called “high vibration” during cutting is ex-
cited at the frequencies of cutting tool’s eigenfrequencies or
close to them [41]. Theoretical analysis of vibration frequency
can be simplified, if the form of vibration corresponding to the
first harmonic of the eigenfrequencies spectrum is considered.
During the analysis, the following assumptions have been
made: the cross section of the toolholder is constant along
the length; the weight of the toolholder is uniformly distribut-
ed along its length. It is known, that the tool tip displacement
(Fig. 2a) is calculated by the following equation of elasticity
[42]:

Z; = PLy}(3-y,/2) (1/6EJ?), (5)

where z; represents the displacement of the i-th section in Z
direction, P is the cutting force in z direction (), L is the length
of the beam (tool overhang) (mm), y; is the distance of the i-th
section of the seal, £ is elastic modulus of the toolholder and J is
moment of inertia of toolholder cross section.

In accordance with the assumptions made, when consider-
ing the first harmonic of the toolholder vibrations, (namely,
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this harmonic has the highest amplitude of the relative vibra-
tion frequency affecting the tool life), it can be shown that the
dynamic system of the toolholder can lead to a single-mass
model. Therefore, the real toolholder with uniformly distrib-
uted mass along the length is replaced to the single-mass sys-
tem as a weightless elastic beam with concentrated mass (M)
at its end (Fig. 2b).

The length and stiffness of the beam are equal to the length
and the stiffness of the actual toolholder.

We assume that the equation for tool tip displacement is
known as:

Z=fW), (6)

where z represents the displacement of the toolholder section
during bending and y is the distance of this section from the
fixed part.

The toolholder mass is calculated from the equal conditions
of kinetic energies in the vibrational motion of the actual tool-
holder and the computational model:

(Mz1/2) =[5 (binZ ()dv/2), (7)

where M represents the mass of the toolholder, z is the
speed of the last point during vibration (m/s), b is the
width of the toolholder cross-section, /4 is the height of
the toolholder cross section,  is the density of material
of the toolholder and z(y) is the speed of the section dy
in the vibration process. Since the eigenfrequency (fy) of
the real toolholder and calculated model (according to
the condition) are equal, therefore, the speed of ampli-
tude could be written as:

Z0)=20)f3 and 7 =23, (8)

Substituting Eq. (8) into Eq. (7) and replacing integration
by summation of small sections of Ay, after appropriate trans-
formations, the following expression is achieved:

M = Iy (b2 (v)dy/2) = MoX), (22/23), ©)
Moy = bhL, (10)

where M, represents the mass of the unfixed part of the tool-
holder, Z; is the displacement of the midsection (Ay) of the
holder, 7 is the number of calculated sections of the toolholder
(n = L/Ay).

Substituting the expression Z(y) and Z; from Eq. (5) into
Eq. (9) and after integrating, the next expression is obtained:

M = (Mo/4L%)[; (3%~ /L)) dy = 0.2357M, (11)

Using the well-known expression for the calculation of the
eigenfrequency (fo) for single-mass system with the linear
stiffness it can be written:



Int J Adv Manuf Technol (2019) 105:1157-1174

1161

(@)

|

(b)

Fig. 2 Analytical beam model of boring bar. a 3D-model of the cutting tool. (b) Single-mass model of the cutting tool

fo=(1/2m)\/C/M = (1.03h/7L*)\/E/~, (12)

where C represents the stiffness of toolholder, i.e., the inverse
quantity of the displacement of its free end in a single action
force (N/m).

By substituting the modulus of elasticity and density for
steel toolholders into the Eq. (12), it can be simplified as:

fo = (8:505n/L%)10°, (13)

2.3 Computer simulation of boring bars

To determine the physical and mechanical properties of the
modified boring bars and to identify the most rational design
for vibration damping, 3D models of the boring bars are cre-
ated with cross section according to the Fig. 1. The computer
analysis is carried out based on the finite element method
using Solidworks Simulation. To provide computer analysis,
the materials of the models, constraints, clamping force, and
cutting force are defined similar to the real boring bar. Material
of the toolholder is hardened steel (AISI 5140); cutting insert
is made of hard alloy (CT35M) and properties of epoxy gran-
ite are according to the Table 1. The meshing was carried out
by taking the default values proposed from SolidWorks pro-
gram (Fig. 3). The mesh density was selected to dense in the
toolholder—epoxy granite contact regions and sparse in other
parts of the boring bars. The resultant cutting force applied in
tool tip is 52 N (40.5 N in the z-axis, 24.5 N in the y-axis and

Fig. 3 Finite element model of the boring bar

21.4 N in the x-axis); the clamping force of each bolt of the
tool holder is 5592 N, which are determined using Eq. (14)
[43].

Py, = 10C,d" V'K, (14)

where a is the depth of cut (mm), fis the feed rate (mm/rev), v
is the cutting speed (minfl), X, ¥, and n are the exponents for
specific processing conditions, C, is a constant for the specific
cutting conditions, and K, is a factor, which takes into account
the actual cutting conditions.

The computer analysis includes determination of the tool
tip displacement under static loading and calculation of the
eigenfrequency at several values of overhang from 40 to 120
mm, since the tool overhang is one of the basic parameters of
tool efficiency [17, 18].

2.4 Experimental investigation of boring bars
2.4.1 Static analysis of boring bars

Quality of boring bar under static loading is evaluated by
following characteristics: displacement of cutting insert, total
displacement of tool tip that is defined by displacement of
individual elements, rotation angles of individual elements
around the coordinate axes, and by rigid connections of its
elements. Taking into account the small linear dimensions of
parts of the clamp set and the lack of rigid terminations of
basic elements can be neglected by displacement caused by
elastic deformations (compression, bending, etc.) of these el-
ements, and assume that all displacement are completely de-
termined by contact deformation.

In the experiment, for boring bars subjected to the cutting
force, the relationships “force—displacement” are registered for
several cycles of “loading—unloading,” after which the mean
value was calculated for each defined displacement for each
force. As a result of static experiments on boring bars, the
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relationship “force-displacement,” “overhang-logarithmic dec-
rement,” and “amplitude of deformation logarithmic decrement”
are obtained for three tool overhangs (40, 80, and 120 mm).

2.4.2 Dynamic characteristics of boring bars

In this section, our studies are conducted to determine the
eigenfrequencies of the boring bars, the amplitude of the vibra-
tions with respect to the toolholder at these frequencies, fre-
quency response function of boring bars, damping factor, and
compliance of the toolholders. Eigenfrequencies of the boring
bars are measured for overhangs 40, 80, and 120 mm by a
piezoelectric accelerometer KD-35 attached on the lower side
of the cutting edge of the boring bar, multifunctional spectrum
analyzer A17-U8, ZETLAB software (Russia), and a personal
computer. To determine the damping factor and the compliance,
the boring bars were fixed in the tool holder with the overhang
of 120 mm. On the toolholder of the boring bars, two piezo-
electric accelerometers KD-35 were installed. The analog signal
was transmitted through preamplifiers and amplifiers for
analog-to-digital converter (ADC). The sampling rate was 50
kHz, and the signal excitation was done three times using the
impact hammer PCB Modally Tuned USA No. 4799375 with
calculation interval of 10 s. During impacting, in the hammer
also an analog signal is produced that is transmitted through the
amplifier to the ADC. All signals input to the ADC is converted
from analog to digital form and transmitted to a computer for
further processing and visualization.

2.4.3 Vibro-acoustic signal investigation of boring bars

The experiments were performed on the machine 16K20VF1
(Russia) for finish turning using boring bars for the overhang
120 mm and the following cutting conditions (spindle speed)
n = 1000 rpm, (depth of cut) a = 0.15 mm, and (feed rate) /=
0.06 mm/rev. In the experiment, the AISI 1045 steel with a
diameter of 145 mm was used as a workpiece material. Three
grooves were produced on the surface of the workpiece in
order to deteriorate cutting conditions. The grooves
interrupted continuous chips, released the tool tip from its
stabilizing effect, and created vibration due to the change in
cutting forces while the boring bars were passing the grooves.
Such vibrations will help to define better damping properties
of boring bars and to study behavior of boring bars during
machining of defective parts with deep scratches. Two piezo-
electric accelerometer KD-35 were installed on the tool holder
so that one of them measured the vibration in vertical direction
and the other one in horizontal direction.

2.4.4 Effect of modified boring bars on surface roughness

Carrying out single and full factorial experiments to determine
the surface roughness of machined parts using studied boring
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bars is the best way to reveal the best designs of modified
boring bars and their durability in a real process to judge the
possibility of introducing them into production. To determine
the effect of cutting parameters in internal machining on the
surface quality of the machined part using conventional and
modified boring bars, series of experiments were carried out,
which were performed on the machine 16K20VF1 (Russia).
The Carbide rhombic cutting insert coated with TiC (vertex
angle 80°), manufactured by Sandvik Coromant was used as
cutting insert. AISI No. 55B and AISI 1045 steel having in-
ternal diameter of 145 mm were used as workpiece materials.
Machining processes were repeated three times for each cut-
ting tool.

3 Results and discussions
3.1 Static behavior of boring bars

It has been confirmed that boring operation as a commonly
used operation, with a slender and long boring bar, is
constrained by excessive static deflections and vibrations
[40], which cause accelerated wear and tool chip affecting
the accuracy and surface finish [31]. The main task of our
research into static loading is to determine the relationship
between the force and the tool tip displacement. To solve this
task, an analytical model, a computer simulation, and several
experimental studies were applied. It has been revealed that
boring bar Nos. 3 and 4 have a smaller deflection under static
force. Figure 4a compares this relationship between “force-
displacement” for boring bar Nos. 3 and 4 obtained by ana-
lytical model using Eq. (1), computer simulation and experi-
ment. Similar tendencies to those shown in Fig. 4a are ob-
served for other boring tools and overhang lengths. It can be
seen that the grooves in the modified bars have reduced their
stiffness in comparison with the conventional boring bar.
Excessive static deflections may cause the dimensional error,
leading to poor surface, short tool life, and tool’s chipping
[35]. Comparison of the results obtained by analytical model,
computer simulation, and experiment shows that the results
are quite similar and the discrepancy is between 7 and 10%. In
the static experimental studies, the relationship “force-dis-
placement” was obtained for each tool overhang (40, 80, and
120 mm).

Figure 4b shows this relationship for the overhang of 120
mm, where the curve of the tool tip under loading does not
match the curve during the unloading, i.e., the hysteresis loop
is obtained, the area that is characterized by the loss of energy,
i.e., the toolholder ability to dissipate vibrational energy [29].

Depending on the form of the toolholder, the displacement
value and the discrepancy curves tool tip during loading and
unloading change. This is due to the difference between the
combination of the volume fractions of metal and epoxy
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granite, the area of contact, and the moment of inertia of the
metal body of toolholder [38]. From the obtained graphs in the
form of a hysteresis loop, the damping capacity of the boring
bars (logarithmic decrement) as the degree of stability of the
boring bar [44] is estimated using Eqgs. (15) and (16).

§=1/2, (15)
Y= AW/W, (16)

where 0 is logarithmic decrement, 1) is coefficient of energy
dissipation (damping), AW is area between the curve of load-
ing and unloading at the statistical studies, and W is the area
between the loading curve and the x-axis.

100 200 300 400 500 600 700

Force, N

(b)

The calculated data are summarized in the graphs of the
relationship between logarithmic decrement, overhang, and
the amplitude of deformation shown in Fig. 5a and b. As
can be seen from Fig. 5a, as the overhang length for boring
bars increases, the logarithmic decrement decreases
confirming the results obtained by Ema and Marui [31]. It is
revealed that the highest damping capacity and amplitude of
deformation occur in boring bar Nos. 3 and 4. This is due to
the fact that an increase in the moment of inertia of the metal
body decreases the tool tip displacement, which leads to a
decrease in the area between the loading curve and the abscis-
sa. An increase in the volume fraction of the composite mate-
rial in the toolholder leads to an increase in the internal
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friction, the area between the loading and unloading curves,
consequently, to an improvement of the dynamic stiffness of
the boring bar, an extension of the stability limits of the ma-
chine system [45] and improvement of the vibration and sur-
face finish [29]. Although the type of boring bars with epoxy
granite or the overhang length varies, the similar effects of
damping capability improvement are evident in comparison
with conventional boring bar No. 0.

3.2 Dynamic behavior of boring bars

It is well known that composite materials in a cutting tool play
an important role in damping capacity of the tool. Therefore,
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many researchers have investigated applications of composite
materials to various parts of tooling structures to improve
dynamic stiffness and eigenfrequency of machine tool struc-
tures [13, 15, 30, 35, 46]. Figure 6a illustrates the relationship
between eigenfrequency and tool overhang for 80, 100, and
120 mm. The results revealed that with an increase in the tool
overhang, regardless of the geometric and volumetric compo-
nents of toolholder, the eigenfrequency of the tool is reduced
by 2.3 times; the boring bar with epoxy granite decreases
eigenfrequency additionally.

Figure 6b compares the eigenfrequency value of boring bar
Nos. 0 and 3 obtained by analytical model, computer simula-
tion, and experiment. The differences between the analytical,
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Table 3  Error between analytical, computer simulation, and
experimental results of eigenfrequency

Overhang, mm Percent difference, %

El EZ E3 E4 E5 EG
40 1.59 4.32 2.72 4.69 3.16 7.85
80 5.44 9.33 3.89 6.10 3.63 9.73
120 6.27 8.84 2.57 8.60 1.02 9.62

computer, and experimental values of the eigenfrequency are
evaluated. These differences are less than 10% as shown in
Table 3. In Table 3, E; and E;—percent difference between
analytical and computer simulation’s results for boring bar
Nos. 0 and 3, respectively; £, and Es—percent difference
between analytical and experimental results for boring bar
Nos. 0 and 3, respectively; and £5 and Ec—percent difference
between computer simulation and experimental results for
boring bar Nos. 0 and 3, respectively.

The relationship between amplitude of the vibrations and
tool overhang is illustrated in Fig. 6¢. With increasing the tool
overhang from 80 to 120 mm, regardless of the geometric and
volumetric components of the tool holder, the amplitude of the
vibration of the boring bars relative to the tool holder increases
by 40%. This is due to the fact that the unfixed part of the tool
increases, because, the moving part of the tool is separated
from the fixed part and the distance between them increases.
Using the boring bars with epoxy granite reduced the ampli-
tude of the vibration. Lee and Suh [47] observed the same
behavior while investigating the effects of stiffness and
damping of composite boring bar on the metal cutting ability.
They stated that this is related to the fact that the damping
property of composite material is higher than that of steel.
The highest reduction in the eigenfrequency and amplitude
of the vibrations of the boring bars takes place in boring bar
Nos. 1, 3, 7, and 8. Boring bar Nos. 3, 5, and 10 have a
decrease in the amplitude of the vibrations along Z-axis aver-
aging 30%. To reduce the eigenfrequency, they are a little

8.06E-7

inferior to the modified boring bar Nos. 1, 2, 4, and 8. In the
next step, the frequency response function of boring bar Nos.
1,3,7,8, and 0 are obtained (Fig.7). Using the experimental
data and the Egs. (17) and (18), the damping factor and the
compliance for two first eigenfrequencies are determined and
summarized in Table 4.

h(w) = i e/ (1= (wmwon) + (270) fwe ), (17)
& = 0i/\/ (2m)* + 6}, (18)

where wyy is k-th eigenfrequency without damping; ¢ is A-th
damping factor; e, is k-th compliance; m is the number of the
mode characteristics (eigenfrequency); j = v/—1, & is k-th
logarithmic decrement.

The compliance and damping of the boring bar are two
important parameters, because they affect the maximum depth
of cut of the boring bar during machining operation, which
quantifies the metal cutting stability [33, 38]. The damping
factor, hence the dynamic stiffness of the conventional boring
bar is much lower than that of the composite boring bar
(Table 5), because damping of the composite boring bars is
created by the constrained damping of the epoxy granite ad-
hesive between the steel and the inner composite material
[40]. The best combination of frequency response function,
damping factor, and compliance is achieved for composite
boring bar No. 3 at a frequency similar to that of its first
resonant frequency. The compliance of this boring bar is
14% less than that of the conventional boring bar No. 0, and
the damping factor is five times more than that of the conven-
tional boring bar No. 0. In any case, the stability behavior of
boring bars with epoxy granite has been improved compared
to the conventional boring bar No. 0 in this work. The eigen-
value of the boring bar can limit the cutting speed of the boring
bar. Therefore, if the boring bar possesses a sufficiently high
damping ratio, higher cutting speeds would be employed as it
was stated by Lee et al. [33]. This could reduce the instanta-
neous relative vibration between cutting tool and workpiece

Fig. 7 The frequency response
function of the boring bars 7.6
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Table 4 Damping factor and
compliance values of the cutting No. Modal ratios for first eigenfrequency Modal ratios for second eigenfrequency
tools
Cross Eigenfrequency, = Damping Compliance,  Eigenfrequency, = Damping Compliance,
section Hz factor, & Pa’! Hz factor, & Pa’!
0 1140 0.0116 0.64 1229 0.0138 0.57
1 820 0.0286 2.49 917 0.0302 22
3 991 0.0503 0.55 1000 0.0506 0.49
7 956 0.0448 0.59 994 0.0371 0.61
8 918 0.0491 0.94 976 0.0477 0.86
Table 5 Maximum ]
vibroacceleration of boring bars Boring bar
No. 1 No. 3 No. 7 No. 8 No. 0
Vibroacceleration (m/s%) Vertical 31.7 13.7 54 73 79
Horizontal 74 56 98 101 132

[4] as well as the waviness of machined surface left by the
boring bar at the previous round in a machining process,
which are the main physical mechanisms responsible for vi-
brations [17]. Moreover, Lee at al. [47] claimed that, the metal
cutting stability during boring operation without vibration is
defined by maximum depth of cut which is proportional to the
damping ratio.

3.3 Effect of the boring bars on vibro-acoustic signal
during machining process

The quality of the equipment can be assessed by observing
the vibro-acoustic signal during machining process,

particularly in intermittent cutting, where the tool repeat-
edly cuts into hardened surface, which can cause an unsta-
ble cutting process, growing chips, large forces, and vibra-
tions leading to machine and cutting tool’s damage [48]. A
very small portion of the energy in a machining process
with a low damping can cause a large amplitude machine
vibration [47]. Figures 8 and 9 depict the vibro-acoustic
signals recorded during machining process. It is found that
the acceleration amplitude of signal decreased and became
more uniform using boring bar with epoxy granite. Such a
reduction tendency in vibroacceleration due to the epoxy
granite is recognized for all variations in the type boring
bars or the overhang lengths.
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Fig. 8 Vibroacceleration spectra during machining of AISI 1045 with the accelerometers 