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Abstract. The reliability of the pertinent parameters set of Johnson-Cook constitutive model is highly
linked with the friction condition at the tool-chip-workpiece interface. In the present work, a study
on the influence of Coulomb’s friction coefficient on the observables such as forces, chip thickness
and chip curvature by FE simulation of orthogonal cutting of Ti6Al4V alloy has been carried out. A
FE model with an Arbitrary Lagrangian-Eulerian (ALE) approach is employed to simulate the cutting
process for different cutting conditions. The simulated results, for a wide range of friction conditions,
are analyzed and compared with experimental results. The analysis show that the Coulomb’s friction
coefficient has a direct link with the observables. The paper reveals that for accurate prediction of
observables an optimized value of the coefficient of friction in correlation with the parameters values
of the constitutive model is imperative.

Introduction

The conventional machining process generally plays an important role in the manufacturing
industries. In the metal cutting process, the tool and the workpiece are subjected to thermo-
mechanical loads due to chip separation and the friction between the tool-chip-workpiece [1]. During
the cutting process, large elastic-plastic deformations are observed at a very high strain rate in the
order of 10° to 10°s! and a significant amount of heat is generated at the tool-chip interface [2, 3].
The complexity of the cutting process further increases with Ti6Al4V alloy because of its intrinsic
properties such as high chemical reactivity, low thermal conductivity, etc. [4, 5]. Due to the
complexity, the direct measurements of stresses and temperature distribution in the deformation zones
during machining experiments are extremely difficult. So, the Finite Elements Modeling (FEM) in
particular, has been employed by the researchers for the simulation of the machining process [2, 6].
The efficiency of the FE model of orthogonal cutting is determined by the selected numerical
parameters such as type of formulation (Lagrangian, Eulerian, Arbitrary Lagrangian-Eulerian, or
Coupled Eulerian-Lagrangian), material models, friction models, and chip separation criterion [2, 7,
8].

The accuracy of the FE model is mainly defined by the material model and the contact condition
between the tool-chip-workpiece. A reliable constitutive model is necessary to describe the
deformation behavior of a workpiece subjected to machining, that is to relate the large plastic strains
at the very high strain rates and temperatures observed during the machining process. For orthogonal
cutting of Ti6Al4V alloy many empirical and physical-based models have been proposed and
employed by the researchers. Due to the robustness and large availability of data’s empirical models
are highly recommended for numerical modeling of orthogonal cutting of Ti6AI4V [2, 9]. In the
article [10, 11, 12] the authors employed the Lagrangian model with chip separation criteria and
justifies the value of the parameters of the constitutive model is another most significant input that
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affects the accuracy of the simulated result. However, the author neglected the influence of friction
coefficient parameters.

In the modeling of the machining process, the tool-chip friction is one of the most significant
problems that need to be addressed for the accurate prediction of observables [13]. This paper
particularly deals with the study on the influence of the Coulomb friction coefficient values. For this
work, an Arbitrary Lagrangian-Eulerian formulation without chip separation criteria is adopted and
the well-known Johnson-Cook constitutive material model [14] with the parameters set identified by
Seo et al. [15] is considered. The contact condition is defined by Coulomb friction law. To study the
influence of friction coefficient 20 values generated via LHS (Latin Hypercube Sampling) ranging
between the values 0.0 to 1.0 are considered for simulation. The observables such as cutting force,
feed force, chip thickness, and chip curvature are calculated and are compared between the 20
numerical simulations and the experimental reference to select the best friction coefficient value.

The Constitutive Model and its Parameters

The Johnson-Cook (JC) constitutive model [14] is the well-known and highly exploited empirical
model for its mathematical simplicity and flexibility. The Johnson-Cook flow stress equation is
represented by combining the plastic, viscous and softening term and its flow stress equation is
represented by the Eq. 1:

o=[4+Be [1+Cini][1- (T‘T—m)m] 1)

Tmett—Troom

The JC equation requires five material parameters (A, B, C, n, m) and their values depend on the
material. These are determined by flow stress data obtained from experiments. The parameter A is the
yield stress of the material, B is the modules of strain hardening, n is the strain-hardening exponent,
C the strain rate sensitivity, and m is the thermal softening exponent. T is the current temperature,
Tmelt and Troom are the melting and the room temperatures respectively, while € o is the reference strain
rate.

The parameters data are taken mostly from dynamic experimental material tests such as Split
Hopkinson Pressure Bar (SHPB) [2, 7]. However, the observables from SHPB experiments are
inadequate to represent the deformation behavior of the material so, the parameter's values are
extrapolated. These extrapolations of data rise the concern which also leads to the proposition of
numerous parameters sets by the researchers for the same material [11, 16]. In [10, 11] the authors
conducted extensive research to justify the influence of parameters value and suggest the parameters
set from the work of Seo et al. [15] can be able to produce numerical result close to the experimental
ones. In this work, the parameters set for JC model is adopted from the work of Seo et al. [15] as
recommended by Ducobu et al. [11] and are reported in Table 1.

Table 1. Parameter set adopted from Seo et al. [15].

Parameters Values
A (MPa) 997.9
B (MPa) 653.1

C 0.0198

m 0.7

n 0.45
Troom(K) 298
Tmelt(K) 1878

Friction Model

In addition to the material model, the friction model has a crucial impact on the simulation results
of the orthogonal cutting model. Along with the material model and its parameters the contact
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condition or the friction condition between the tool-chip is another most important problem that needs
to be addressed carefully [3, 16]. In [3] the authors conducted extensive research on the importance
of friction condition in modeling the cutting process. In this article many friction models are analyzed
to name a few, Coulomb’s friction, Velocity-dependent friction, Sticking-sliding friction models
(Zorev’s model) are some notable models employed in machining process modeling.

In the study, the well-known, simple, and most extensively used Coulombs or Sliding friction
model is considered. Even though it has been criticized by the researchers, the Coulombs model is
still highly employed for its simplicity and the good qualitative trends it provides. Nevertheless,
friction parameters of the coulombs model are difficult to be experimentally measured. Even though
methods like pin-on ring friction test are available to determine the friction characteristics during the
cutting process the information is uncertain due to phenomena taking place at the tool-chip contact
area [3, 16, 17].

The classical Coulomb’s friction model states that the frictional sliding force is proportional to the
applied normal load. The ratio of frictional sliding force to the applied normal force is the coefficient
of friction p. The coefficient of friction is constant in all the contact lengths between chip and tool.
The Coulomb friction law is expressed as:

T =uo (2)

To determine the influence of friction coefficient parameter, a sample of 20 friction coefficient
parameter values in the range of 0.0 (no friction) to 1.0 is generated using the Latin Hypercube
Sampling (LHS) [18].

Finite Element Orthogonal Cutting Model

A two-dimensional (2D) plane strain model with orthogonal cutting assumption was considered
for the work. The finite element software Abaqus is used to model the thermo-mechanical chip
formation process. In this work, an explicit Arbitrary Lagrangian-Eulerian finite element formulation
is adopted to simulate the orthogonal cutting process of Ti6Al4V. This ALE formulation combines
the advantage of Langrangian and Eulerian which allows to take into account the large deformations
during the material flow around the cutting edge without using a chip separation criterion.

In this FE model the tool is fixed, and the workpiece moves with the prescribed velocity. The
length of the workpiece is 3h where h is the uncut chip thickness. The area near the cutting zone (near
the tool-tip) is modeled with finer mesh. In this approach, the initial geometry of the chip has to be
pre-defined with respect to the uncut chip thickness (h). For the tool, the tungsten carbide is
considered, and the linear elastic law is imposed. The material properties employed in the model are
given in Table 2.

Table 2. Material properties considered for this study [20]

Material properties Ti6Al4V Tungsten Carbide
Density, p (kg/m?) 4430 15000
Young’s modulus, E (GPa) 113.8 800
Poisson’s ratio v 0.342 0.2
Expansion, a (K™!) 8.6¢e* 47 ¢
Conductivity, k (W/mK) 7.3 46
Specific heat, ¢, (J/KgK) 580 203

The tool and the workpiece meshed with quadrilateral elements with reduced integration CPE4RT
for a coupled temperature-displacement calculation. In this model, the inflow, outflow, and chip top
surfaces of the chip are modeled as a Eulerian surface. The mass scaling was considered to artificially
increase the critical time increment of the simulations.
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The mass scaling factor of 1,000 was considered as it shows a significant decrease in the
computational time, without affecting the results [19]. This approach is crucial to attain the steady
state (6 ms 1s enough) for force calculations with less computation time 3h45 with 6 cores intel 17
processor. The tool geometry is defined by the cutting conditions and are given in Table 3.

Table 3. Cutting conditions

Cutting speed (m/min) 30
Uncut chip thickness (um) 100
Rack angle (°) 15
Clearance angle (°) 2
Cutting edge radius (um) 20

The basic geometry and the boundary conditions are illustrated in Fig. 1. The thermal properties
are adopted from the reference [21]. The initial temperature for tool and workpiece is set to 298 K.

o Y
<4
Chip flow ‘
4
INFLOW ' P A - TFixed Boundary
& - Nodisplacement on Y-axis
A A A

Fig. 1. Finite element model with Initial geometry, initial mesh structure, boundary conditions.

Experimental Reference

The experimental work of Ducobu et al. [22] on orthogonal cutting of Ti6Al4V with the same
cutting condition is given in the Table 3 for uncut chip thickness of 100 um is considered as a
reference for this study. A continuous chip was observed from the orthogonal cutting experiment for
uncut chip thickness of 100 um. The chip observed from the experiment is shown in Fig 2.

The RMS value of cutting force (Fc) was 173 = 2 N/mm, the feed force (Ff) was 51 £ 2 N/mm,
the chip thickness (h’) was 0.135+0.006 mm, and the chip radius of the curvature (R) was
0.33+0.05 mm.
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Fig. 2. Experimental reference Chip morphoiogy for uncut chip thickness of 100 um [22].

Methodology

To study the influence of Coulomb friction coefficient a total of 20 simulations has been carried
out with the cutting condition given in Table 3. The workpiece and tool geometry, the constitutive
model, and its parameters are kept constant and only the friction coefficient parameter value is
updated from the values generated by LHS. To facilitate the simulation, process workflow automation
for the Abaqus platform has been created to calculate the observables such as cutting force, feed force,
chip thickness, and chip curvature. The result from numerical simulations is further compared with
experimental results for validation.

Results and Discussion

The morphologies of the numerically simulated chips from the 20 simulations are all continuous
as the experimental reference. The temperature distribution of numerical chips is given in Fig 3. The
temperature difference and the plastic strain in the deformation zones of the chips are compared and
analyzed. As expected, the temperature is maximum in the secondary deformation zone for all the
numerical chips, and the magnitude of the temperature increases with the increase of friction
coefficient value and remains almost constant after p = 0.84. In addition, a non-uniform temperature
distribution is observed between the tool and the chip. These temperatures discontinuity attributes to
the thermal contact resistance.

/ NT11
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/ / +8,5206402
/ +7.9936+02
/ / +7.3676402
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Fig 3. Temperature contour (in K) of (a) p = 0.0 (b) p =0.53 (c) p = 1.0 (d) Temperature scale for

+4,2336+02
+3.607¢402
h= 100 pm at 20 ms of cutting time.

+2.980e+02

The maximum temperature at the secondary deformation zone of the chip with respect to friction
coefficients value is given in the Fig 4.
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Fig. 4. Maximum temperature in the chip vs the friction coefficient.

For all the numerical chips high plastic strain is observed at the chip side in contact with the tool
rake face and the Equivalent plastic strain (PEEQ) goes up to 16 for the friction coefficient of p =
1.00. The PEEQ contour is given in Fig 5.
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Fig 5. PEEQ contour of (a) u = 0.0 (b) p =0.53 (¢) n = 1.0 (d) PEEQ scale for h= 100 um at 20 ms
of cutting time.

When the temperature increases the force increases as the temperature in the deformations zones
1s directly linked to the forces. The RMS values of cutting force and feed force are given in Table 4.

Table 4. RMS cutting force (Fc), feed force (Ff), chip thickness (h’), chip radius of curvature (R)

and Ax differences with the experimental forces of h =100 um

n Fe Arc Ff Art h’(mm) Aw R(mm) AR
Nmm) | (%) | (Nmm) | (%) (%) (%)

EXP | 173£2 - 5142 - 0.135+0.006 - 0.33+0.05 -
0 148 14 35 31 0.158 17 0.05 -85
0.05 154 11 36 29 0.161 19 0.09 -73
0.11 163 6 35 31 0.167 24 0.13 -61
0.16 171 1 37 27 0.174 29 0.18 -45
0.21 179 3 41 20 0.181 34 0.25 -24
0.26 187 8 44 14 0.193 43 0.31 -6
0.32 198 14 50 2 0.203 50 0.39 18
0.37 208 20 57 12 0.215 59 0.42 27




Key Engineering Materials Vol. 926 1625

0.42 218 26 63 24 0.227 68 0.44 33
0.47 228 32 70 37 0.238 76 0.46 46
0.53 238 38 79 55 0.249 84 0.51 62
0.58 244 41 85 67 0.245 81 0.61 85
0.63 251 45 92 80 0.250 85 0.69 109
0.68 256 48 97 90 0.258 91 0.78 136
0.74 265 53 105 106 0.268 99 1.09 230
0.79 269 55 111 118 0.274 103 1.33 303
0.84 273 58 117 129 0.275 104 1.35 309
0.89 277 60 123 141 0.276 104 1.50 355
0.95 276 60 124 143 0.277 105 2.05 521
1.00 277 60 125 144 0.277 105 2.36 615

The cutting force and feed force varied exactly in the same manner concerning the variations in
the coefficient of friction as shown in Fig 6. The increment of cutting forces is observed till the friction
coefficient value of 0.89, after which the magnitude is reduced and remained almost constant.
Whereas, for the feed force the increment is observed for the friction coefficient between the value
0f0.16 to 0.89 and the magnitude is almost constant between 0.0 to 0.16 and 0.89 to 1.0. The evolution
of forces with respect to values of friction coefficient is given in the Fig 6.
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Fig. 6. RMS value of cutting forces and feed force vs the friction coefficient.

The thickness of the chip increases when the friction coefficient increases up to the value of 0.84
after which the chip thickness remains almost constant. This is due to the fact that when the friction
at the tool-chip interface increases, the shear angle decreases, and the chip becomes thicker. This can
be observed in the numerical chip by an increase in shear strain. In other words, due to friction the
temperature between tool and chip interface increases which in turn increases plastic deformation,
and to accommodate the flow of the chip, the chip thickness increases. It is also observed that there
is a change in the evolution of chip thickness when the friction coefficient increases from 0.53 to
0.58, and it is not observed in the force evolutions. This may be due to the material behavior and
thermal boundaries applied in the FE model. Fig 7 represents the evolution of chip thickness vs
friction coefficient values. In addition, it is observed that the chip radius of curvature increases, with
the increase of friction coefficient. This is because, when the friction is increasing the tool rake face
provides resistance to the chip to slide. It is evident that for p = 0 chip curl increases as there is no
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resistance for the chip to slide. The evolution of the chip radius of curvature vs friction coefficient is
plotted in Fig 8.
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Fig. 7. Chip Thickness VS Friction Coefficient.
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Fig. 8. Chip Radius of Curvature VS Friction Coefficient.

From the analysis, it is evident that for the particular cutting condition and with the particular
parameters set for JC the friction coefficient value of p = 0.16 can predict the cutting force the, p =
0.32 can predict the feed force and chip radius of curvature near to the experimental observations. It
has also been observed that feed force and chip mean curvature seem to be more sensitive to the
friction coefficient value than the cutting force and chip thickness. The analysis shows that the best
friction value is not unique for all the observables with the parameter set for the JC model considered
in the study. To define the best friction coefficient from this particular study a cost function with
equal weights (Fc = Fr = h’=R = 0.25) and cost function with different weights (Fc=Fr=0.3 and i’
=R =0.2) are considered. The cost function equation is given in Eq 3.
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ngm_ ngp pSim_ pExp p/Stm _ 1 Exp RSim _ pExp
E = (1)1. FExp + (1)2. FExp + (1)3 h,Exp + (1)4_ | RExp (3)
c f

Where w is the weighting factor, Sim is the simulated result, and Exp is the experimental result
respectively. The cost function calculated with the equal weighting factors and the different weighting
factor shows that p = 0.21 has the minimum cost function. Therefore p = 0.21 is optimal or the best
friction coordinate value in this framework. But the error is still very high.

This study reveals that only modifying the friction coefficient value is inadequate to obtain
accurate results for different observables through numerical simulation. A correlation between the
material model parameters, the friction value and different cutting conditions should be considered
to develop a predictive model. A multi objective global optimization algorithm will be a feasible
choice to search the optimum value for the parameters of the material model and the friction
coefficient contemplating the different cutting conditions. Considering another friction model could
also be relevant.

Conclusion

In this paper, the influence of the coulombs friction coefficient in determining the forces and chip
characteristics has been studied by varying the friction coefficient values with finite element
simulations. The result obtained from the numerical simulations and its comparison with the
experiments depict the fact that the friction coefficient parameter plays a significant role in
developing a predictive model of the orthogonal machining process. The following outcomes are
drawn from the above study:

e The temperature in the secondary deformation zone in the chip and the tool-chip interface
increases with the increase of friction coefficient value.

e The plastic strain at the chip side in contact with the tool rake face and the tool-chip contact
length increases with the increase of friction coefficient value.

e The forces, chip thickness, and chip curvatures are directly linked with the friction coefficient
value p.

e For the particular cutting condition and with the particular parameters set for the JC model,
no friction coefficient value considered in this study allows to accurately predict the forces,
chip thickness, and chip curvature at the same time.

From the study, it is evident that the parameters value of the constitutive model and the parameter
value of the friction coefficient has a significant influence in predicting the observables. Therefore,
the authors suggest optimizing the value of the friction coefficient parameter in correlation with
material model parameters by taking into account on different cutting conditions to predict the
observables through numerical simulations.
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