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Abstract
Manufacturing processes, such as machining, can produce residual stresses in products. Residual stress and its distribution can 
be the main factor influencing the fatigue life of machined components and has already been the subject of many experimen-
tal and numerical studies. The high-temperature condition, as a result of machining, makes a change in the microstructural 
properties of the material and consequently affect the mechanical properties of the workpiece. A major metal component of 
aircraft structure and engine components is nickel-based alloys due to their resistance to heat, corrosion, thermal fatigue, 
thermal shock, creep, and erosion. When these critical structural components in the aerospace industry are manufactured 
with the objective to reach high-reliability levels, surface integrity is one of the most relevant parameters used for evaluating 
the quality of finish-machined surfaces. The residual stresses and surface alterations including white layer, depth of work 
hardening, micro-cracks, and oxidation induced by machining of nickel-based alloys are extremely critical due to safety and 
sustainability concerns. Integrated Computational Materials Engineering (ICME) links physics-based models to predict 
the performance of materials based on their processing history. The Johnson–Mehl–Avrami-Kolmogrov (JMAK) model is 
used to develop a microstructure-based modeling approach that takes into account dynamic recrystallization (DRX) that 
causes grain size changes. Allied with that, a grain size parameter on the flow stress behavior of the material is considered 
by adding a grain size-dependent term to the traditional Johnson–Cook (JC) model as a novel framework. The impact of the 
simulation of the orthogonal cutting process is implemented in a finite element method (FEM) model–based commercial 
software, ABAQUS-explicit, with a coupled Euler-Lagrangian (CEL) approach. By relying on the VUHARD user subroutine 
capabilities with Fortran language, ABAQUS-explicit can be steered to model the material behavior considering the term of 
DRX. The forecast capability of the developed model is assessed by comparison of the results by changing the depth of cut 
and cutting edge radius effect on the residual stress. Then, the correlation between the grain size evolution and temperature 
distribution by changing the cutting velocity is investigated.
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Abbreviations
ICME	� Integrated Computational Materials Engineering
JMAK	� Johnson-Mehl-Avrami-Kolmogrov
JC	� Johnson-Cook
FEM	� Finite element method

FE	� Finite element
CEL	� Coupled Euler-Lagrangian
DRX	� Dynamic recrystallization

1  Introduction

Over the last few decades, a wide range of nickel alloys has been 
used in high-temperature industrial sectors to satisfy specific 
material performance goals for a few structurally and ecologi-
cally demanding applications [1]. Its corrosion-resistant capa-
bilities make nickel alloys a welcome choice in high-endurance 
applications [2]. Corrosion resistance makes nickel-based 
alloys ideal for nuclear, marine, petrochemical, and other such 
industrial applications [3]. The heat resistance capabilities of 
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nickel-based alloys also make them useful for other industrial 
purposes [4]. According to the aforementioned points, a hard 
turning can be considered as a practical machining process 
and offers many advantages, including direct machining of 
the workpiece in the hardened state, greater flexibility and cut-
ting performance, and the elimination of the grinding process 
[5]. The existing residual stress state of the component may be 
changed due to mechanical, thermal, or chemical factors [6]. The 
mechanical factor is the material removal process, the thermal 
factor is the work done by friction, and the chemical factor is 
the possible reactions caused by cutting fluids [7]. Mechani-
cal effects and plastic deformations of the machining processes 
change the surface finish and microstructure [8]. Thermal effects 
are created by the process, causing a change in the dislocation 
density and distribution and surface integrity [9]. Besides, 
pressure and the cooling temperature are essential effects that 
contribute to the formation of residual stresses [10]. The com-
bination of these effects and other parameters of the machin-
ing like phase changing may form cracks on the surface of the 
component [11]. The cracks are the consequence of residual 
stresses, which are created because of plastic deformation and 
phase changes [12]. Phase changes are caused by local heat-
ing phenomena. Local heat increases due to friction and other 
abrasive effects of the machining. Tensile residual stresses are 
formed partially because of local heating [13]. Machining resid-
ual stress origins from thermal and mechanical factors affect the 
reliability and lifetime of the component [14, 15]. It has been 
well documented that the changes in cutting speed would change 
the residual stress depth profiles [16]. M´Saoubi et al. illustrated 
that the lowest cutting speed leads to the lowest residual stress, 
while the highest cutting speed can cause a great temperature 
gradient in the tool and workpiece that produces the highest 
residual stress on the workpiece [17]. Elsheikh et al. studied 
the induced residual stress imperfection during the machining 
operations and its consequence that can lead to lower fatigue 
life; hence, these phenomena should be analyzed and controlled. 
The affected layer is generated within the machined surface layer 
through the cutting process [14]. Hua and Liu illustrated that the 
cutting conditions such as the cutting edge radius, feed rate, and 
shape of cutting edge at the finishing operation affect residual 
stress, surface hardness, and surface roughness [18]. A previous 
research by Sasahara focused on the interaction of the cutting 
conditions with the machined surface property to some extent. 
Besides, the machining conditions’ effect on fatigue life is inves-
tigated through several fatigue tests using the specimen finished 
under various cutting conditions. It is shown that it is possible to 
get a longer fatigue life for machined parts than the virgin mate-
rial or the carefully finished material without the affected layer, 
only by setting the proper cutting conditions. Such a situation 
was realized when the generated residual stress was small, and 
the induced surface hardness was high. A longer fatigue life for 
the machined components can be obtained by applying such 
cutting conditions as a low feed rate, a small corner radius, and 

a chamfered innovative tool [19]. Schijve studied the various 
sources of residual stress present as (i) inhomogeneous plastic 
deformation, in many cases at notches, (ii) production processes 
especially cutting process, and (iii) heat treatment [20].

In this research, according to ICME (Integrated Compu-
tational Materials Engineering), the development and supply 
of an innovative microstructure-based modeling approach 
are studied to predict the residual stresses induced in the 
machined surface during orthogonal cutting Inconel 718 
with a geometrically determined cutting edge. Besides, grain 
size evolution is investigated by tracking temperature in the 
process taking advantage of the Johnson–Mehl–Avrami-
Kolmogrov (JMAK) model relying on the capabilities of 
FORTRAN language in developing the user subroutine of 
VUHARD in the ABAQUS-explicit framework. The paper 
is organized as follows: Sect. 2 contains the aim and objec-
tive of the study. Section 3 includes the numerical approach, 
consisting of governing equations of the dynamic recrys-
tallization (DRX) concept in material modeling. Section 4 
focuses on the finite element (FE) modeling of the orthogo-
nal cutting process using ABAQUS-explicit, which entails 
the implementation of formulation in the VUHARD user 
interface subroutine and utilized algorithm. Subsequently, in 
Sect. 5 the results from the proposed numerical method are 
presented and the effective input parameters vary to assess 
the efficiency of the model. In Sect. 6, conclusions are drawn 
and summarized.

2 � Challenge and opportunities

The overall objective of the paper is the development of 
an innovative microstructure-based modeling approach to 
predict the residual stresses induced in the machined surface 
during orthogonal cutting Inconel 718 with a geometrically 
determined cutting edge. Another target of the current study 
is to forecast the grain size evolution based on dynamic 
recrystallization. At present, there is no ready constitutive 
material model in ABAQUS to explain the effect of DRX 
and grain size on the residual stress completely and track 
these features in an in situ process. The nuclear focus of 
this paper is to develop the constitutive material model that 
can truly explain the relation of the input variables, such as 
cutting velocity and depth of cut, to the output parameters 
such as residual stress, temperature distribution, and grains 
size evolution. Then the link between the fatigue life of 
the machined component with the residual stress induced 
by the cutting process is investigated by keeping track of 
heat flux and temperature. In line with monitoring, dynamic 
temperature-displacement analysis is selected to survey the 
temporal progression in parallel to other parameters related 
to the displacement, such as various kinds of stress and 
strain.
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3 � Mathematical material modeling 
considering DRX

To define a suitable material model for Inconel 718, the grain 
size effect on the material flow stress behavior is included 
by adding grain size–dependent terms into the traditional  
JC model [21, 22]. The JMAK model calculates the  
recrystallized volume fraction and grain size as a function of 
strain, strain rate, and time. The average grain size is calcu-
lated with a rule of the mixture by volume. It is well docu-
mented that the traditional model assumes all JC parameters 
to be constants, which does not consider the recrystallization  
effect. However, at a higher temperature, the augmented grain 
size will reduce the flow stress. The Hall–Petch equation 
describes the relationship between Ahp , Khp , and d in Eq. (1).

where d is the average grain size and Ahp and Khp are mate-
rial constants. Then the modified JC flow stress model can 
be presented as shown in Eq. (2).

where B, C, m, and n are material constants; � is the plastic 
strain; 𝜀̇ is the plastic strain rate; �0 is the reference strain rate, 
selected to be 1(s−1) ; Tm is the melting temperature of Inconel 
718; T0 is the environment temperature; and T is the tempera-
ture of the chip or shear plane. Table 1 represents the param-
eters for modified JC model parameters for Inconel 718 [23].

As reported by Johansson et al. [24], the machining pro-
cess could significantly change the workpiece material micro-
structure. The initial workpiece material consists of equiaxed 
� grains with an average grain size of 5.9μm [25]. The tem-
perature and large strain effect dominate the grain growth in 
the machining of Inconel 718. To decide on the grain size, 
the JMAK model [26] is used to describe the DRX process of 
crystalline material. Based on the assumption that nucleation 
and grain growth are randomly distributed, the average grain 
size d could then be expressed as Eq. (3).

(1)A = Ahp + Khpd
−0.5

(2)

𝜎 =
(

Ahp + Khpd
−0.5 + B𝜀̇n

)

(

1 + Cln
𝜀̇

𝜀0

){

1 − (
T − T0

Tm − T0
)
m}

where d0 is the initial average grain size, ddrex is the dynami-
cally recrystallized average grain size, and Xdrex is the recrys-
tallized volume fraction. When � is larger than a threshold 
value a2�p , the DRX will occur. �p is the peak strain as Eq. (4).

where R is the gas constant, Qact is the activation energy, 
and a1 , h1 , m1 , and c1 are material constants. The peak strain 
parameter for JMAK model is shown in Table 2.

The recrystallized volume fraction is defined with the 
Avrami equation as Eq. (5).

where �d , a10 , and kd are material constants (Table 3) and 
�0.5 is the strain that gives Xdrex = 0.5 , which is calculated 
as Eq. (6).

where a5 , h5 , n5 , m5 , and c5 are material constants in Table 4.
The dynamically recrystallized average grain size ddrex is 

given by Eq. (7).

where a8 , h8 , n8 , m8 , and c8 are material constants in Table 5; 
the results from Xdrex and ddrex provide the average grain size 
in d . Then the modified JC flow stress model in � is com-
putable. The modified JC flow stress model parameters are 
obtained from Jafarian et al. [27]. The JMAK model parame-
ters are obtained from Huang et al. [23], Reyes et al. [28], and 
Loyda [29], as listed in the following tables. The initial grain 
size d0 is assumed to be 5.9 μm from microscopic observation.

(3)d = ddrexXdrex + d0(1 − Xdrex)

(4)𝜀p = a1d0
h1 𝜀̇

m1

0
exp

(

Qactm1

RT

)

+ c1

(5)Xdrex = 1 − exp

[

−𝛽d

(

𝜀̇ − a10𝜀p

𝜀0.5

)kd
]

(6)𝜀0.5 = a5d0
h5𝜀n5 𝜀̇m5exp

[

Qactm5

RT

]

+ c5

(7)ddrex = a8d0
h8𝜀n8 𝜀̇m8exp

[

Qactm8

RT

]

+ c8

Table 1   Modified JC model 
parameters for Inconel 718 [23]

Ahp Khp(MPa∕
√

μm) B C m n Tm(C
◦

) �0

378 298.4 1370 0.02 1.03 1.64 1300 1

Table 2   Peak strain parameter for JMAK model for Inconel 718 [23]

Peak strain parameters a1d0
h1 m1 Qactm1 c1

Value 0.4659e − 2 0.1238 49520(Jmol−1) 0

Table 3   DRX kinematics parameters of JAMK model for Inconel718 
[23]

Kinematics parameters �d kd a10 a2

Value 0.693 2 0.8 0.8
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4 � Numerical approach

4.1 � Orthogonal cutting FE modeling

Hard machining is a complicated process to model due to the 
elevated temperatures, strain rates, and extensive plastic defor-
mations. The main problem hereby is the distorted elements 
during chip formation. There are several techniques to han-
dle this problem in FE simulations, like (i) element deletion 

(explicit), (ii) CEL method (explicit), and (iii) re-meshing with 
the updated Lagrangian (UL) method (implicit). Due to the 
lack of possibility in heat transient from the rim zone to the 
underlayers in the element deletion approach, this model is not 
suitable for the DRX concept. Regarding the study by Tekkaya 
et al. [30], the implemented re-meshing algorithm in ABAQUS 
is not good enough to model the machining process.

In this study, CEL is assessed because of the continuous 
contact between the elements themselves and the cutting 

Table 4   Required strain 
parameters of JAMK model for 
Inconel 718 [23]

Strain parameters a5 h5 n5 m5 Qactm5 c5

Value 5.43e − 9 0 −1.42 −0.408 196, 000(Jmol−1) 0

Table 5   DRX grain size 
parameters of JMAK model for 
Inconel 718 [23]

Grain size parameters a8 h8 n8 m8 Qactm8 c8

Value 4.85e10 0 −0.4 −0.028 −240, 000(Jmol−1) 0

Fig. 1   Schematic orthogonal 
cutting model with the CEL 
method in ABAQUS-explicit. a 
Initial and boundary conditions 
of an orthogonal cutting. b 
Modeling by FEM
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tool, which makes it suitable for the calculation of dynami-
cally recrystallized grain size on the workpiece surface in 
contact with the tool. To deal with the mesh problems, the 
Eulerian meshing approach is used for the workpiece to cover 
the excessive element distortion phenomena in cutting while 
the Lagrangian mesh type is dedicated to the cutting tool. The 
Eulerian mesh is fixed in space and the material moves through 
it, while the nodes of an element in the Lagrangian mesh move 
with the material and a mesh deformation takes place. Fig-
ure 1a and b show the schematic orthogonal-cutting model 
with the CEL method in ABAQUS-explicit.

The element type EC3D8RT, which stands for thermally 
connected linear brick elements with eight nodes and one 

Gaussian point, is used to mesh the workpiece. The tool and 
plate were meshed by utilizing the element type C3D8T, which 
describes an eight-node trilinear displacement and temperature 
element with eight Gaussian points. Tool geometry and cutting 
parameters used in the simulations and experiments are listed 
in Table 6. It is worth to be noted that the model is 3D with a 
thickness of one element, 2μm , in width (z-direction).

To represent the DRX on the surface layer and the result-
ing chip geometry in Euler space successfully, the mesh size 
must be fine enough. For this reason, the mesh size of the 
work piece in this model was set to 50μm , while the mesh 
size on the cutting edge was 9μm and for some run fine to 
4μm . Three steps are considered for the process: the first 
one is dynamic temperature-displacement-explicit. The 
second one is for moving the tool from the workpiece and 
unloading it. Due to the definition of residual stress which 
is the internal equilibrium stress that remains in a compo-
nent after eliminating the external force or inhomogeneous 
temperature field, the third step is for the stress relaxation 
procedure. When the cutting tool is removed, the thermal 
convection region on the work piece is set. In the last step, 

Table 6   Tool geometry and cutting parameters

Property Notation Value Unit

Clearance/flank angle � 3 °
Rake angle � 6 °
Cutting edge radius r� 1, 70 μm

Cutting speed Vc 50, 100, 150 m∕min  
Depth of cut h 0.06, 0.12, 0.2 mm

Table 7   Material specification of the cutting tool (carbide) and In718

Materials Density ( g∕cm3) Young module E(N∕mm2) �

tool (carbide) 15.6 6.0 ∗ 10
6 0.22

Density ( g∕cm3) Inelastic heat fraction
In718 8.19 0.9

Fig. 2   Thermo-physical and 
mechanical properties of 
In718, (a) Poisson´s coefficient, 
(b) Young modulus, (c) Specific 
heat, (d) Thermal conductivity
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Table 8   Thermo-physical properties of cutting tool (carbide)

Temp.(K) Conductivity (W∕m.K) Specific heat 
(N.mm∕g.K)

293.15 100 213, 000

773.15 68.9 250, 000

873.15 66.7 276, 000

1773.15 64.8 285, 000
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define a condition that the temperature at which the work-
piece is cooled until room temperature. The film coefficient 
is 10 W

m2
C

◦ , and the sink temperature is 293K◦ . The material 
flow in the Z direction is prohibited while it is allowed in 
the Y  direction. The tool and plate were fixed in terms of 
velocity and displacement boundary conditions. The degree 
of freedom for the workpiece is to move with a prescribed 
cutting velocity against the tool. The material moves from 

left to right, while the cutting tool does not have any rela-
tive movement. Accordingly, boundary conditions (Fig. 1a) 
for the material are the cutting velocity 

(

VC

)

 applied on the 
left side and frictionless support at the bottom. The cutting 
velocity is assumed constant as an initial condition in the 
material to be cut. Friction has a profound influence on the 
simulation results in terms of temperature. In this regard, 
tangential behavior with penalty friction formulation is 

Fig. 3   Algorithm of material modeling and the JMAK DRX model

Fig. 4   Implementation of JMAK in the VUHARD subroutine
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defined. For defining friction, temperature-dependent data 
is implemented. The hard contact pressure overclosure is 
used to create normal behavior, and pressure-dependency 
information is used to describe thermal conductance.

4.2 � Material module

In this study, Inconel 718 is used for the machining process. 
Mechanical and physical properties changing by temperature 
are shown in Table 7 and Fig. 2. Furthermore, the cutting 

x

y

Fig. 5   The position of the points which are measured at the workpiece

Fig. 6   Residual stress in feed 
direction (x-axis) for cutting 
edge radius with 1μm and cut-
ting velocity Vc = 150m∕min 
depth of cut. a: h = 0.06mm , b 
h = 0.12mm , and c h = 0.2mm
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(b)

(c)
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y
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tool is considered Carbide material, and the specification is 
presented in Table 8 as well.

4.3 � FE implementation

The JMAK model is implemented using FORTRAN lan-
guage in user-defined subroutine VUHARD in ABAQUS-
explicit according to the algorithm shown in Fig. 3 to modify 
the material parameter and call the material parameters in 
the constitutive model and carry out mechanical calcula-
tions. Hereby, the implementation of user codes via the 
VUHARD subroutine based on the algorithm is shown in 
Fig. 4. In this spectrum, the peak strain criterion is designed 
to define the time at which the dynamic recrystallization 
will happen. When the strain reaches the specified value, the 

dynamic recrystallization will start and the size of the grain 
will be changed. Then taking advantage of other values such 
as DRX grain size parameters of JMAK, recrystallized vol-
ume fraction, and dynamically recrystallized average grain 
size, the new grain size can be calculated. Resorting to the 
derived new grain size, embedding in the modified JC flow 
stress model, the residual stress can be achieved.

5 � Results and discussion

In this research, a numerical technique for an orthogonal 
cutting model with respect to various forces at different cut-
ting conditions is presented using FEM. In the modeling of 
orthogonal cutting, the VUHARD subroutine runs with 2 

Fig. 7   Residual stress in the 
feed direction (x-axis) and 
cutting velocity 150m∕min 
with cutting-edge radius 1μm at 
time step 3 × 10

−4 in different 
depths into the work piece for a 
0.06mm depth of cut, b 0.12mm 
cutting depth, and c 0.2mm 
depth of cut

(a) 
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different conditions. In one of them, the cutting edge radius 
is around 1μm , and in the other one, it is around 70μm . The 
residual stress evolution in the feed direction (x-axis) and 
in the cutting velocity direction (y-axis) and Mises residual 
stress are measured at the points of interest P1 to P9 with 
the fixed location for each run. In Fig. 5, the position of the 
group of P points at workpiece is shown. P1 is located at the 
machined surface, and P1 , P2 , … and P9 are going into the 
depth of the workpiece until 170μm . P1 has a 50μm horizon-
tally distance from the cutting edge of the tool.

5.1 � Study on the effect of changes in depth of cut 
on residual stress

Figure 6a–c show the residual stress in the orthogonal 
cutting process with a cutting edge radius around 1μm 
for 3 different depth of cut values in the feed direction 
(x-axis).

The residual stress intensity has a decreasing trend 
from 2070 to 2046MPa by changing the depth of cut from 
0.06 to 0.12mm and then jumping to 2753MPa for 0.2mm . 

Fig. 8   Residual stress in the 
cutting velocity direction 
(y-axis) for a tool with a 1μm 
cutting edge radius and cutting 
velocity Vc = 150m∕min and 
depth of cut a h = 0.06mm , b 
h = 0.12mm , and c h = 0.2mm
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Besides, analysis of the tensile stress at the machined 
surface of the workpiece specifically in the cutting-edge 
region shows that there is negative stress in the feed 
direction (x direction) which means that the workpiece 
is experiencing compressive stress in this aforementioned 
region.

The residual stress distribution at the machined surface 
of the workpiece is illustrated in the feed direction (x direc-
tion) in Fig. 7a–c. The values of tensile stresses decrease 

as much as the point closer to the cutting edge. Figure 8 
presents the residual stress in the cutting velocity direction 
(y direction) for the tool with 1 μm cutting edge radius and 
various depth of cut values including h = 0.06mm , 0.12mm, 
and 0.2mm with cutting velocity Vc = 150m∕min . Besides, 
the stress condition on the velocity direction also has both 
positive (tensile) and negative (compression) values based 
on Fig. 9. As the point closes to the cutting edge, the com-
pressive stress is increased.

Fig. 9   Residual stress in cutting 
velocity direction (y-axis) and 
cutting velocity 150m∕min 
with cutting edge radius 1μm at 
time step 3 × 10

−4s in different 
depths into the workpiece for a 
0.06mm depth of cut, b 0.12mm 
cutting depth, c 0.2mm depth 
of cut
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In Fig.  10a–c, the Von-Mises stress values are pre-
sented for three different depths of cut values including 
h = 0.06mm, 0.12mm , and 0.2mm . It can be seen that all 
values in this picture are positive and as much as the point 
is closer to the cutting edge, the value of stress has an 

increasing trend. The results reveal that the maximum value 
of the stress happens at the primary shear zone where the 
stress value is maximum. Furthermore, the Von-Mises stress 
increases as the depth of cut increases.

Fig. 10   Mises residual stress 
for tool with 1 μm cutting edge 
radius and cutting velocity 
Vc = 150m∕min and depth 
of cut a h = 0.06mm , b 
h = 0.12mm , and c h = 0.2mm
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5.2 � Study the effect of changing in cutting edge 
radius on residual stress

To reveal the effect of the cutting edge radius in the orthogo-
nal cutting process, this sort of simulation runs with a cut-
ting edge radius of 70μm. Figure 11a and b show the effect 
of changing the cutting edge radius on the residual stress in 
the feed direction (x-axis) with a cutting speed of 150m∕min . 
The comparison between Fig. 11a and b shows that there 
is much more compression in the workpiece which is pro-
duced with a cutting edge radius of 1μm . The same compara-
tive study was done in the direction of cutting velocity in 
Fig. 12a, b to shed some light on the effect of changing the 

cutting edge radius on the residual stress in the cutting veloc-
ity direction when it has 50m∕min cutting velocity. Hav-
ing the same cutting edge radius and increasing the cutting 
velocity leads to an increase in the residual stress.

5.3 � Study on the grain size evolution

Regarding the key role function of the cutting parameters 
like cutting edge radius and cutting velocity on the final 
grain size of machined workpieces, this section of the 
study focuses on figuring out their functions. Figure 13a 
and b show the derived grain evolution size variation by a 

(a) (b)

Fig. 11   Residual stress in the feed direction (x-axis) with depth of cut 0.06mm and cutting velocity 150m∕min for cutting edge radius a 1μm and 
b 70μm at time step 3 × 10

−4s

(a) (b)

rβ =70 μm rβ =1μm

50μm
P1

Fig. 12   Residual stress in cutting velocity direction (y-axis) with depth of cut 0.06mm and cutting velocity 50m∕min for cutting edge radius a 
1μm and b 70μm at time step 3 × 10

−4s
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constant value of cutting edge radius 1μm and changing the 
cutting velocity from Vc = 50m∕min to Vc = 150m∕min . 
The results show that the grain size change region is limited 
to the area around the cutting edge of the tool, especially 
on the side of the chip. Accompanied by increasing cut-
ting velocity, it is expected to get a larger grain size change 
domain.

The effect of the cutting speed on the evolution of grain 
size is shown in Fig. 14 for different depths of cut for cutting 
edge radius 1μm . By increasing the cutting velocity, the area 
of grain size evolution is increased. Nevertheless, the region 
of the grain size change is limited to the chip region, and the 
region with grain size change at the machined surface of the 
workpiece is very small.

By changing the cutting edge radius, Fig. 15a and b pre-
sent the effect of this parameter on the grain size evolution. 
Moreover, it can be seen by increasing the cutting velocity 
that the affected area by recrystallized grain has an increas-
ing trend.

The grain size distribution is shown in Fig. 16 to inves-
tigate the effect of the cutting velocity on the grain size 
domain briefly with a constant cutting edge radius.

To evaluate the spatial effect on the grain size distribution, 
the mesh size changed to 4μm . It must be mentioned here that, 
to keep track of this parameter, the mesh size must be smaller 
than the initial grain size. For this purpose, a mesh size of 
4μm is used. It can be seen obviously that the results are much 
more visible with a smaller mesh size as shown in Fig. 17.

Fig. 13   Grain size evolution 
for depth of cut h = 0.06mm 
and for a tool with 1μm 
radius, a cutting velocity 
Vc = 50m∕min , b cutting veloc-
ity Vc = 150m∕min
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Fig. 14   Grain size change depth into the workpiece for h = 0.06mm 
depth of cut for cutting edge radius 1μm
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5.4 � Study on the temperature evolution

Because induced defects are most likely created by a combi-
nation of factors such as cutting conditions, tool shape, and 
machining temperatures, all of which contribute to residual 
stress, investigating the effect of temperature evolution is crucial. 
Figure 18a and b illustrate the temperature distribution in vari-
ous conditions. The results show that the temperature increases 
with the augmentation of velocity at the constant depth of cut.

The interaction between key parameters like cutting veloc-
ity and depth of cut and their effect on the temperature evolu-
tion is shown in Fig. 19.

Fig. 15   Grain size evolution 
for depth of cut h = 0.06mm 
and for a tool with 70μm 
radius, a cutting velocity 
Vc = 50m∕min , b cutting veloc-
ity Vc = 150m∕min
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Fig. 16   Grain size change depth into the workpiece for h = 0.06mm 
cutting depth for cutting edge radius 70μm

Fig. 17   Grain size evolution 
for a tool with 70μm cutting 
edge radius with depth of cut 
h = 0.06mm and cutting veloc-
ity Vc = 50m∕min with finer 
mesh 4μm
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y
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Fig. 18   Temperature evolution 
( K ) for tool with 1μm cutting 
edge radius for depth of cut 
h = 0.06mm with a cutting 
velocity Vc = 50m∕min , b cut-
ting velocity Vc = 150m∕min

(a)

(b)

x
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y

Fig. 19   Temperature evolu-
tion based on depth of cut and 
cutting velocity for cutting-edge 
radius 1μm
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6 � Conclusion

This paper is concerned with the challenge of developing a 
proper material law, which is capable to consider the DRX 
effect that happens in a high-temperature process. Due to 
the specific range of temperature in the cutting process, a 
recrystallization effect may occur. To predict the induced 
residual stress and DRX, the FE commercial software 
ABAQUS-explicit is utilized and the VUHARD user sub-
routine is developed to illustrate the material model in the 
plastic zone of Inconel 718. To demonstrate the workpiece 
rim zone modifications, the CEL approach is implemented. 
Monitoring the residual stress as the main factor influenc-
ing fatigue life of machined components and grain size as 
a crucial parameter in the mechanics of material, it is pos-
sible to define a more realistic safety criterion. The grain 
size effect on the material flow stress behavior is included 
by adding the grain size–dependent term into the traditional 
JC model. The JMAK model calculates the recrystallized 
volume fraction and grain size as a function of strain, strain 
rate, and temperature. The average grain size is calculated 
with a rule of the mixture by volume. The proposed model 
is employed to investigate the effect of the key features of 
the orthogonal cutting process including cutting velocity, 
depth of cut, and cutting edge radius on the residual stress 
and grain evolution, as well as the affected domain. With 
cutting edge radius 1μm and cutting velocity 150m∕min , by 
changing the chip thicknes values from 0.06 to 0.12 mm, the 
stress intensity firstly decreases, and then by increasing from 
0.12 to 0.2mm , there is an increasing trend in stress intensity. 
The closer points to the cutting edge lead to an increase in 
the compressive stress, and the maximum value belongs to 
the primary shear zone where the stress value is maximum. 
On the other hand, the effect of changing the cutting edge 
radius on the residual stress in the feed direction is studied. 
The results illustrate that for the constant cutting velocity 
and depth of cut, increasing the cutting edge radius leads to 
an increase in the residual stress. The grain size varies by 
changing the cutting speed, so that increasing the cutting 
velocity induces more temperature evolution, consequently 
increasing residual stress.

The model provides significant improvement in the cal-
culation of residual stress in machined surfaces to achieve 
the desired fatigue life and optimize the machining process 
parameters. Future directions in the scope of the present 
research can be outlined with a comparative study with JC 
material modeling to shed the light on the effect of the pro-
posed execution efficiency of the results with the experi-
ment-driven data.
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