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Abstract

Simulation modelling methods have gained dramatic acceleration in the last years among academic environments and
industry-driven enterprises. Primary reason is that such models have great potential in predicting of machining process
parameters. Therefore, tis study evaluates the place and capability of these models in fundamental machining operations.
In this direction, Finite Element Modelling Methods are discussed by questioning their contributions to the process perfor-
mance. Despite numerous positive aspects, development of a successful model is highly difficult owing to the complexity of
machining environment with variation of thermo-mechanical effect, tribological conditions, interaction of process variables
and high deformation rate of materials etc. Therefore, a critical assessment of the merits and drawbacks of each method
associating with their basic phenomena has been investigated. Predictive models basically aim to estimate the machinability
characteristics such as stress—stain rates, cutting forces and temperatures etc. Nevertheless, practical applications require
correlations between these characteristics and performance outcomes such as surface integrity of part, tool wear index, chip
morphology, dimensional accuracy etc. In the end, the molecular dynamics and smoothed particle hydrodynamics have been
discussed. Thus, this paper is expected to contribute to up-to-date studies by criticizing the key findings of the predictive

models in machining processes.

1 Introduction

Machining is one of the highly used process in modern-day
industrial applications with increasing demands from cus-
tomers in all over the world such as transportation, medical,
surgery, automotive, space, aeronautics etc. [1, 2]. To meet
the demands of customers, extraordinary labor need to be
given by considering the long supply and manufacturing
chain which requires hypervelocity, accuracy, reliability and
compensability [3]. On the other hand, mentioned processes
have potential risks due to the complexity of such operations
and developing events in the small area of metal cutting
and hard-to-observe nature of cutting tool, machined part
and created chips [4]. There are sophisticated connections
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between the changing material behaviors, deformation, tri-
bological conditions and energies i.e. forces, temperature,
vibration etc. [5, 6]. Each of them may cause an unexpected
development at short notice that will change the ordinary
progress of the operation [7, 8]. Actually, metal cutting zone
is already convenient for brief alterations as a consequence
of high cutting temperatures plus its effect on the micro-
structural as well as mechanical characteristics concerning
the materials [9]. With an additional impact sorted previ-
ously, some challenging problems may occur; (i) rapidly
development of tool wear, (ii) uncontrolled chip removing,
(iii) poor part surface quality [10, 11]. Moreover, it should
be noted that such quality reductions may result in low
efficiency, unnecessary time loss, extra costs and waste of
labor [12-14]. Since engineering materials are expensive
and being hard and costly recycling procedures, researchers
focuses on the recovery precautions before the destructive
impressions emerge [15—17]. One of the prominent ways of
protecting the loss of money and time for industries is using
the simulation and modeling approaches [18-20]. Basically,
it allows to observe the possible findings from any experi-
mental work that may be highly costly [11]. Thus, it is help-
ful to achieve these results without consuming material and
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effort [21]. Mainly, all of the models and simulation based
algorithms provide an approach including fundamental pro-
cess parameters and responses to be predicted. The corre-
lation between the modeling parameters and variables are
developed through various calculations and the success of
the model could be compared with the physical results [22,
23]. Simulation and modeling have a long history from the
beginning of the 1990s in the machining world. Such meth-
ods cannot provide guarantee to obtain the exact results;
however their main intend is to approach the actual find-
ings [24]. When the developments in this field is consid-
ered, impressive results have been noticed which pushes the
authors to work on this topic. It is expected that this review
will be beneficial to the researchers and industrialists in the
machining sector. This study includes literature overview
for a wide range of materials processed by the analytical
methods and their comparative results with actual experi-
ments. In this perspective, the paper provides new visions
for the future studies and gives an idea for the applicability
and obtained results of several modeling approaches to the
academicians for the same materials to be used. FEM, ana-
lytical model and statistical modeling approaches will be
discussed in the context of this paper.

2 Simulation and Modelling Methods

The simulation and modelling methods, first proposed
by Merchant in 1944, outlined the modeling of the verti-
cal shear process [25]. Using the finite element method,
researchers have been able to simulate their findings more
quickly as computer technology has advanced [26-28].
Finite element analysis is considered as a numerical calcu-
lation technique which permits complicated constructions
to be separated into elements into perfect forms as well as
resolved mathematically. The particular finite aspect tech-
nique includes systematic processes for derivatives regard-
ing finite elements, which can be subdomains of estimation
functions. Numerical remedies for variables from special
points are known as nodes of each and every aspect and
usually are applied in determining finite solutions regard-
ing the whole angles in figuring out the particular solution
in the trouble. Finite element analysis is beneficial because
it offers solutions to issues that are difficult or impossible
to address analytically. The initial stage in finite element
model is to discretize the geometry, which is done by divid-
ing the geometry into finite elements. Then, relying on the
qualities necessary for analysis, several types of elements are
utilized, such as triangular and rectangular for 2D, prismatic,
tetrahedral, pyramidal and hexahedral for 3D. Describing the
resistivity format, the meaning of loading conditions such
as force, pressure, and speed in addition to the limit condi-
tions at the specific connection follows. To specify element
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attributes, a stiffness structure is employed. Ultimately, the
manifestation of the component, employed loads, combined
with limit requirements are modified to the matrix develop-
ment. Determined calculations are deciphered mathemati-
cally at undetermined principles. Strain, stress, along with
additional characteristics of attention could be specified dif-
fering on the node dislocation consequence [29]. Symmetry
calculations concerning common linear or even nonlinear
stationary challenges of FE evaluation could be conveyed
in this manner.

{F} =[K] * {U} ey

F is the element's force vector matrix, K denotes the stiff-
ness matrix, and U denotes the calculated node displacement
vector. It does, however, need a dynamic analytic form for
time-independent dynamical issues.

{F()} = [KI{U} + [M']|{U} + [M*|{U} )

K is the stiffness matrix, U is the node movement vector
refreshed with time shift, M! represents the vibration matrix,
U node speed (initial integral of node dislocation), M? is the
mass matrix, while I/ is the node accelerating, are all used
in this equation (second node displacement derivative) [29].

With in construction of finite elements, Eulerian, Lagran-
gian, as well as Arbitrary Lagrangian—Eulerian meshing
forms are frequently developed. When such mesh structures
are evaluated, they are discovered to have discrepancies [30].
The finite element mesh remains constant during the mate-
rial flow in the Eulerian mesh structure; only the points are
moved. The Eulerian mesh structure has the advantage that
the form of the components does not vary over time, hence
there is no distortion. Nevertheless, the chip's free surface
must be presumed to be its initial shape, and the chip crea-
tion process cannot be described. In the Lagrangian tech-
nique, on the other hand, there is movement in the roof. The
mesh is attached to the material and travels along with it.
However, changing the geometry of the components during
the material flow is challenging. Consequently, the crooked
mesh might have to be swapped with the mesh once more.
Therefore, mesh or adaptive meshing rezoning is necessary
during the purpose of such mesh structuresas in Fig. 1. In
addition, chip separation criteria are needed to shape the
chip [31].

Into the Arbitrary Lagrangian—Eulerian (ALE) meshing,
the surface points are neither attached to the substance nor
the region, they change randomly. In additional phrases, the
substance flow is separate of these points. ALE mesh as
shown in Fig. 2, on the other hand, provides improved out-
comes when matched to mutually mesh constructions [32].

Only Lagrangian or Eulerian meshing systems are utilized
into several software programs applied concerning machin-
ing nowadays. Perhaps, it is utilized in programs like Third



A State of the Art on Simulation and Modelling Methods in Machining: Future Prospects and... 163

Boundary Conditions

(a)

Boundary Conditions Vvoip
v—> iy =, EULERIAN

DOMAIN

oy =ur=0
((((( w0 T = 20°C, by,
== P(8) = 20°C
No speed along Z-direction in two faces
perpendicular to the Z-axis

S——

MATERIAL IN 4

thickness)

DOMAIN lh (uncut chip

(b)

Fig. 1 Mesh structures of a Lagrangian and b coupled Eulerian—Lagrangian [31]

Wave AdvantEdge, MARC, DEFORM, ABAQUS, ANSYS
LS-DYNA working with Johnson—Cook [33], Chaboche
[34], Fields-Backofen [35], Rusinek-Klepaczko [36], John-
son—Cook [37] constitutive models, respectively after that
optimistic findings are obtained. The remeshing technique
employed in several of these programs raises the understand-
ing and precision of the analysis. Most FE softwares use
a 2D Lagrangian mesh formulation and has an automatic
remeshing process. The breaking of nodes and the formation
of a new surface during the remeshing process are presented
in Fig. 3 [38].

In order to utilize the FE technique regarding the evalu-
ation of chip development during metal cutting, some
assumptions are required. These assumptions help identify
the restrictions as well as loading situations in use to resolve
the difficulty. The orthogonal metal cutting standard requires
a coordinate three-dimensional structure in addition to time
to fully define the problem. In demand to create the men-
tioned model, the subsequent assumptions (boundary restric-
tions) should be made.

e Cutting velocity is steady.

e The cutting width (cutting depth) is greater than the feed
plus they are together steady.

e Chip is continuous for ductile materials.

e The cutting velocity trajectory is perpendicular against
the cutting corner.

e The sample substance is a polycrystalline uniform,
incompressible solid plus isotropous.

e The specimen reference temperature remains usually at
room warmth.

e Cutting stands usually accomplished by air-cooled, not
fluid.
No tool wear.

e The cutting tool is rigid (not deformed).
Steady-state cutting is achieved during the process.

It is feasible to simulate chip formation by picking the
right modeling approach and modeling the material by
applying these assumptions, establishing the material's
deformation rate, and knowing how the workpiece mate-
rial will react during plastic deformation. The strain rate
and thermal effects of the constitutive equations must be
chosen in order to describe the model's dynamic behavior.
Metals stress varies depending on strain, rate of strain, and
temperature.

Zerill-Armstorng [39], a modified version of the JC
model [40], and the JC model [33] are the FE models as
indicated in Egs. 3-5, respectively. Among the phenomeno-
logical models, these models have been used to portray the
complex flow behavior of a variety of materials, as they have
a high degree of accuracy with a limited number of mate-
rial constants. Nevertheless, phenomenological models do
not account for the micro-mechanics of material deforma-
tion, rather they assess only the effect of macro-deformation
factors (deformation temperature, strain rate, and strain) on
flow stress. Consequently, all types of models have their own
benefits and are suitable for various materials. When decid-
ing which constitutive model is appropriate for a particular

Fig.2 ALE mesh structure [32]
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remeshed region \

Fig.3 Node breakage and new surface formation in the remeshing process [38]

material, it is necessary to compare the accuracy and adapt-
ability of several models .

o = ¢+ Bye™exp(—f,T + —p, TIné) 3)

2
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0

determine the mechanical boundary stress (MTS) and J-C
material model of AISI 4340 steel tempered at different
temperatures. At a given strain and temperature range, the
yield stresses estimated by J-C and MTS were compared.

£))ir-1.)] @

€0

One of the first constitutive equations including strain
and heat effects is the Johnson—Cook (J—C) equation as men-
tioned above. Of course, constitutive models like rigid plas-
tic, thermo-elastic plastic, elastic plastic, as well as thermo
visco plastic are built utilizing these equations [29]. The
preparation of Johnson and Cook's fundamental equivalence
utilized with Deform 2D and 3D is represented below [33].

. m
o’ = (A+B(e")") <1 + an(e,—p)) (1 - (i) >
€ T,-T,
®)

Here, 6 denotes the flow stress, € represents the plastic
strain, € strain rate, €, reference strain rate, T (°C) instantane-
ous temperature, T, ., melting temperature of specimen, T,
(24 °C) room temperature. “A” parameter is the yield stress
(MPa), “B” is the hardening module (MPa), “C” is the coef-
ficient of strain rate sensitivity, “n” is the hardening coef-
ficient in addition to “m” which is the coefficient of thermal
softening.

It was commonly mentioned that the JC model is fre-
quently used in FE analysis software, especially for
machining simulations. In order to develop the JC material
model, dynamic investigations, as well as quasi-static stud-
ies and studies conducted at high temperatures, are
required. Conducting these experiments enables one to
determine the material constitutive parameters, especially
the JC model parameters. In order to develop the machin-
ing models, some boundary conditions in terms of J-C
parameters are required. Banerjee et al. [26] tried to
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parameters, although MTS simulations took 1.5 times
longer than J-C simulations, according to them. The
authors stressed that the J-C material model is more effec-
tive numerically than the MTS model, and that numerous
steel plates, such as AISI 4340, may be employed more in
machining simulations [26]. Majzoobi et al. [27] combined
experimental, numerical, and optimization techniques to
determine the J—C material model. Experiments were
simulated at small as well as elevated strain rates via
applying specimens of the same geometry on standard test-
ing machines. The authors stated that a decent deal among
the investigational along with numerical estimation of the
J-C material models, which they determined with the help
of quasi-static combined with dynamic assessments [27].
Tan et al. [28] performed dynamic uniaxial tensile and
quasi-static examinations at various strain levels to inves-
tigate the effects of 7050-T7451 aluminum alloy on the
flow behavior. The authors argued that these tests are
appropriate methods for determining the corrected J-C
constitutive model. The J-C model, established by the
experiments, was compared with the unique J-C model
plus the Kahn-Liu standard. As a result of these tests pre-
sented at various strain levels, they observed that the cor-
rected J-C material model was predicted with higher accu-
racy than the other two models [28]. Zhang et al. [29]
accomplished dynamic experiments with a Split Hopkin-
son Pressure Bar experimental setup to determine the
dynamic performance concerning 7075-T6 aluminum
metal at different strain rates. The results revealed that the
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strain hardening coefficient is important and the improved
J-C model, which was created by correcting this coeffi-
cient, demonstrated great deal with the investigational
outcomes. They stated that model constraints can be used
according to the high similarity between the numerical
simulations made applying the J-C model along with the
investigational findings [29]. Lin et al. [30] carried out
high-temperature compression tests at two distinct strain
levels in addition to two various temperatures to investi-
gate the elevated-temperature deformation performance
concerning the AlI-Zn-Mg—Cu metal and to find the J-C
model. Investigational findings showed that the found J-C
standard was insufficient. Therefore, they developed a new
structural equation contemplating the collective conse-
quences of strain rate, strain, along with temperature fac-
tors. Numerical simulations with the developed model
showed a high similarity with the experiments and the
usability of the model was proven [30]. Huh et al. [41]
accomplished tensile experiments at high strain levels with
a Partitioned Hopkinson Pressure Bar experimental setup
specially designed for sheet metals. Numerical simulations
were made with the FE process using the J-C constitutive
model, which was created with the investigational conclu-
sions obtained from the dynamic assessments and quasi-
static. The authors emphasized that this model used for
sheet metal is highly suitable and can be used in high-
speed vehicle collision analysis [41]. Gambirasio and
Rizzi developed a modern strength prototype called the
discrete J-C. Such model was created with a simplification
suitable regarding the J-C original model. The model
aimed to improve the original J-C model to reduce the
problems caused by the combined effect of the resultant
strain, strain rate, in addition to temperature factors, which
are completely separate of each other, on the yielding
stress. The stress-strain curves obtained with the SIC
model showed that it was more efficient than the original
J-C model when associated with the investigational results
[42]. Buzyurkin et al. [43] plotted the real stress-strain
graphs of different titanium alloys under dynamic load.
Then, with the assistance of dynamic tests, the J-C mate-
rial model required to use the alloys in numerical simula-
tions was obtained. In addition, the authors who performed
experiments on these alloys compared the experimental
and numerical results and found that they were very simi-
lar. This demonstrated the usability of the J-C material
model found concerning the tested titanium alloys [43].
Banerjee et al. [44] determined the J-C structural equation
constants and fracture damage parameters of the armor
steel material by four different uniaxial tensile tests. Then,
the dynamic strain rate of armor steel, high triaxiality, and
finite element analysis at high temperatures was performed
in ABAQUS software. The similarity of the model and
investigational outcomes demonstrated the accuracy as

well as usability of the J-C structural equation constants
found for the specified armor steel material. Slais et al.
[45] examined the impact of strain rate factor on the
mechanical behavior regarding the Ti-6A1-4V titanium
metal and formed the J-C material model. Concerning the
model, firstly, they started the experiments with static
loading tests, and then they performed dynamic experi-
ments at elevated strain levels with the help of the Taylor
anvil test device. The findings of the FE assessment pre-
sented in ANSYS LS-DYNA 3D software showed a high
similarity with the experiments. The researchers stated
that the obtained J—C model could be used for numerical
simulations in future studies. Guzman et al. [46] deter-
mined the J-C structural equation parameters of A16082
aluminum alloy by assessing the heat increasing with the
plastic strain via a Basma Hopkinson test device. It has
been emphasized that the parameters can be used by stat-
ing that the investigational outcomes are comparable to the
numerical analysis findings performed on the same mate-
rial and using J-C parameters [46]. Dorogoy and Rittel
determined the J-C material parameters of Ti6Al4V tita-
nium alloy using a shear compression sample (SCS). After
performing quasi-static tests using the thermal softening
effect, dynamic tests were performed considering the
strain rate hardening effect. Since the obtained J-C param-
eters are similar to the literature, the validity of the test
methods applied in this study and the shear compression
specimen was emphasized [47]. Hokka et al. [48] aimed
to determine the J-C material parameters concerning
T-6246 titanium alloy as well as a nickel-established
superalloy comparable to Inconel 625 with quasi-static and
dynamic tests and transfer them to a simulation program.
Tests were conducted across a broad variety of strain rates
and temperatures. Then, vertical cutting was performed
both experimentally and as a simulation in software work-
ing with a finite element infrastructure. Experimental and
numerical results are similar for titanium-6246 material,
but not for nickel-based superalloy. The authors reduced
the strain hardening coefficient at high deformation by
adding the strain-softening coefficient to improve the
model valid for the nickel-based superalloy. After this
addition, it occurred that the investigational and mathe-
matical outcomes for the nickel-based alloy were similar
[48]. Ma et al. [49] aimed to obtain the J-C material model
of SCM440H alloy steel and insert it into the ABAQUS
software. In the first stage, they subjected the SCM440H
steel to the milling process under certain cutting parame-
ters. Then, numerical analyzes were performed for the
same material, thanks to the J-C parameters placed in the
software. It has been found that there is a difference of
about 15% between experiments and simulations where
cutting forces are measured as a machining output. In the
light of this result, it has been stated that the J-C

@ Springer



166

M. E. Korkmaz, M. K. Gupta

a linear b

quadratic

Fig.4 Mesh structure for 2D processes, a 3-node, b 6-node, ¢ 4-node,
d 8-node [51]

parameters of the material are suitable and can be used in
future studies [49]. Sekar et al. [50] carried out an optimi-
zation study concerning the Ti—-6AI-4V titanium metal
alloy with the Taguchi L16 vertical array using the J-C
parameters previously found by four different researchers.
A high degree of similarity was observed between the
simulation study and experimental studies performed with
these parameters obtained as a result of the optimization,
and the usability of the model parameters was emphasized
[50].

In many FE softwares, the use of 3-node triangular
element, 6-node triangular element, 4-node quadrilateral
element and 8-node quadrilateral element is preferred
(Fig. 4). The common geometric sturcture concerning FE
assessment is illustrated in Fig. 5.

In DEFORM 2D, Cockroft along with Latham's stand-
ards can be utilized to estimate the tensile stress in the chip
sections in vertical cutting. This criterion is expressed by
the following equation (Eq. 6) [44].

Fig.5 General geometric struc-
ture for an orthogonal cutting

&
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Here, € is the actual strain, o1 is the highest primary
stress, along with D which is the constitutive constant. In
the DEFORM 2D program, the critical damage value is
calculated by the program at each step-time of each ele-
ment under deformation.

The numerical evaluation regarding machining is clearly
linked to the good creation of the constitutive model. There-
fore, the success of the developing model is feasible by
means of establishing the relevant characteristics fairly in
addition to entering them as feedback [53]. Table 1 sum-
marizes the applied methods and models to enhance the
machining processes.

2.1 Cutting Force and Cutting Temperature Models

Numerical modeling of the cutting process is used as an
alternate solution approach since machining research
is costly and time-consuming. Among the numerical
approaches for modeling the cutting process, the finite ele-
ment method is the most used. Chip removal mechanics
have improved dramatically thanks to computer algorithms
(ANSYS, ABAQUS, DEFORM, and others) that assist fore-
cast cutting forces, temperature, and stress values throughout
the chip creation process. As a result, cutting conditions in
machining operations may be adjusted, and tooling costs can
be reduced significantly, lowering manufacturing costs. In
this regard, the finite element method has become a crucial
tool for analyzing engineering designs and production pro-
cesses. The results of the computer package programs used
to simulate manufacturing procedures using finite elements
and the results of the relevant plastic deformation process
(force, temperature, etc.) must be same. In this case, it's criti-
cal to accurately simulate the materials in the simulation
software. Several structural material models that can appro-
priately depict high strain behavior across a wide range of
strain rates and temperatures have been developed. These

process [52] Feed
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Table 1 Summarization of applied methods and models to enhance machining processes

References Materials Model/test

Results

[2] AISI 4340 steel Mechanical boundary stress (MTS) and
J—C material simulation

[27] ST37 steel J—-C material model

[28] 7050-T7451 aluminum

nal J-C model

[29] 7075-T6 aluminum Dynamic tests with a Split Hopkinson
Pressure Bar experimental system
[30] Al-Zn-Mg—Cu
J-C model
[41] Sheet metals Tensile tests and J-C material model
[42] A fundamental steel, natural metal com-
bined with stainless steel the discrete J-C (SJC)
[43] Titanium alloys
[44] Armor steel Uniaxial tensile tests
[46] Al6082 aluminum
tests
[47] Ti6Al4V titanium alloy
ing effect, dynamic tests
[48] Titanium-6246 titanium and Inconel 625 Quasi-static and dynamic tests
[49] SCM440H alloy steel Milling process under certain cutting
parameters
[50] Ti—6Al1-4V titanium

Quasi-static as well as dynamic uniaxial
tensile analyses compared with the origi-

High-temperature compression tests and

Developed a modern strength model called

Dynamic tests, the J-C constitutive model

Temperature increasing with plastic strain

Quasi-static tests using the thermal soften-

J-C model/Taguchi L16 vertical array

The J-C material standard is further effec-
tive than the MTS standard

Excellent deal among the investigational
and mathematical estimation

The corrected J-C material model was
predicted with higher accuracy

Findings demonstrated great deal with the
investigational outcomes

Experimental results showed that the found
J-C model was insufficient

The authors emphasized that this model
used for sheet metal is highly suitable

The stress-strain curves obtained with the
SJC model showed that it was more effi-
cient than the original J-C model

The investigational and mathematical results
found that they were very similar

The similarity of the model and investiga-
tional results demonstrated the accuracy
and usability of the J-C structural equa-
tion constants

The investigational outcomes are compa-
rable to the numerical analysis effects
performed on the same material and using
J—C parameters

The validity of the test methods applied
in this study and the shear compression
specimen was emphasized

The experimental and numerical results for
the nickel-based alloy were similar

The J-C parameters of the material are suit-
able and can be used in future studies

The usability of the model parameters was
emphasized

material models include Zerilli-Armstrong, Bodner-Partom,
and J-C, with the J-C material model being better appropri-
ate for machining procedures. As a result of the evaluations,
it is seen that most of the simulation studies in the literature
are done with the material models available in the material
library of the simulation program.

Today, with the increase in the processing capacity of
computers and the use of the finite element method in sys-
tem simulation, the results of the studies can be determined
approximately without the need for any experiment related
to cutting mechanics. However, metal cutting simulations
still remain a research topic due to geometric complexity,
insufficient experimental data in the material models used,
the inability to model the chip contact with the tool realisti-
cally, and long calculation times. Cutting forces and temper-
atures are very important in machining operations because
they are used to design the machine tool structure [16].

Based on the phenomena, Ezilarasan et al. [54] conducted
an experimental investigation and analyses in the turning of
Nimonic C-263 super alloy using a cemented carbide cutting
tool using the finite element method (FEM). The Lagrangian
finite element-based machining model is utilized in FEM
machining simulations to determine cutting force, tempera-
ture distribution at the cutting point, and effective stress. The
workpiece is made of flawless plastic material and is shaped
into a curved design. The tool's friction coefficient with the
workpiece material was found to be 0.6. When the cutting
force and temperature at the tool tip acquired from the trials
were compared to the simulated findings, a 6% error rate
was discovered. It was highlighted that the model's validity
was determined by the findings of the FE assessment under
the cutting conditions used was proven. Parida and Maity
[55] investigated the variation of cutting tool tip radius on
the force of cutting, cutting temperature, along with stress
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Temperature (C)
1050

Fig. 6 Effective stress distribution process zone temperature at room
and heating condition at nose radius 0.4 mm [55]

during the Inconel 718 hot turning by applying finite ele-
ment modeling as shown in Fig. 6. Three different tool nose
radii were used in the simulations (0.4, 0.8, and 1.2 mm).
Actual cutting force, stress, feed force and cutting tempera-
ture were estimated using DEFORM software at both room
temperature and elevated temperature. In both conditions, it
was found that the tool nose radius increased and the cutting
force plus force of thrust increased under high machining
conditions. Cutting temperature, tool-chip contact length,
as well as uncut chip thickness were also investigated. An
tentative research was performed to confirm the finite ele-
ment analysis findings, and a high degree of similarity was
found when the results were evaluated.

Vijayaraghavan et al. [56] established a FE-based hybrid
model. FE modeling was utilized to estimate the shear force,
though genetic coding was applied to derive the statistical
relationship among procedure parameters as well as shear
force. According to the genetic programming evaluation,
the cutting depth besides the cutting angle had a substantial
impact on the force of cutting. According to the finite ele-
ment evaluation results, it is emphasized that this developed
model can be used for materials that are difficult to pro-
cess without the need for preliminary experiments, and thus
power savings can be achieved [56]. Jafarian et al. [57] aimed
to apply the FE model during orthogonal process machining
concerning Inconel 718 alloy and to predict changes in its
microstructure through processing. To begin, cutting forces,
chip shape, and maximum temperature were considered in
order to select the most appropriate material model from a
list of seven available in the literature. Following that, using
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an iterative approach based on the comparison of experi-
mental data, the finite element numerical model is simu-
lated and suitably calibrated. In addition, during orthogonal
machining of Inconel 718 alloy, a user function was utilized
in the FE code to model dynamic recrystallization and, as a
result, to anticipate grain refinement and hardness fluctua-
tion. Grain size and microhardness were calculated using
the Zener-Hollomon and Hall-Petch equations, respectively.
The critical stress equation was also used to adjust the depth
of the impacted layer. In terms of grain size, microhardness,
and depth of the impacted layer, there was a lot of consist-
ency between the experimental and simulated results [57].
Reddy et al. [58] investigate the temperature generated dur-
ing the turning of Inconel 718 utilizing TiAIN coated car-
bide inserts, a viable finite element analysis model was built
and utilized. This study made use of the ABAQUS software.
The thermo-elastic-plastic characteristics of the material to
be treated were coupled using finite element analysis. The
simulation model's results were compared to the data from
the experiments. It was also discovered that when the cut-
ting speed rise, the cutting temperature increased as well.
The developed finite element model has proven the usabil-
ity of complicated-to-machine resources without the need
for experiments, and it has been emphasized that time and
economy can be gained [58].

To accurately explain the thermal softening of matrix-
induced damage in CFRP orthogonal cutting, Zhang et al.
[59] integrated the influence of temperature on material
characteristics into the FE model (Fig. 7). In another study,
the models for cutting forces were developed by Huang and
Liang [60] that incorporate temperature-dependent thermal
characteristics into the constitutive connection including
strain, strain rate, and temperature. In the thermal model,
the assumption of a uniform moving band heat source to
represent the primary shear zone heat production and a
semi-infinite semi-infinite medium to represent the second-
ary shear zone heat source were used to generate analytical
solutions for the temperatures. Comparable cutting force
models were used by Chou and Song [61] to determine
how much the tool temperature rose. The thermal model
was built on the use of superimposition methods and the
discretization of main and secondary heat sources into tiny
segments of rectangular heat sources. The total heat source's
temperature rise was measured by superimposing the tem-
perature rises of the separate heat source components. Yen
et al. [62] have shown that changing the edge radius of the
hone tools significantly influences plastic deformation and
contact temperature. Using FEM analysis to examine some
thermodynamical effects in the cutting zone is particu-
larly relevant because these effects cannot yet be evaluated
directly. The chip breaking performance of uncoated and
coated tools has been studied by Marusich et al. [63] using
a finite element-based simulation. This research found that
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Fig.7 Thermal softening of matrix-induced damage in CFRP orthogonal cutting [59]

the temperature of the coated tool dropped significantly, and
the coated substrate was found to be 100 °C cooler than the
uncoated. A coating was applied, however it had no effect on
the coefficient of friction numerically. In addition, Table 2
summarizes the reviews of cutting force models to improve
machining processes.

2.2 Chip Formation Models

The evaluation and simulation of finite element machining
are novel topics. Using the FE analysis, critical production
conditions such as temperature distribution, cutting forces,
deformation rates, and chip formation may be calculated
without the requirement for experimental investigations
and observations. This situation reduces both the cost and
the time allocated for scientific studies. Of course, it is not
possible to give exactly the same results as experimental
studies and computer studies, but scientists are bringing the
results of their studies using finite element models closer to
the results of experimental studies with each passing day.
Thus, chip removal marshmallow studies with finite element
models increase its reliability day by day (Fig. 8) [66].
When the machining is performed, it has been observed
that the numerical analyses made by commonly DEFORM
2D-3D, ThirdWave AdtanEdge give very successful results.
Especially on chip formation, studies comparing experimen-
tal studies and finite element simulation results have dem-
onstrated this success. As seen in Fig. 9, the simulation is

very similar geometrically to the sawdust obtained in the
experimental study. Chip form, chip segments, pitch, and
thickness are very close. In this case, finite element analy-
sis and simulation with DEFORM 2D can give real results
without the need for experimental work.

In machining, it is not possible to correctly examine the
chip formation and chip shaping alone. This is because chip
formation depends on many factors. However, when it is
considered chip formation as a factor, this factor affects
both the manufacturing process and the expectations from
the product obtained. In this case, what is seen is that the
machining process is like an equation with many unknowns,
the purpose of this and similar studies is to contribute to the
reduction of these unknowns and to reach a solution to the
problem, in other words, to fully control the process inputs
and outputs. Considering all these, not only chip forma-
tion, shaping, and breaking were examined in the literature
research, but also interpretations were made considering
the literature about the whole process. Today approaches to
complete the production process in a minimum time have
brought automation with it, in order to aim for the most ideal
use of time and to be considered successful in the competi-
tive environment in the production industry. As of the manu-
facturing perspective, the continuity concerning production
is the highly critical condition for time-saving and more pro-
duction. Some of the most effective circumstances impact-
ing the continuity in machining is ensuring that the chip is
broken regularly. Otherwise, there will be disruptions in the
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Table 2 Reviews of cutting force models to improve the machining processes

[54] Nimonic C-263 alloy as well as cemented
carbide

[64] Inconel 100 alloy

[55] Inconel 718

[56] Inconel 718 alloys

[57] Inconel 718 alloy

[58] Inconel 718 and TiAIN coated carbide

[59] CFRP

[60] CBN hard turning

[61] AISI 52100 steel

[62] Steel D6

[65] Inconel 100 nickel-based alloy

Finite element modeling

Finite element-based hybrid model

Finite element modeling

Practical finite element analysis model

Finite element modeling

Finite element modeling

Finite element modeling

Finite element modeling

Experimental study and analysis utilizing The validity of the model obtained correspond-
the finite element approach (FEM)

ing to the outcomes of the FE analysis under
the cutting conditions used was proven

3D customized finite element simulations Simulation estimates of typical grain sizes,

form transformations, and microhardness
obtained were associated with investigational
quantities and it was stated that high accuracy
was obtained

An investigational survey was organized to
confirm the finite element analysis effects,
and a high degree of similarity was found
when the results were evaluated

Developed model can be used for materials that
are difficult to process without the need for
preliminary experiments

Incredibly excellent settlement was discovered
among the investigational and simulated
outcomes in conditions of grain sizing,
microhardness, as well as depth of the
impacted layer

The established finite element prototype has
proven the usability of difficult-to-machine
materials without the need for experiments

The thermal softening of matrix-induced dam-
age in CFRP orthogonal cutting

Incorporate temperature-dependent thermal
characteristics into the constitutive con-
nection including strain, strain rate, and
temperature

The thermal model was built on the use of
superimposition methods and the discretiza-
tion of main and secondary heat sources into
tiny segments of rectangular heat sources

Changing the edge radius of the hone tools

significantly influences plastic deformation
and contact temperature

3D customized finite element simulations Simulation estimates using the JIMAK model

parameter set determined on typical grain
dimensions, form changes, and obtained
microhardness were evaluated with trial
quantities and a high degree of similarity was
obtained

manufacturing process from time to time, and the cost will
be reflected in the whole production. In this respect, ensur-
ing the regular breaking of sawdust is an event that should
be emphasized. Both industrialists and researchers have tried
to find optimal solutions to this problem by making many
experimental, analytical, and numerical studies about chip
formation, effective factors in its formation, breaking, and
active factors. Determining the cutting implement as well
as cutting conditions are the highly essential operations in
the planning of the manufacturing process. However, due to
the importance of this process, the process is traditionally
determined by planners using manufacturing manuals or tool
catalogs. The process planner faces some difficulties during
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the manufacturing process. The reason for this is that there
is not enough information about the features such as chip
breaker channel structure and effective chip breaker for dif-
ferent materials, coatings, and high wear resistance of many
advanced cutting tools that are widely used. In addition, the
data on the performance of the manufacturing also take into
account the results of measurements such as surface rough-
ness, chip form, and cutting force, which is difficult to reach
due to the very few predictive models for this information.
In machining processes, chip control is considered as a few
of the really crucial factors concerning good surface value
and result quality, process safety, machine productivity, cost,
and sustainable tool life. On the other hand, because the
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Fig.9 Comparison of numerical work with DEFORM 2D with
experimental work [67]

process is complex and requires complex cutting tools and
extensive material changes; In many practical manufactur-
ing operations, chip control has tended to be overlooked.
The continuous impact of sawdust on the machined surface
poses a problem in conditions of the value of the machined
surface. This problem occurs especially in the finishing pro-
cess. Considering that even small scratches on the manufac-
tured part are a problem and the part is not accepted, for this
reason, the importance of this situation can be understood
in terms of professional production. If the part has a com-
plex structure, the negative effect of chip collisions will be
greater because of the height differences in each region and
the drastic change in chip flow along with the workpiece
profile [46]. Hagiwara et al. stated that the chip flow can be
changed as convex and concave. In addition, they stated that
this change was due to the change in cutting conditions and
cutting tool geometry [46].

The various studies on chips morphology, software used,
materials models etc are discussed here. Wu et al. [68],

simulated the FE model concerning the cutting mechanism
of diamond single-ended turning. The standard is centered
on a meshing adaptive methodology along with a simple
deformation system. In the chip forming model, they applied
the traditional finite element model based on the chip dis-
connection principle. In the research in which the ABAQUS
program was chosen as the software, the shape properties
of chip formation were found to be compatible with previ-
ous studies. Albert Shih's [69], employed a material model
in which the temperature is dependent on elastic/visco-
plastic, high strain, and high strain rate in a work where
he devised a finite element approach for the simulation of
orthogonal cutting based on continuous chip creation. The
authors presented the simulation results such as normal and
shear stresses, temperature, and strain rate under the first
and second deformation zones, as well as the machined sur-
face, using the finite difference method to estimate the rate
of change of time-dependent parameters and the Eulerian
deformation definition to show the change of seven selected
elements that will pass through the deformation zone.
The chip generation was modeled using the finite element
approach based on the separation between the elements in
front of the cutting tool, with the element separation criteria
being the distance between the cutting tool tip and the near-
est node to the tip in the cutting direction.

Deshayes [70] modeled cutting tools with four differ-
ent chip breaker geometries and three different cutting tool
materials in his study. In this study, Third Wave AdvanEdge
software was used for chip removal simulation, experimental
study results and FE model study results were compared
considering chip formation, forces, and temperature. This
study showed that, it is possible to obtain findings close to
the cutting force and chip formation obtained in the experi-
mental study. Carroll and Strenkowski [71] compared two
different orthogonal finite element models based on devel-
oped Lagrangian and Eulerian formulations, in which stress
and stress zones in the chip and sample, chip shape, and
forces of cutting acting on the cutting implement can be
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Fig. 10 Equivalent plastic strain and time-resolved cutting force for a
variation of the strain rate hardening factor [72]

determined. In the model based on the developed Lagran-
gian formulation where large deformation takes place, they
used the NIKE2D program with a finite element code con-
taining an elastic-plastic material model, and in the Eule-
rian model, they used a viscoplastic material model of the
specimen material in which the area around the cutting tool
behaves like an Eulerian flow region. Baker [72, 73] created
a two-dimensional finite element analysis model as shown
in Fig. 10 to determine the impact of cutting constraints on
cutting forces and chip development in the vertical cutting
process. Friction is neglected when using the generative flow
stress law for this model. The ABAQUS software program
was used in this study, in which the two-dimensional full
thermomechanical double implicit FE model was utilized
as the finite element model. In this study, segmented chips
were produced at high cutting speeds. Gu et al. [74] estab-
lished a computer simulation of the machining of steels
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based on stable chip forming. In this study, the developed
Lagrangian finite element approach is used with an aim of
longest tool life and optimal cutting conditions by provid-
ing minimum cutting forces, minimum deformation, and
lowest temperature. In the work of Aurich et al. [75], flow
stress modification was performed using Rhim's material
model. In this study, Aurich et al. presented the workpiece
as a rigid plastic data and deformable structure. A continu-
ous adaptive mesh refresh algorithm is used to remove chips
from the workpiece. In this algorithm, shear localization and
crack initiation and propagation methods are used and com-
pared by adapting to continuous adaptive mesh regeneration.
According to the results of the study, it was stated that the
above-mentioned models could be used for uninterrupted
and segmented chip development.

Umbrello et al. [76] utilized the J-C constitutive cal-
culation, in which five different material constants were
established, in the Lagrangian implicit network structure
of DEFORM 2D software to express the behavior of AISI
316L material. In this study, cutting force, temperature
distribution, chip geometry, as well as residual stress esti-
mations were made and associated with investigational
measurement outcomes. The model simulation findings
obtained with the material constants used coincided with
the results of the experimental studies. Baker [77] sought
a solution to the question by using the FE model in his
research in which he investigated whether chip formation
slows down the machining process in machining. In this
study, the two-dimensional FE model is built on the iso-
tropic elastic plasticity theory, and the theoretical values
are taken from Merchant's approach. Although the work-
ing deceleration criterion does not immediately affect the
slip plane angle, it is presented as a result of this study,
where it plays an important role in chip forming. MacGin-
ley et al. [78, 79] applied a FE model to see the influence
of coating on the machinability of Inconel material. In
this study, the stress distribution with the FE technique
was analyzed. The FORCE2 software was used in this
study, in which the chip cutting tool contact point was
predicted as the main slip zone, and the results are parallel
to the experimental results. Lo [80] studied the influence
of cutting tool rake angle on-chip and machined surface
quality during precision machining. The effects of vari-
ous rake angles on cutting forces, chip shape, equivalent
stress distribution, residual stresses, and surface quality
were explored in the cutting simulation. According to the
findings, increasing the cutting tool rake angle reduced the
amount of cutting force required for machining, resulted
in a smoother chip formation, and resulted in a very tiny
difference between the undeformed and deformed chip
thickness. Yen et al. [62] conducted a study on the impact
of cutting tool geometric parameters on chip formation
and cutting forces in vertical cutting.. Using finite element
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Table 3 Analyses of chip morphology models to develop machining processes

[68] Diamond Finite element model

[81] AISI 1020 carbon steel

simulation
[70] Three different cutting tool materials Finite element assessment
[711 Aluminium 2024-T361 Two different orthogonal finite element models
[72] Titanium alloy Ti6Al4V Two-dimensional finite element analysis models
[74] Mild carbon steels Computer simulation
[75] Copper, titanium Flow stress modification was performed using
and tantalum Rhim's material model
[76] AISI 316L steel J—C constitutive equation
[78] Inconel material Finite element model
[80] Copper (OFHC) and aluminum Elastic-plastic finite element method
[62] Thermo visco plastic and 0.2% Finite element simulation

carbon-containing steel

FE technique concerning the orthogonal cutting

The shape properties of chip development were
found to be compatible with previous studies

The chip structure was developed by means of
the FE approach

It is possible to obtain findings close to the cut-
ting force and chip formation obtained in the
experimental study

Large deformation takes place

Segmented chips were produced at high cutting
speeds

The verification of the simulation study is done
with the experimental study and verifiable
results are obtained from the simulation

The mentioned models could be utilized for both
constant and segmented chip growth

The model simulation results obtained with the
material constants used coincided with the
results of the experimental studies

Results parallel to the experimental results were
obtained

The growth in the cutting device rake angle
caused a drop in the cutting force requirement
for machining, a softer chip formation

The results of this study, in which the DEFORM

2D software program was used, coincide with
the experimental study results in the literature

simulation, the influence of the cutting tool's corner (round
and chamfered) qualities on chip formation, cutting forces,
and process variables (temperature, stress, and deforma-
tion) was attempted to be determined. Cutting simula-
tions using Lagrangian Thermo visco plastic and 0.2%
carbon-containing steel were conducted out in DEFORM
2D until steady chip flow and cutting force were achieved.
On the basis of the estimated cutting force and chip shape,
finite element models for cutting tools with various corner
angles were compared to experimental data in the litera-
ture. The results of this investigation, which employed the
DEFORM 2D software tool, are consistent with the find-
ings of previous experimental studies.

All the studies examined in the chip morphology sec-
tion have shown that it is possible to achieve results that
are compatible with experimental studies in the finite ele-
ment model simulation. The precise determination of the
appropriate inputs in the finite element model is the issue
that should be taken into consideration here. The analysis
of the chip breaker's performance is especially targeted in
chip formation, shaping, and breaking. Thus, it is ensured
that the sawdust is broken continuously and contributes
positively to the machinability. In demand to achieve this,
the geometric characteristics of the cutting tool must be
best represented in the FE model. The only precision in
reaching the goal is the analysis of the effect of the chip

breaker geometric structure of the cutting implement on
chip formation and breakage, that is, on the machining
process. In this study, the necessary data were used in the
finite element model, taking into account the experimental
studies. Table 3 analyses of chip morphology models to
develop machining processes.

2.3 Residual Stresses

Residual stresses are a system of stresses that occur in a
body independent of external forces. In other words, residual
stresses can be thought of as stresses that are not depend-
ent on external forces. Since residual stresses occur due to
non-regular plastic deformation, it is necessary to consider
permanent stresses in all processes that produce irregular
plastic deformation which may be thought as machining
[82]. Recent trends have resulted in the development of a
further approach that makes use of numerical models to
estimate residual stresses. As a component of the hybrid
process, calculating the mechanical and thermal stresses that
are caused by chip formation and imposing an equivalent
thermomechanical load on the surface of the item that has
been machined are both included. Figure 11 illustrates this
strategy used to measure the residual stresses. It was initially
developed to anticipate increasing stresses during steel turn-
ing [83] and is now being used to forecast increased stresses
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Residual stress o, (Mpa)

Fig. 11 Residual stress approach [83]

Tool
(Small)

Fig. 12 Corner radius effect on the residual stress [86]

during steel ball-end milling. The anticipated and observed
residual stress patterns were found to be in good agreement.
The main advantage of this method is that it avoids the time-
consuming simulation of chip production.

Further, in the case of residual tensions in aluminum
alloys caused by machining, Denkena et al. [84, 85] done
some research. The grinding-induced residual stresses in
aluminum alloy workpieces were investigated using a com-
bination of X-ray diffraction measurements and finite ele-
ment simulations in these studies. The impact of cutting
settings and tool shape was investigated. As demonstrated
in Fig. 12, cutting speed, feed rate, and cutting edge shape
all have an impact on residual stresses created during mill-
ing. Cutting speed and feed rate, which have a significant
impact on residual stresses created during machining, were
determined to be less essential than tool corner radius and
tool wear. In any event, the effect depth is minor, remaining
below 250 pym.
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Mittal and Liu [87] worked on modeling residual stress
in hard turning. The residual stress profiles were expected
to suit a polynomial profile that was a function of the work-
piece depth in the model. The polynomial coefficients are
dependent on the processing settings. The calibration of
a large number of coefficients is required for this model.
Furthermore, it provided little insight into the development
of residual stress. EI-Axir [88] developed residual stress
comparable to Sridhar [89]. Mishra and Prasad [90], using
the principle of the moving heat source, created an analyti-
cal model based on FEM to calculate residual stresses. In
a grinding process, the model tried to forecast thermal and
mechanical residual stresses. The author examined how
residual stresses are affected by the amount of the mechani-
cal force, the rate of heat input, and the speed at which the
workpiece moves. Lin et al. [91] determined the stress field
in the workpiece by using the finite element technique. The
idea of particle flow is utilized to calculate the stress his-
tory of the material's strain history using the strain field.
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Table 4 The FE modelling studies on residual stresses in machining processes

[85] Aluminum alloy

A combination of X-ray diffraction measure-

Device corner radius along with tool wear were found to be

ments and finite element simulations

[87] Hardened bearing steel Residual stress model
[90] 100Cr6 Analytical model based on FEM
[91] AISI 304 Finite element means to establish the stress field
[95] AISI 304 Finite element
technique to ascertain residual stresses
[69] AISI 1020 carbon steel Plane-expansion finite element simulation

even more important parameters than cutting speed and feed
rate, which had a major influence on the residual stresses
generated

The model requires the correction of a huge amount of coef-
ficients. In addition, it achieved no awareness into residual
stress generation

The model attempted to predict thermal in addition to mechan-
ical residual stresses in a grinding operation

Using the strain field, the idea of element flow is used to estab-
lish the stress record of the material's strain record

Low shear angles and working angles have been identified as
factors that increase positive residual stresses

The model and experimental results matched each other, the
model, like others, did not clarify causing thick stresses

Fig. 13 The relationship
between cutting forces and
power consumption in FE simu-
lation of machining processes
(23]
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The residual stresses induced by machining were estimated
using Merwin and Johnson [92] was used to estimate the
residual stresses produced by machining. Lin et al. [93] used
a model that includes both thermal and mechanical stress-
ors. The model's results were compared to the data from the
experiments. Shear angle and other model boundary con-
straints are considered to take precedence. Lin and Lee [94]
employed the same modeling technique as before, but added
the impression of cheek wear. Wiesner [95] utilized a finite
element approach to evaluate residual stresses arising from
orthogonal machining of AISI 304 in a similar work aimed
at determining the interplay between thermal and mechani-
cal loads. A finite difference approach was used to com-
pute constant workpiece temperatures. The model's results
revealed that the thermal and mechanical consequences of
orthogonal shearing resulted in tensile, or positive residual
stresses. X-ray diffraction measurements of the treated sam-
ples were used to validate the model. According to research,
the positive residual stresses are increased by low shear
angles and working angles. Shih [69] created a finite ele-
ment simulation of orthogonal metal cutting based on plane
expansion. The study included thorough material modeling
that took into account elasticity, viscoplasticity, temperature,
huge strain, and high strain rate. By comparing the model
to earlier research and comparing the experimental data, the
model was shown to be valid. Despite the fact that the model

0 COOZ 0 0003

Time (s)

and experimental data were identical, the model, like others,
failed to explain what was creating the thick stresses.

Analytical modeling of the shear tool condition on
residual stresses is still inadequate for use in industrial
settings. Jacobus et al. [96] created models that need con-
siderable model calibration based on shear experiments.
Other approaches for estimating residual stress need a large
amount of experimental data. FEM is frequently sufficient
for estimating residual stresses, but it is time-consuming and
difficult to adjust to changing process conditions. Analyti-
cal models address a wide range of residual stress sources
and mechanisms that influence profile profiles. However,
there is presently no complete model for predicting residual
stresses that takes into consideration the tool edge state.
Table 4 shows the FE modelling studies on residual stresses
in machining processes.

2.4 Power Consumption

Power consumption during machining processes accounts
for a significant amount of industrial expenses and has a sig-
nificant environmental impact [97]. Machining limitations
influence the amount of energy consumed throughout the
evolution of machining. Adjusting these machining limits
during the development planning phase would be facilitated
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Fig. 14 The simulation prototype [106]

by a trustworthy expectation model for energy consump-
tion, which would aid the manufacturing sector in achiev-
ing energy efficiency [98]. During the past years, and with
the progressively serious power expenditure combined with
ecological difficulties within the manufacturing sector, the
machining procedures power utilization became a serious
concern within the discipline of environmentally friendly
manufacturing [99]. This machining procedure implies the
procedure of replacing the empty size, structure, shared
place, coupled with surface excellence through machin-
ing, to get a competent element [100-102]. Nevertheless,
during the earlier period, it remained constantly believed
that the power utilization concerning machining apparatus
within distinct manufacturing remained comparatively mod-
est associated with the development of industrial sectors.
Consequently, researchers, as well as the industries, give
inadequate consideration to the power utilization as well as
effectiveness regarding the machining procedures, leading
to the absence of important investigation [30, 103]. The rela-
tionship between cutting forces and power consumption in
machining processes are commonly indicated as in Eq. 5.
Moreover, the relationship between them are llustrated in
Fig. 13.
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Kant et al. [104] investigated power consumption limit-
ing by enhancing and predicting machining parameters.
Their research aimed to supply a multi-predictive objec-
tive simulation concerning the limitation of energy deple-
tion as well as surface roughness during machining pro-
cedures. They used a principal element analysis besides
a relational grey analysis in the manner of acquiring the
ideal machining constraints. They stated that the feed is
the main factor affecting the machining power expenditure
reduction followed by cutting depth then cutting velocity.
Moreover, the peak load lessening via optimization will
lead to power utilization of the machining tools dropping
[104]. Larek et al. [105] developed a discrete simula-
tion model to forecast power utilization during machin-
ing activities. The approach was designed to demonstrate
machining processes as well as to produce sample-certain
energy expenditure profiles along with energy traces. Their
the objective was to offer a foundation regarding addi-
tional products like the simulation as well as energy intake
optimization within production procedures and operation
chains in arrangement with logistical simulations. The
simulation standard expressed in their study was meant to
be applied concerning the approximation of the machining
process's power expenditure in addition to examining the
impact of machine device elements coupled with proce-
dure constraints to produce a particular specimen energy
track. The authors emphasized that the attained power
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Fig. 15 Categorization of power
modeling [109]
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utilization reports precision was sufficient to be employed
by concerning the cost optimization as well as an envi-
ronmental influence [105]. Abele et al. [106] instituted a
simulation prototype concerning the prediction of machine
devices' power consumption. The paper describes a stand-
ard-established simulation plus estimation of the expected
energy utilization regarding machine instruments by utiliz-
ing a complete simulation setting, which in turn provides
a foundation concerning energetic enhancement. Built on
the stated simulation methodology, in additional investi-
gation effort, a structure concerning power optimizer was
established, adjusting the spindle velocity, feed rates, cool-
ant lubricant amounts in addition to changing conditions
of peripheral appliances to the expected situations. The
simulation model is displayed in Fig. 14 [106].

Meng et al. [107] established a power utilization predic-
tion model concerning machining procedures. The model is
offered for a purpose of cutting velocity, spindle velocity, the
cutting depth as well as feed rate. Turning tests were per-
formed to corroborate the suggested model efficiency. The
authors stated that the model presents further precise power
expenditure estimation when compared to the models that
take into account only MRR plus spindle velocity. Conse-
quently, they added that the energy requirement concerning
cutting procedures could be effectively attained via employ-
ing such a model, which in turn could assist technologists
to estimate the power utilization regarding their products at
the early design phase [107]. Bhinge et al. [108] considered
the development of a power calculation model concerning
machine instruments. Initially, they introduced a procedure
that could professionally as well as successfully gather and
manage information obtained from a machine instrument in
addition to its sensors. They stated that some considerations

could probably influence the power consumption form dur-
ing machining tasks. For instance, the sample substance or
cutting device geometry, as well as substance, could alter
this consumption. The power prognostication model could
be more advanced plus simplified by incorporating these fac-
tors as key elements [108]. Bi and Wang [109], investigated
the consumption of power during machining operations. An
analytical power model concerning the precise associations
of machining constraints as well as power utilization was
examined, the modeling technique was established for both
the dynamic plus kinematic machine tools actions. The main
aim of this advance model was to enhance the energy saving
of the machining process. The simulation findings imply that
the enhancement model could cause a 67% power reduc-
tion regarding the particular drilling procedure. The authors
implied that this methodology could be expanded in addition
to utilized to additional machines in the matter of establish-
ing their power models intended for viable manufacturing
[109]. The categorization of power modeling is represented
in Fig. 15.

Guo et al. [110] created a simulation model to evaluate
the power utilization of certain machining instruments. To
improve the power preservation of machine implements, a
control-method-established approach, which combines sub-
stance elimination simulation to foresee the power utiliza-
tion concerning machining procedures, was intended then
confirmed during their investigation. The authentication
findings suggest that via employing the established meth-
odology, the machining power of a certain product could be
forecasted precisely in a 10% divergence. Furthermore, the
assessment reveals that further power-conserving possibil-
ity remains in constraint assortment. Consequently, utilizing
the established simulation methodology could accelerate the
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Fig. 16 Cutting system concerning the 2D and 3D simulations [23]

method development as well as improve the power preserva-
tion concerning various machine instruments in a way that
the ecological influence of manufacturing procedures could
be efficiently decreased [110]. Borgia et al. [111] developed
an investigation research to foresee the power consumption
upon milling processes by using a simulation model. Power
models were characterized via an investigational classifica-
tion process that could be implemented in manufacturing
situations. The model was proven by evaluating the assessed
power with the calculations presented on various cutting
experiments, assessing as well its computational attempt
[111]. Korkmaz and Giinay [23], developed a finite ele-
ment model regarding energy utilization within the turn-
ing procedure concerning. The FE model was chosen to
approximate optimal cutting factors concerning less energy
utilization. Incidentally, FE simulations were accomplished
centered on three distinct stages like the cutting speed, cut-
ting depth, coupled with feed rate. The authors stated that
the cutting depth is the highly significant component having
a 49.55% contribution ratio regarding energy expenditure.
They emphasized that the FE model concerning the cutting
forces combined with energy expenditure was fairly consist-
ent with the investigational findings. Likewise, it could be
completed with superior correctness, not including unneces-
sary machining tests of tough-to-cut substances. The cutting
system concerning the 2D and 3D simulations is shown in
Fig. 16 [23].

Liu et al. [112] also studied the power utilization of
machining operations via FE models. In their research, the
curved microgroove constructs were enhanced plus con-
structed to help enhance the cutting functioning concerning
reducing particular cutting power. The outcomes showed
that constraints of the micro-groove, involving the spacing,
width, edge gap, and depth demonstrated apparent impact
on certain cutting power within their particular aspects.
Furthermore, the particular metal cutting processes cutting
power could be successfully decreased via the ideal curved
micro-grooved cutting implements. Besides, the smallest
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certain cutting power expenditure was achieved at a width
of 50 um of the microgroove. But during the turning end-
ing situation, the greater the width of the micro-groove, the
greater particular cutting power was achieved [112].

The optimization of power consumption is considered
an important field of study to several researchers due to its
influence on the machining operation of different types and
materials. Investigations were carried out on the machin-
ing parameters that lead to a critical impact on the energy
consumption during machining processes. Different mod-
els including FE simulation models were developed to
predict the influence of such parameters to enhance them
before machining processes. Some studies have shown that
decreasing the peak load optimizes power consumption,
others indicated that the bigger the micro-groove, the bet-
ter the consumption, while certain findings suggested that
the improvement of cutting parameters is critical. Table 5
illustrates the FE modelling studies on power consumption
during machining processes.

2.5 Surface Integrity

The surface integrity of a manufactured metal component
is essential for its work-related usability, durability, and
overall application. The surface flaws caused by machining
techniques progress from the nano to the macro scale, result-
ing in mechanical, microstructural, and chemical effects.
Therefore, they necessitate complex assessment and post-
management techniques [113]. Surface integrity indicates
surface finish off along with the diverse manufactured sur-
face circumstances. It could be separated into the quality of
the surface combined with the subsurface situations con-
cerning the machined element [114]. Moreover, machined
surface integrity is turning out to be further critical to ful-
filling the ever-increasing requirements of superior element
execution, durability, efficiency, along dependability [115].
Jawahir et al. [116] carried out a review study concerning
the surface integrity during substance removal procedures.
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Table 5 The FE modelling studies power consumption during machining processes

[104] AISI 1045 steel
grey analysis

[105] TiAN

utilization

[106] Different machine tools Simulation model

[107] Cutting tools

[108] Machine tools

[109] Machine tools

[110] Machine tools
consumption

[111] Machine tools

[23] Martensitic stainless steel AIST 420

[112] Curvilinear micro-grooved cutting tools Power utilization of machining operations via

FE models

Power utilization prediction model

Power calculation model

An analytical power model

A simulation model to analyze the power

Power simulation model

Finite element model for power consumption

Principal element analysis besides a relational The peak load lessening via optimization will

lead to power utilization of the machining
tools dropping

A discrete simulation model to forecast power The attained power utilization reports precision

was sufficient to be employed concerning the
cost optimization as well as an environmental
influence

The model provides a foundation concerning
energetic enhancement

The model presents further precise power
expenditure estimation when compared to the
models that take into account only MRR plus
spindle velocity

The power prognostication model could be
more advanced plus simplified by incorporat-
ing these factors as key elements

The authors implied that this methodology
could be expanded in addition to utilized to
additional machines in the matter of estab-
lishing their power models

Utilizing the established simulation methodol-
ogy would accelerate the method develop-
ment as well as improve the power preserva-
tion concerning various machine instruments

The model was proven by evaluating the
assessed power with the calculations pre-
sented on various cutting experiments

The FE model concerning the cutting forces
combined with energy expenditure was fairly
consistent with the investigational findings

During the turning ending situation, the greater
the width of the micro-groove, the greater
particular cutting power was achieved

The study includes several investigations on surface integ-
rity using different models including those based on finite
element aspects. The subsequent assumptions could be
illustrated from their research and they found a reduction in
the usage of analytical-established models concerning the
metal cutting estimation behavior when associated with the
usage of FEM-established models. In addition, nearly 90%
of utilized FE software during the current cutting simula-
tions were profitable. Additionally, they detailed that it was
so hard to assess the finest FEM software subsequently they
include numerous strictures besides expectations that influ-
ence the validity [116].

Wardany et al. [117] Researched the surface integrity of
die substance during elevated velocity machining. A 3D FE
standard was established to foresee the specimen's surface
residual stresses. Within the model, the cutting area was
given centered on the device state (for instance, sharp or
damaged). The FE assessment reveals the substantial impact
of the heat produced through the cutting process. The find-
ings also demonstrate the probability of decreasing the ele-
vated tensile produced residual stresses within the sample

Elongated
grains

Fig. 17 White cover as well as distorted layer [120]

surface, via choosing the proper cutting depth of cut [117].
Arrazola et al. [118] conducted tests to predict the surface
integrity behavior of IN718 nickel-established alloy via FE
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Fig. 18 Horizontal cross-seg-
ment concerning the outcomes
of the mathematical simula-
tion in conditions of surface
destruction intensity: a metal,
D125, 50, plus b resin, D125,
100 [121]
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simulation model. The major techniques concerning the
residual stresses quantifying incorporating diffraction meth-
ods were examined. The authors indicated that the stress
estimates have considerable alterations concerning the FE
simulation standard could be obtained, also the consequent
surface integrity could be well characterized. Thus, expected
residual stresses at every position of the depth were pre-
sented within an interval having a standard deviation besides
an average [118]. Lotfi et al. [119] Studied the surface integ-
rity behavior of Ti6Al4V by conducting FEM modeling and
investigational tests. Consequently, results showed that the
3D vibration technique produces a lesser grain range to be
produced associated with the standard procedure. Addition-
ally, such a technique can enhance surface isotropy via semi-
spherical micro-surface production. Furthermore, the simu-
lation standard can appropriately expect the grain range plus
the cutting forces wherever its conclusions were in a great
deal with the tests [119]. Ranganath et al. [120] established
a FE simulation methodology to calculate the growth of a
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white sheet within nickel superalloys. A section-wise J-C
prototype was assembled meant for illustrating the perfor-
mance of the substance flow. Chips forecasted and accumu-
lated throughout impertinent turning experiments reveal an
obvious shear band still at low velocity. The deformation
layer in addition to the white layer appearance is shown in
Fig. 17.

Khodaii et al. [121] examined the impact of grinding on
the PSZ surface integrity by numerical, analytical, as well as
investigational experiments. A numerical model was accom-
plished within the ABAQUS Software through the attached
FE—Alattened element hydrodynamics (FE-SPH) technique.
The outcomes demonstrated that, during all instances, the
investigational information dropped in the scales assessed by
the analytic method. Additionally, the mathematical simula-
tion unveiled that, on standard, the mathematical findings
varied as of the corresponding investigational statistics by
fewer than 15%. Analysis of SEM pictures concerning the
base surface revealed further than 17% progress within the
surface integrity [121]. The horizontal cross-segment con-
cerning the outcomes of the simulation model is shown in
Fig. 18.

Maximov et al. [122] used various approaches of FE
simulation models concerning mechanical static surface
management methods. The FE model is a simple simulation
technique applied during the mathematical examinations of
MST procedures. It was revealed that a completely attached
3D FE thermal-stress assessment of an SDB procedure in
conjunction with kinematic nonlinear strengthening must be
brought out. Moreover, as the burnishing speed was fairly
little, the thermal impact could be ignored [122]. Maranhao
and Davim [123], studied the machining surface integrity
behavior of AISI 316 steel by performing a FE simulation
model. As of all the mathematical models that have been
done, it was feasible to retract that the coefficient of friction
affects the cutting energy, highest cutting temperature, cut-
ting, as well as feed forces, along with plastic strain consid-
erably. Regrettably, the coefficient of friction could not be
determined with accuracy besides it requires to be repeated.
The authors added that by utilizing the testing experiments,
a Coulomb coefficient of friction was observed regarding
every instance of the research. They concluded that apply-
ing the numerical simulation was effective to control the
mentioned constraints above. In addition, FEM calculations
were significantly affected through the coefficient of friction
as well as the substance movement stress, nevertheless, the
coefficient of friction was the highly critical characteristic
while developing machining processes [123].

The enhancement of surface integrity-related constraints
is deemed an essential requirement throughout numer-
ous machining developments. Various machining circum-
stances affect such as the cutting depth, velocity, feed rate,
etc. enhancing these parameters will lead to better surface

Table 6 The FE modelling studies on surface integrity after machining processes

It was so hard to assess the finest FEM software subsequently they

Different models include those based on finite element aspects

[116] Crystalline materials

include numerous strictures besides expectations that influence the

validity

The probability of decreasing the elevated tensile produced residual

3D FE model was established to foresee the specimen's surface

[117] Steel (60-62 Hrc), Polycrystalline

stresses within the sample surface, via choosing the proper cutting

depth of cut
Expected residual stresses at every position of the depth were presented

residual stresses

Cubic Boron Nitride (PCBN)

FE simulation model

[118] IN718 nickel-established alloy

within an interval having a standard deviation besides an average

The simulation standard can appropriately expect the grain range plus

FEM modeling and investigational

[119] Ti6Al4V

the cutting forces wherever its conclusions were in a great deal with

the tests
Chips forecasted and accumulated throughout impertinent turning

FE model methodology

[120] Nickel superalloys

experiments reveal an obvious shear band still at low velocity

Analysis of SEM pictures concerning the base surface revealed further

[121] Bioceramic partially stabilized zirconia numerical, analytical, as well as investigational experiments by FE

than 17% progress within the surface integrity

models

friction as well as the substance movement stress

ignored
FEM calculations were significantly affected through the coefficient of

The burnishing speed was fairly little, the thermal impact could be

FE simulation models concerning mechanical static surface manage-

ment methods
FE simulation model

[122] 37Cr4 steel
[123] AISI 316 steel
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Fig. 19 Molecular dynamics simulation (MD) for nanocutting [124]
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integrity throughout the machining operation. For this pur-
pose, many studies were carried out to investigate these
parameters via various prediction models including FE
simulation models in the manner of finding concerns that
may affect the machining process and enhance them before
the operation. Such a simulation model will help find the
product effectiveness, stability, as well as trustworthiness.
Table 6 demonstrates the FE modelling studies on surface
integrity after machining processes.

3 Molecular Dynamic (MD) and Smoothed
Particle Hydrodynamics (SPH) Simulation

Molecular dynamic is one of the main tool in the theoretical
studies of the dynamic behavior of biological and chemi-
cal macromolecules. With this computerized computation
method, the time dependent behavior of a biomolecular
system is calculated. Atoms can interact with each other
using potential energy functions based on experiments and
observations or various force fields selected depending on
the field of study, and each force acting on atoms is calcu-
lated for a particular configuration based on these functions
or force fields. By integrating Newton's equation of motion,
a sequential configuration of the system over a given time
interval is obtained [124].

Molecular dynamics simulation (MD) is a powerful
technique for modeling shearing at the nanoscale (Fig. 19).
However, here is the concern with this process (i) the avail-
ability of correct potential energy surfaces, (ii) the need to
use high shear rates (100-500 m/s), and (iii) the consid-
eration of fewer workpiece atoms (several thousand). The
last two are used to keep accounting time at an acceptable
value. Concerns brought by these limitations have led many
researchers working in this field to think of simulating chip
removal at nanoscale for larger workpieces (a few million
atoms and more) and conventional cutting speeds (2-5 m/s).
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Fig.20 The cutting process simulated using smoothed particle hydro-
dynamics (SPH) [125]

Currently, it is not possible to perform MD simulation using
even the fastest computers equipped with powerful parallel
processors. As a solution to overcome the last two of the
above limitations, Monte Carlo (MC) method is used since
time or cutting speed is not directly involved in the process.
At the same time, some of the detailed time-consuming
calculations in MD simulations are useful, albeit a small
part. For example, no detailed information about the precise
motions of atoms at the time before they reach their equilib-
rium positions may be of any importance. This way, valuable
computation time and memory can be used sparingly if we
use a method that does not include trivial matters.
Consequently,

1. Monte Carlo simulation of the nanometric cut is opti-
mally run at a cutting rate of 1-5 m/s. The Monte Carlo
method combines Markov random measurement with
the Accept-Reject Metropolis-Hastings adapted for use
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with temperature gradients to determine new shapes of
atoms.

2. In Monte Carlo and molecular dynamics simulations
of nanometric cutting, the temperature in the cutting
zone will be estimated at the macroscopic scale using
the thermal model of the cutting process developed by
Komanduri and Hou. There is a very good similarity
between the results of the thermal model and the results
of the molecular dynamics simulation obtained using
harmonic oscillator energy distribution. This local tem-
perature was used in the Boltzmann Accept-Reject crite-
rion. Therefore, the cutting speed is indirectly included
in the Monte Carlo simulation through the temperature
in the cutting zone, as the cutting speed is related.

3. The forces obtained from the Monte Carlo calculations,
as expected when comparing the Monte Carlo and
molecular dynamics simulations of the nanometric cut,
resulting in fairly good fit under similar cut conditions,

Sacrificial Layer

Y
I—x LAG/ALE

Fig.21 The difference between Lagrangian (LAG), ALE, and SPH
method [32]

it exceeds the results obtained from molecular dynam-
ics simulation due to the presence of inertial forces in
molecular dynamics simulation and the long depth of
cut for Monte Carlo studies.

On the other hand, a direct view into the machining pro-
cess is provided by numerical simulation, which is capable
of obtaining transient stresses and strains as well as revealing
the chip creation mechanism. However, mesh deformation
is common when using finite element methods to simulate

hard-brittle materials. The cutting process is simulated using
smoothed particle hydrodynamics (SPH) (Fig. 20), a mesh-
free approach. When compared to the finite element method,
the SPH method has an advantage in that it does not require a
rupture criterion to separate the chip from the workpiece [125].
Figure 21 shows the difference between Lagrangian (LAG),
ALE, and SPH method [32].

4 Challenges and Trends

When it is taken into consideration the trends and chal-
lenges that may face machining processes, Mourtzis et al.
[126] suggested several opinions, initially, they stated that
creators of simulation devices are progressively establish-
ing cloud-established knowledge to simplify the applica-
tion's flexibility as well as the interoperability among vari-
ous collaborators. Moreover, they indicated that simulation
software devices typically present just devoted product
purpose records concerning fast development combined
with capable simulations regarding conventional situ-
ations. Likewise, there is similarly a shortage of appro-
priate information discussion between distinct fields as
well as little or even no general principles or incorporated
structures, which produce problems within the coopera-
tion among organizations in addition to collaborators.
Ultimately, they assumed that all the concerns can be for-
warded through the growth in addition to the consumption
of multi-corrective combined with multi-field incorporated
simulation models [126]. Mourtzis [127], also investigated
the future machining simulation trends. Specific emphasis
was provided to tools within the future digitalized sectors
that are achieving a position in the field of industrial prod-
ucts simulation, presenting several benefits. The author
represented the advantages, constraints, along with poten-
tial challenges presented by the latest simulation method-
ologies as shown in Fig. 22 [127].

Machine implements require correct work as well as good
dynamics in the manner of keeping up with the innovative
machining procedures conditions. Above and beyond the
technological concerns, period to the marketplace is overly
brief to create a true model in the potential future. A new
method for predicting the machining behavior is therefore
needed by cooperation between different models including
FE simulation models. Zaeh and Siedl [128], suggested a
new approach meant for machining behavior simulation by
employing FE modeling concerning machine implements.
The sequence of both a finite element technique in addition
to a multi-body simulation within a single procedure offers
the foundation when it comes to the simulation of huge
activities as well as the functioning concerning machine
implements [128].

@ Springer



184

M. E. Korkmaz, M. K. Gupta

Fig.22 Advantages, constraints,
along upcoming questions as
presented through the latest
simulation models [127]
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Currently, most FE simulations develop modern knowl-
edge concerning the machining procedure into construc-
tion. Nevertheless, prospects occur to be examined, tak-
ing into consideration a structural approach, exactly how
the substance performs throughout machining. A few of
these concerns were discovered in the following portion.
Athavale and Strenkowski [129], stated that FE simulations
offer an approach to improve the basic knowledge neces-
sary to explain complicated machining as well as tooling
difficulties. Though, this knowledge had a restricted work-
able benefit except it could be prepared concerning answer-
ing sensible manufacturing difficulties. Consequently, it is
important to incorporate these FE simulations in addition
to additional machining development simulations includ-
ing CAD/CAM technology [129]. Dixit et al. [130] recom-
mended that the subsequent arguments should be under a
specific understanding by the investigators: The impact of
hardening performance on the anisotropy improvement was
not examined significantly. In the field of machining, devel-
oping constitutive simulations concerning the machining of
composite substances are needed. The collapse principle
regarding composite structures is distinct from other con-
ventional metals. They also stated that certain attempts were
done during the modeling of composite substances [131,
132]. As well, there is an opportunity to identify the materi-
als fracture performance in support of forecasting the metal
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forming faults in addition to the machining operation. A
wide-ranging analysis of the growth of faults is missing.
Likewise, they included that the subsequent investigation
fields would be leading shortly:

Metallurgical characteristics are integrated within the
notion of plasticity. Numerous ideas were developed to pro-
duce fundamental models [133, 134]. Nevertheless, there
are several difficult problems taking part in the application
of crystal plasticity FE simulations. Micro in addition to
nanomanufacturing operation modeling is another field of
interest. Numerous crystal plasticity models are appropriate
concerning significant distortion only [166]. Size impacts
could be presented into FE simulations of crystal plastic-
ity via applying phenomenological strain grade assump-
tions [130, 135, 136]. Jayal et al. [137] analyzed ecological
manufacturing trends via modeling along with optimization
tasks. They stated that mathematical approaches, for exam-
ple, FE simulation, suggest substantial ability concerning the
machining processes modeling owing to their capability to
grip multifaceted geometries [138]. The contemporary effort
includes the improvement of further convincing FE simula-
tions to examine 2D machining residual stresses [137].
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5 Conclusions

The following outcomes were obtained from this critical
review:

e Good number of quality characteristics have been widely
investigated with several modeling approaches to this
date. They can be sorted as the workpiece based proper-
ties such as surface integrity, dimensional accuracy and
cutting tool based specifications such as tool life and
wear texture. Since machining operations stand as the
final station of a long journey of the product, minimum
error and high-quality work are the primary necessi-
ties. From this point of view, becoming popular of these
approaches can be clearly understood.

¢ Developing mechanistic models require time and experi-
ence which makes it also costly method. Owing to their
complexity and deep-knowledge requirements especially
for specific applications cause limitations in industry.
Therefore, basic issues need to be understood for wider
usage of these methods.

e Since the modelling approaches aim to reflect the actual
conditions, there are numerous details in developing such
models which requires to understand the physical phe-
nomena of the shop-floor conditions. There is a need for
collaborations between industry and academia including
operator, researcher and engineering experiences.

e One of the significant problem of developing of models
in machining processes is the lack of knowledge of con-
stitutive properties of the materials. There is a need for
a comprehensive big-data of the industrially important
materials for such applications.

e Mesh distortion is prevalent when simulating hard
and brittle materials using finite element methods in
Molecular Dynamic simulation. On the other hand, the
SPH approach has an advantage over the finite element
method in that it does not require a rupture criterion to
remove the chip from the workpiece.

e  When looking to the previous works, hybrid models such
as analytical/numerical are critically effective compared
to single types especially for their ability to reduce the
total computational times. This will provide fast results
and improve their reliability in achieving the results for
the materials applied these techniques for the first time.

e For more industrial applications, more facilities are
required to merge the laboratory experience and the
demands in the market. Unless, there are two separate
knowledge will develop unaware from each other.

e In a word, simulation based analysis is impressively
effective when studied by the experts in the field. But
new initiatives, more knowledge and collaborative works
are required.
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