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Abstract

In this work, a numerical and an experimental study aimed to gain a better understanding of the impact of tool geometry such as (rake
angle and cutting edge radius) on the temperature distribution and residual stresses in machining surface of AISI 316L stainless steel
have been presented. To evaluate the experimental results, various experimental equipment was used, such as a conventional lathe
to carry out the machining operations, the cutting force was measured using a Kistler dynamometer and X-ray diffraction technique
was employed for determination of the residual stresses distribution on the machined surfaces. In addition, A thermo-mechanically
coupled finite element (FE) analysis for cutting process is developed through ABAQUS code to predict the temperature distribution and
residual stresses using an Arbitrary Lagrangian-Eulerian (ALE) approach. An inverse identification method has been used to determine
the adequate Johnson-Cook (JC) material model parameters to obtain a good correlation between the cutting force measurements

and numerical one. The FE model was then validated by comparison of the numerical results of residual stresses with experimental

measurements for different tool geometries, which revealed a reasonable agreement.
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1 Introduction

In the machining process, the quality of the produced parts
are strongly affected by the state of the induced resid-
ual stresses, which are influenced by numerous param-
eters such as depth of cut, cutting speed, feed rate and
the geometrical features of the tool. Moreover, a severe
mechanical load and a high temperature, in the localized
tool-workpiece contact zone, in the machining process
weakens tool resistance and causes accelerated tool wear
and chipping of the cutting edge. High-temperature gra-
dients lead to residual stresses on the finish surface of the
product which results in a reduction of product life and
low quality of machined surfaces. Therefore, many stud-
ies have been done to optimize cutting parameters and
increase the life of cutting tools to meet industry require-
ments [1-4]. Different experimental studies techniques
have been used in the past for measuring cutting tempera-
ture in the machining process [5, 7]. Unfortunately, experi-
mental measurement is difficult to practice because during
the cutting of metal a complex contact phenomena occur

between the workpiece and the cutting tools, and because
of the limited accessibility during the cutting process [8].
In the last few years, the numerical models based on a FEM
have been widely employed by many researchers for simu-
lations of metal cutting process because of their capability
to furnish predictions for several parameters of the process
such as cutting forces, temperatures and residual stress in
the workpiece and chip morphology which can serve out to
optimize metal cutting processes and improve the design
of the cutting tool, increase the productivity and minimize
the machining cost [4, 9—17]. because of the important role
that the cutting tool geometry plays on the performance
of machining operations, the influence of tool geometry
on machinability has acquired considerable attention in
the scientific literature. Yen et al. [11] studied the effect of
tool geometry on machining process using a finite element
model to optimize the design of tool edges. The effects of
the tool geometry on residual stresses induced by machin-
ing process have been analysed by many researchers, for
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example, M'Saoubi et al. [13], Miguilez et al. [14], and it
has been demonstrated by Outeiro [15] that the level of
residual tensile stresses increases with the feed rate, cut-
ting angle and the radius of the cutting edge. Muiloz-
Sanchez et al. [18] used a finite element method to ana-
lyze the tool wear influence on residual stress during the
machining operations. The Characterization of AISI 316L
steel has been the subject of great interest in the literature
due to their excellent mechanical properties. In the absence
of a dedicated testing methods to assess the flow of residual
stress in the workpiece the researcher [19] reported vari-
ous sets of johnson cook material parameters used in the
literature and concluded that the values of these parame-
ters influence the predicted residual stresses. Other authors
[20] recommend the use of inverse identification method to
determine the JC material model parameters set by exam-
ining the chip morphology and the cutting force, a simi-
lar approach was used in this study. The numerical sim-
ulations with finite element model (FEM) and cutting
experiments are performed. Firstly, to identify the best JC
material parameters to obtain a good correlation between
measured cutting force and predicted one and the valida-
tion of the residual stress profile obtained numerically.
Then, the second purpose is to investigate and understand
the influence of tool rake angle and tool edge radius on
the temperature distribution and the generation of residual
stress in machining.

2 Numerical model

Inthis paper, an ALE plane strain model has been developed
using Abaqus / Explicit software. Eulerian, Lagrangian
and Arbitrary Lagrangian—Eulerian (ALE) techniques
have been employed for the simulation of cutting pro-
cess. The ALE model is a combination of Lagrangian and
Eulerian formulations. In fact, the mesh can be fixed in
the Eulerian regions and can follow the movement of the
material in the Lagrangian regions. In addition, the mesh
can move arbitrarily in order to reduce the deformation
of the elements and to produce the geometry of the chip
without using damage criteria. However, an initial shape
of the chip must be predefined in the design of the model
in order to avoid distortion of the mesh, occurring in par-
ticular at the start of the cutting simulation. In the present
work, an ALE model using a Lagrangian trend developed
by Mufioz-Sanchez et al. [18] was used. Fig. 1 presents the
basic geometry and dimensions of the adopted model. The
undeformed mesh geometry, which presents main charac-
teristics of the model is illustrated in Fig. 2. The workpiece
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is divided in several regions. Regions 1 to 3 combine slid-
ing, Lagrangian and Eulerian boundaries, under these
conditions the material can flow tangentially to the con-
tour and must not cross this contour. The Eulerian bound-
aries in region 2 and at the entrance to region 1 present
the initial chip geometry in order to avoid the excessive
deformation of the mesh during the simulation. Region 4
is a Eulerian region in which the mesh is fixed, In this way
the materials can flow across this region. The tool is fixed
and the workpiece moves with an imposed cutting veloc-
ity. However, unlike the previous paper [10], the formation
of chips is assumed to be of the continuous type.

A coupled thermomechanical analysis was performed
using a mesh composed of elements type CPE4RT for both
cutting tool and workpiece mesh zone. The CPE4RT is a
plain strain 4-node quadrilateral elements, and thermal
coupled elements with reduced integration with hourglass
control adapted for 2D numerical analysis. The number
of elements varies depending on the geometry of the tool
used in the simulation.

The main benefit of the ALE method was the small level
of distortion obtained in the area surrounding the cutting
tool tip, at the same time the technique does not require



the use of chip separation criteria.

This study focused on the influence of the tool geom-
etry. The basic geometry (zero rake angle, cutting edge
radius R = 0.02 mm) was modified to analyse various rake
angle of the tool (from 0 to 10°) and different cutting edge
radius (from 0.02 to 0.06 mm). The tool was fixed in all
directions. The workpiece moves in the x direction at the
cutting speed of 100 m/min, the cutting depth was set at
0.2 mm, the clearance angle is 7° and the initial tempera-
ture was assumed to be 20 °C. The physical properties of
the workpiece (AISI 316L steel) and the cutting tool mate-
rials (cemented carbide) were obtained from [21] and are
given in Table 1.

2.1 Frictional model

The interaction between the carbide tool and the AISI 316L
steel chip can be represented by the simple Coulomb friction
law that was employed in several scientific paper [22, 23]. In
this study a coefficient of friction equal to 0.3 was assumed
which closely reproduces the residual stress measured in the
experimental tests.

2.2 Heat transfer generation

The heat generated during the cutting process is due to fric-
tion and plastic deformation of the material at the tool/chip
and the tool/workpiece interfaces. The heat conduction and
convective heat transfer from a free surface of the work-
piece and chip to the environment are taken into account.
A convective heat transfer coefficient of 20 W/m?*k is used
and radiation has been neglected.

2.3 Johnson-Cook constitutive model

The Johnson-Cook plasticity model for AISI 316L steel
was adopted. The model is particularly useful for mate-
rials subject to large strain, high strain rates and high
temperatures [24]. The flow stress of the material can be

expressed by:

Table 1 Physical Properties of workpiece and cutting tool materials [21]
Properties AISI 316L steel Cemented carbide
Density (p, Kg/m?) 8000 14900
(\;;)’u(r;]%':)modulus 193 615
Poisson Ratio (v) 0.3 0.22
(Scpgc}%;gt 500 138
Thermal conductivity 16.2 at 100 °C 79
(k, W/m K) 21.4 at 500 °C
Melting temperature (°C) 1385 —

Thermal expansion

coefficient (a, K™) 19.910-6 o
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where &/ is the equivalent plastic strain, & is the equiv-
alent plastic strain rate and &, is the reference equivalent
strainrate, 7, 7 and T are the actual, ambient and melting
temperature, respectively. A4 is the elastic limit, B and n
represent the effects of strain hardening, C is the strain rate
sensitivity constant and m is thermal softening coefficient.

3 Experimental tests and model validation

In this study, several orthogonal cutting tests were per-
formed out on a conventional lathe equipped with the fol-
lowing parameters: cutting speed V = 100 m/min, feed
rate f = 0. mm/rev. Different tool geometries were used
with: clearance angle of 7°, cutting edge radius R = 0.02
mm, and various tool rake angle of 0°, 5° and 10°. To
measure the cutting force generated during machining, a
piezoelectric dynamometer type Kistler 9257B was used.
The experimental configuration for measuring the forces
during orthogonal cutting is illustrated in Fig. 3.

3.1 Determination of material parameters

Concerning the determination of the johnson-cook mate-
rial parameters of the workpiece, an inverse method sim-
ilar to that developed by [25] has been used in the present
work, the JC model is used with a different set of material
constants for AISI 316L steel obtained from the literature
as starting values, see Table 2. The appropriate value is
then obtained after several simulation tests, Levenberg-
Marquardt optimisation algorithm was employed to deter-
mine the best material parameters set by comparing the

Fig. 3 The machining experimental setup
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Table 2 Johnson cook parameters for AISI 316L steel

A B
[MPa] [MPa]

C n m &,

Chandrasekaran et
al. [19]

Miguélez et al. [14] 400 750  0.040 0.500 0.500 1
Tounsi et al. [20] 514 514 0.042 0.508 0.533 107
Present work 412 761 0.038 0.510 0.520 1

305 1161  0.010 0.610 0.517 1

evolution of the cutting forces obtained experimentally by
the author. These parameters of Jonhson-Cook law, were
chosen so as to obtain a good correlation between the cut-
ting force measurements carried out in the present study
and numerical one. Table 2 gathers the selected set of
parameters values for workpiece material, used in the sim-
ulation as materials input data. The proposed model with
the adequate set of JC parameters that fits the values of the
cutting forces obtained experimentally was then validated
by comparison with the measured residual stresses after
orthogonal turning tests.

Various simulations have been performed with the JC
parameters found by other researchers [14, 19, 20] and the
proposed model are shown in Table 2 to predict the cut-
ting force of the metal. The results of the measured and
predicted cutting force are presented in Fig. 4, showing a
good estimate of the cutting force.

3.2 Residual stress measurements and model validation
To verify the accuracy of the present numerical study, the
residual stress field obtained by numerical calculation in
the cutting direction (g,,) was compared with the exper-
imental measurements under similar cutting conditions.
The residual stress distribution at the machined surface
of the AISI 316L steel workpiece was measured using
the X-ray diffraction technique by the sin*y method [26],
which was performed by Bruker AXS D8 Discover XRD
machine. The parameters used in the X-ray analysis are
shown in Table 3. To obtain the in-depth residual stress
profiles, consecutive layers of the material have been
removed with electropolishing.

The observation of Fig. 5 shows that the profile of pre-
dicted residual stress have the same trend compared with the

Table 3 X-ray diffraction parameter for residual stress measurement

Parameter Condition
Voltage and current 25kV, 5 mA
Spot diameter (mm) 3
) (1/2)S,=9.34E-6
X-ray elastic constants (MPa™)
S, =-3.46E-6
Bragg angle (°) 151.32
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Fig. 4 Cutting forces measured and simulated

one measured by experience, it is clear that this curves indi-
cate a state of tensile stresses at the surface machined, and
as the depth increases. The magnitude of the tensile resid-
ual stress decrease quickly and result in a compression state,
and finally with increasing depth, the amplitude of the resid-
ual stress decrease progressively to become null. It should
also be noted that similar residual stress profiles have been
found by the author in a previous work [10] and also by other
researchers [14, 15, 21] for turning AISI 316 stainless steels.

In Fig. 5, the maximum tensile stress o, predicted by
simulation occurs on the surface of the workpiece and
reaches the value of 654 MPa which is very close to that
measured with an error of 8 %. The thickness of tensile
stress layer is about 0.15 mm. Concerning the compressive
residual stress is attains its maximum value of —67 MPpa
at a depth of 0.26 mm. Comparing this result with mea-
sured one, the error does not exceed 14 %.

The current FE model accurately predicted the resid-
ual stress profiles and trends one. Moreover the maximum

800 T T v T T T T T v T
1 o Experiment| ]
Numerical

Residual stress o;; (Mpa)

y u T u T E T y T E
0,0 0,1 0,2 03 0,4 05 0,6
Deph into workpeace (mm)

Fig. 5 Numerical and experimental residual stress profiles



stress predicted par simulation was very close to the
experimental measurements with an error less than 14 %
in all cases. consequently, the proposed FE model with the
selected JC parameters values show its satisfactory capa-
bility to predict the residual stress distribution generated
by machining operation.

4 Numerical results and discussion

In Section 4, a set of simulations was carried out to know
the influence rake angle and the radius of the tool edge
on the temperature distribution and the tensile residual
stress in the machined workpiece. Then, the tensile resid-
ual stress at the surface were compared with those mea-
sured after turning.

4.1 Influence of rake angle on temperature

The problem of cutting temperature is an important param-
eter for the study of elevated speed machining, which
greatly influences tool wear, tool service life, surface qual-
ity, machining efficiency and accuracy machined parts.
To investigate the effect of tool rake angles, several sim-
ulations were carried out for various rake angles of 0°, 5°
and 10°. Fig. 6 presents the distribution of the temperature
for the chip and the tool during the machining process for
different tool rake angles. The results reveal a high tem-
perature region in the chip-tool interface, as the tool rake
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angle increase from 0° to 10°, the maximum cutting tem-
perature decreases from 632 °C to 514 °C. This result is
probably caused by the local heating induced by the fric-
tion between the contact surfaces of the tool and the chip,
in fact an increase of the rake angle decrease the surface of
contact between the chip and tool and consequently gen-
erates a lower friction between the removed material and
cutting tool, this will also increase the cutting temperature.

4.2 Influence of rake angle on residual stress

The tensile residual stresses (o,) variation versus the depth
of the workpiece for various tool rake angles are shown
in Fig. 7. It has been noted that tensile residual stresses
can result from the competition between mechanical and
thermal effects [14]. We can see that the magnitude of
the tensile residual stress is reduced as the tool rake angle
increases. We can see that the magnitude of the tensile
residual stress is reduced as the tool rake angle increases.
The maximum tensile residual stress was decreased from
654 MPa to 494 MPa (about 24 % decrease) when the rake
angles was increased from 0° to 10°, showing that the ther-
mal expansion effect is dominant, although the tool rake
angle has a slight influence on the magnitude of compres-
sive stresses (about 13 % decrease). It should also be noted
that the thickness of the tensile layer has not been changed
with the increase in the cutting angle.

c)

TEMP
(Avg: 759%)

Fig. 6 The temperature distribution (C°) at different rake angles: a) y =0°, b) y =5° ¢) y = 10°
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Fig. 7 Tensile residual stresses for various tool rake angles

The comparison of experimental results and numerical
one of the surface tensile residual stresses are also pre-
sented in Fig. 8. It is clear that the predicted values are
close to the measured experimental values where the error
varies in 4 to 8 %.

4.3 Influence of tool edge radius on temperature

Fig. 9 presents the temperature distribution during cutting
at different tool edge radius. The results show the high tem-
perature region at the tool-chip interface; as the edge radius
increase, the maximum temperature region on the interface
extends toward the cutting edge, around the tip of tool. It can
be clearly seen, that increasing the tool cutting edge radius
induces an increasing of the maximum temperature, when
the tool edge radius change from 0.02 to 0.06, the maxi-
mum temperature at the tool-chip interface also increase
from 632 to 760 °C. This is because a larger edge radius
leads to a larger contact surface between the tool edge and
the workpiece, which in turns results in an increase in the

T T T T T
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800 B Measured | |
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300 ]

200 ~

Residual stress s11 (Mpa

100

0-

0 5 10
Rake angle (°)

Fig. 8 Comparison of measured and predicted tensile residual stress

amount of heat generated due to friction which has the ten-
dency to increase workpiece and tool temperature.

4.4 Influence of tool edge radius on residual stress
Fig. 10 show the predicted tensile residual stress profiles (7,,)
as a function of depth for different edge radius. The level
of residual stress is increased with tool-edge radius in the
compressive and tensile regions. In addition, the thickness
of the affected layer by tensile residual stress was indepen-
dent of the edge radius for the reason that, the small ther-
mal conductivity of AISI 316L steel limited the effects of
the temperature increase at the layer close to the surface. an
identical effect of the cutting edge radius on the thickness of
the tensile stress layer has been reported by Nasr et al. [21].
The result indicate that maximum tensile residual stress
located at the surface was increased from a minimum of
654 MPa to a maximum of 905 MPa when the cutting edge
radius was increased from 0.02 to 0.06 mm (about 38 %
increase). This is due to the increase in cutting tempera-
tures when the edge radius is increased as shown in Fig. 9,
because it is well known that tensile residual stress at sur-
face result from thermal gradients rather than mechani-
cal deformations. However, the magnitude of compressive
residual stress is continuously reduced with the radius of the
edge where it increased from —67 MPa to —106 MPa (58 %
increase). This is attributed to material plastic deformation
through workpiece thickness just under the tool tip, which
was found to increase with tool-edge radius, because a
larger edge radius results in higher compression and more
mechanical contact between tool and workpiece. This
event leads to the generation of high plastic deformation
and consequently higher level of the compressive stress.
As presented in Fig. 11, the comparison bars between the
numerical and experimental results of the tensile residual
stress at the surface shows that the stress predictions were
accurate within the range of 6 to 17 %.

5 Conclusions
In this study, the effect of tool geometry on tempera-
ture fields and machining induced residual stresses of
AISI 316L steel have been investigated experimentally and
numerically. The main findings are summarized below.
The current model has been validated by comparison
with numerical prediction of residual stresses and experi-
mental results, the capability of the model to predict both
temperature and the induced residual stress field is also
demonstrated for diverse cutting angles and cutting edges
radius.
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TEMP
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Fig. 9 Temperature field at different tool edge radius: a) R =0.02 mm , b) R = 0.04 mm, ¢) R = 0.06 mm
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Fig. 10 Influence of tool edge radius on residual stress

Increasing the rake angle of the tool leads to a decrease
in the maximum temperature, which is beneficial in terms
of wear of rake face and service life of the tool. At the
same time, the tensile residual stress at workpiece surface
has a trend to decrease. On the other hand, the thickness
of tensile layer was not affected and the compressive stress
was slightly decreased.

As the cutting edge radius increase, the temperature
increase and the high temperature zone extends towards
the cutting edge, surrounds the tool tip, which will lead to
an increase in the wear area of the tool. At the same time,
the residual stresses has a trend to increase significantly in
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Residual stress s11 (Mpa)
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Tool edge radius

Fig. 11 Comparison of measured and predicted residual stress

both the tensile and compressive regions, In addition, the
thickness of the affected layer by tensile residual stress
was independent of the edge radius.

The errors between the numerical and experimental
results of the surface tensile residual stresses for different
tool geometry are less than 17 %, which demonstrate that
the simulation is in reasonable agreement with the exper-
imental results.

Finally, the proposed parameters of Johnson cook's
law for AISI 316L steel in this paper, can successfully be
used to predict temperature and residual stresses, in the
machining process.
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