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Abstract. This paper uses the Jonson–Cook (J–C) constitutive and Coulomb friction models to study the resid-
ual stress (RS) finite-element method on the cut surface. A reverse recognition optimization algorithm combining
a data-driven algorithm and a genetic algorithm is proposed to optimize the parameters of the J–C constitutive
model, thus improving the simulation accuracy. Experiments verify the accuracy of the model. Based on the
simulation of RS, the mechanism of cutting parameters’ influence on the workpiece surface’s RS was deeply an-
alyzed in this study. The results show that increasing the cutting speed can reduce the cutting force and increase
the RS. Increasing the tool front angle helps improve the machining quality, but a front angle that is too large will
also increase RS. The cutting temperature and force influence the RS of the surface and subsurface, respectively.

1 Introduction

The machining accuracy requirements of machined parts
have continued to increase, especially in the aerospace in-
dustry, where titanium alloy materials are widely used (Chen
et al., 2022). Aircraft parts must meet the corresponding re-
quirements for geometric accuracy and resistance to corro-
sion, fatigue, and cracking (Tan et al., 2019). However, these
characteristics are often closely related to the machining ac-
curacy of machined parts (Li et al., 2025). The surface in-
tegrity of machined parts includes several main aspects: sur-
face residual stress (SRS), surface roughness, surface wavi-
ness, microstructure, and macrocracks (Kuo et al., 2023).
Among them, the primary metric used to measure surface
machining quality is the SRS of machined parts. It has a pro-
found effect on the overall performance of machined parts. In
the manufacturing industry, especially in producing compo-
nents necessary for use in aviation, residual surface tension
can cause product deformation (Santhakumar et al., 2024).
The correlation between fatigue and component RS is par-
ticularly notable for dynamic loads such as those experi-
enced by aircraft engines (Srivastava et al., 2024). In addi-

tion, RS affects parts’ surface chemical corrosion resistance,
affecting dimensional stability and mechanical wear resis-
tance (Oliveira et al., 2020). In the current field of precision
machining, it is imperative to study the mechanism of RS
produced in the machining of precision parts in depth. At the
same time, developing measures to predict RS and formu-
lating corresponding control strategies are equally important
for improving the overall machining quality of finished parts.

The factors influencing RS are complex and include var-
ious elements such as workpiece material properties, tool
geometry, and cutting properties: parameters, tool path, and
cooling conditions. RS is sensitive to changes in process pa-
rameters. Cutting stress includes mechanical stress due to
cutting force, thermal stress due to temperature gradients,
and phase change stress due to changes in grain volume due
to phase changes. In particular, the cutting force is mainly in-
fluenced by the tool angle, and the tool parameters and cool-
ing conditions significantly influence the cutting temperature
distribution (Paillard et al., 2025). Yue et al. (2022) discussed
RS changes during single and double TC4 cutting. Kolomy
et al. (2024) investigated the effects of cutting parameters on
tool wear, cutting force, surface quality, and RS during the
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machining of H13 TS by MEX. They found that dry machin-
ing demonstrated great potential in achieving high-quality
surfaces with good structural integrity and minimal RS.

Studying residual surface stress in metalworking involves
experimental studies, numerical simulations, and analytical
models. Hou et al. (2020) analyzed the influence of RS distri-
bution in the thickness direction on the cutting performance
of TiAlN-coated tools using micro-Raman spectroscopy to
measure RS. Oliveira et al. (2020) studied the influence of
cutting parameters on the RS of steel specimens using X-ray
analysis. Zhang et al. (2020) used a firefly swarm optimiza-
tion algorithm to predict RS in thin-walled tire shear experi-
ments based on orthogonal shear geometric ratios. Yue et al.
(2020) constructed a prediction model of milling force and
RS on machined surfaces based on the geometric relationship
of orthogonal parts. Ju et al. (2022) employed the improved
Rayleigh–Ritz and pseudo-inverse methods to solve the en-
ergy equation under various machining conditions, thereby
obtaining the machining RS. However, despite numerous re-
search achievements, the existing methods still have certain
limitations. Compared to this, the data-driven optimization
method combined with a genetic algorithm (GA) adopted in
this study has significant advantages. Data-driven methods
can fully explore the potential patterns in the data and ac-
curately capture the complex variation characteristics of RS
in metal processing. Meanwhile, the genetic algorithm can
efficiently search for the optimal solution globally. The syn-
ergy of the two overcomes problems such as insufficient ac-
curacy and limited adaptability that traditional single meth-
ods face when dealing with complex RS prediction issues. It
has opened up a new way for more accurate prediction and
optimization of RS in metal processing.

Finite-element simulation technology is important in mod-
eling the metal working process. Finite-element simulation
can save costs and intuitively reproduce phenomena that are
difficult to observe in the experiment process. Wang and Sun
(2024) established a three-dimensional finite-element model
of alumina bioceramic to analyze the effects of feed rate, cut-
ting depth, and spindle speed on temperature and residual
stress. They found that the surface residual stress initially
decreased, and once the cutting depth exceeded 25 µm, it
dropped sharply. Hassaan and Hun (2023) performed a finite-
element study on arc additive manufacturing, analyzing the
influence of different scanning modes and energies on RS
and strain. They concluded that the scanning mode signifi-
cantly influenced the residual stresses and strains more than
the scanning energy.

Regarding the study of the SRS generated when cutting
parts made of TC4 titanium alloys, X-ray examination in
combination with removal measurement is the primary re-
search method. There are few reports on the relationship be-
tween the accurate prediction of RS and SRS distribution of
titanium alloy TC4. Therefore, this paper adopts the method
of combining experiments and simulations. The J–C mate-
rial model was optimized to improve the simulation accu-

racy, starting from the stress generation mechanism, com-
bined with experimental cutting force data and a genetic al-
gorithm. The influence mechanism of cutting parameters and
tool geometry parameters on the RS of the cutting surface
is discussed in detail by using the optimized model, which
provides reliable suggestions for the selection of cutting pa-
rameters and tool design.

2 Construction of the RS model

2.1 Construction of the finite-element model

The orthogonal cutting model was established using
ABAQUS finite-element software. The workpiece material
was the TC4 titanium alloy, and the tool material was ce-
mented carbide (the tool in this model is rigid by default).
Due to the large deformation and metal thermal softening ef-
fect in the cutting process, the J–C model is chosen for the
constitutive equation of TC4. Table 1 shows the performance
arguments of the workpiece and tool material. The software
uses the Lagrange method of adaptive mesh and continuous
mesh partition, which has the advantage of accurately de-
scribing the structure boundary motion. The mesh coarsening
coefficient refers to the velocity at which the mesh is quickly
coarsened to the maximum size, which determines the de-
gree of coarsening after the deformation of the element; the
mesh refinement coefficient refers to the velocity at which the
mesh is refined to the minimum size, which determines the
degree of mesh refinement. In this paper, the default value of
the mesh coarsening coefficient is 6, and the mesh refinement
coefficient is set to 2. The mesh size should be set separately
for the tool and the workpiece to make the simulation more
accurate. The minimum mesh unit size in the workpiece cut-
ting area is 0.02 mm, and the maximum mesh unit size is
0.1 mm. The tool has a minimum mesh cell of 0.02 mm and
a maximum mesh cell of 0.1 mm, as shown in Fig. 1a. G is
a grid division grade parameter with a range of 0.1–1, and
its size determines the velocity of the transformation from
coarse grid to fine grid in the area near the cutting edge. In
order to save time and not affect the simulation accuracy,
G= 0.3 in this paper. The unloading process of workpiece
materials processed by finite-element analysis includes two
steps: unloading and unbinding, as shown in Fig. 1b. The RS
path of h= 1mm depth is extracted along the normal direc-
tion of the machined surface as the working path.

During the cutting process, intense friction occurs between
the tool and the workpiece, including the friction between the
front tool face and the flowing chip and between the rear tool
face and the machined surface, as shown in Fig. 1b. For the
contact interface between the front cutter surface and chips,
it is generally believed that there are two parts: the bonding
zone and the sliding zone. The friction factor has a significant
influence on the simulation results. In the bonding region, the
shear stress is fixed and equal to the material’s yield stress.
In the sliding region, the friction factor µ is constant. In this
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Table 1. Material performance parameters of TC4 and carbide cutting tools.

Tool and workpiece
materials

Density Thermal
conductivity

Poisson’s
ratio

Specific heat
capacity

Coefficient of
expansion

Modulus of
elasticity

ρ (kgm−3) k (W(m°C)−1) v Cg (J (kg°C)−1) λ (°C−1) E (GPa)

TC4 4.44× 103 7.3 0.3 580 8.6× 10−6 113
Cemented carbide 1.5× 104 46 0.2 203 4.7× 10−6 800

Figure 1. Grid division and RS extraction path diagram. (a) Grid division. (b) RS extraction path diagram.

study, the friction factor µ= 0.2 is selected and calculated
based on the Coulomb friction model, which is expressed as

τ =

{
µσ µσ < τcrit Slip zone

τcrit µσ ≥ τcrit Bonding zone,
(1)

where τcrit is the shear stress, τ is the friction stress, and σ is
the normal stress.

2.2 Reverse recognition of J–C constitutive model of
TC4

The constitutive model of materials is the basis of finite-
element model construction, and its accuracy has a deci-
sive influence on the accuracy of finite-element simulation
results. Plastic deformation and elastic deformation are two
standard deformation modes of metal materials, and the con-
stitutive model describes the deformation characteristics of
materials. For a specific material, the constitutive model ex-
presses the relationship between material strain, strain rate,
and temperature through a series of equations with specific
parameters and forms. Therefore, the study of material plas-
tic behavior criteria is a key problem in finite-element sim-
ulation and theoretical prediction of cutting characteristics.
Based on the concept of parameter optimization, this study
combined the cutting experiment with material mechanics by
using the reverse recognition method. It calculated the rele-
vant variables by using the classic Oxley right-angle cutting
model (see Fig. 2a). The parameters of the plastic constitutive
model are obtained successfully through the iterative calcu-

lation process based on a genetic algorithm. Figure 2b shows
the calculation flow of the plastic constitutive optimization
model of a TC4 alloy.

The J–C constitutive model of the material is shown in
Eq. (2):

σCD =
(
A+BεnCD

)︸ ︷︷ ︸
Elastic–plastic

[
1+C ln

(
ε̇CD

ε̇0

)]
︸ ︷︷ ︸

Viscous

×

[
1−

(
TCD− Tw

Tg− Tw

)m]
︸ ︷︷ ︸

Thermal softening

,

(2)

where σCD is the shear equivalent flow stress; εCD is equiv-
alent plastic strain; ε̇CD is equivalent strain rate; TCD is tem-
perature; ε̇0 is the reference strain rate; Tg is the melting tem-
perature of the workpiece material; Tw is the reference tem-
perature, generally room temperature; A represents the yield
strength of the material; B is the hardening modulus; C rep-
resents the strain rate sensitivity of stress; m is the heat soft-
ening factor; and n is the hardening factor. Thus, the model
contains five undetermined coefficients.

Assuming that the strain distribution in the shear plane CD
is uniform and the strain value is equal to half of the total
strain in the first deformation region (Fig. 2a), the expression
of the 60-shear strain can be obtained as follows:

γCD =
1
2

cosγ0

sinϕ cos(ϕ− γ0)
, (3)
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Figure 2. J–C constitutive model optimization process. (a) Oxley’s right-angle cutting model. (b) The calculation process of optimal param-
eters of a constitutive model.

where γ0 is the tool front angle and ϕ is the shear angle.

ϕ = arctan
hD
hCD

1− hD
hCD

sinγ0
, β =

π

2
+ γ0− 2ϕ (4)

According to the von Mises yield criterion εCD = γCD/
√

3,
and then the equivalent strain is

εCD =
cosγ0

2
√

3sinϕ cos(ϕ− γ0)
. (5)

Assuming that the shear strain rate in the shear plane CD
is uniformly distributed, if the strain rate is proportional to
the shear rate and inversely proportional to the length of the
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shear plane CD, the shear strain rate can be expressed as

γ̇CD = C0
vs

lCD
= C0

v0 cosγ0 sinϕ
cos(ϕ− γ0)hD

, (6)

where vc is the cutting thickness, and vs/vc = cosγ0/cos(ϕ−
γ0).

According to the von Mises yield criterion ε̇CD =

γ̇CD/
√

3, and then the equivalent strain rate is

ε̇CD = C0
v cosγ0 sinϕ

cos(ϕ− γ0)hD
, (7)

where C0 represents the ratio of the length of the shear plane
to the thickness of the shear zone, which changes with cutting
conditions and can be obtained by the following equation:

C0 =
(QC−QD)

√
3
(
A+BεnCD

)
2BnkCDε

n
CD

, (8)

where A, B, and n represent material parameters in the J–C
model, QC and QD respectively represent hydrostatic pres-
sure at points C and D, and kCD represents shear stress:

kCD =
Fc cosϕ−Fp sinϕ

hDbD
sinϕ (9)

where Fc represents the main cutting force, FP represents the
feed force, and bD represents the cutting width.

QC = kCD

[
1+ 2

(π
4
−ϕ

)]
(10)

QD =−QD+
2sinϕ(Fc sinϕ+Fp cosϕ)

hDbD
(11)

The average temperature TCD at the shear plane CD is TCD =

Tw+ η1Txy , where

1Txy =
(1−α)Fsvs

ψmq
,

1Txy =
(1−α)(Fc cosϕ−Ff sinϕ)cosγ0

ρψhDbD cos(ϕ− γ0)
.

The amount of metal removal per unit time of mq is mq =

ρvchDbD. Tw represents room temperature, η (0< η < 1)
represents the ratio of plastic work to total plastic work at the
shear plane (ηTC4 = 0.9), 1Txy represents the temperature
rise in the plastic deformation zone, and α (0< α < 1) rep-
resents the proportion of plastic work converted to the tem-
perature rise of the workpiece. Its value can be obtained from
the empirical formula of the blade:

α =

{
0.5− 0.35lg(HT tanϕ) 0.04≤HT tanϕ ≤ 10.0
0.3− 0.15lg(HT tanϕ) HT tanϕ > 10.0,

(12)

where HT = ρψhDvc/M is the dimensionless calorific
value, ρ is denoted the material density,ψ is denoted the spe-
cific heat capacity of the material, vc is denoted the cutting

thickness, and M denotes the material’s thermal conductiv-
ity.

Based on Oxley’s theoretical calculation formula, the the-
oretical cutting forces F ′c and F ′p can be obtained, as follows.

F ′c = F cos(β − γ0)=

√
3σCDhDbD cos(β − γ0)

3sinϕ cos(ϕ+β − γ0)
(13)

F ′p = F sin(β − γ0)=

√
3σCDhDbD sin(β − γ0)

3sinϕ cos(ϕ+β − γ0)
(14)

Based on the idea of parameter optimization, this paper pro-
poses a reverse identification method to solve the constitutive
parameters of workpiece materials (Fig. 2b). This method
will use a J–C constitutive model of six parameters, accord-
ing to the known cutting condition and the test results, com-
bined with the corresponding formula to calculate shear an-
gle and friction angle of beta, strain epsilon CD, shear zone
average temperature of TCD, and flow stress variables, such
as εCD. Then Eqs. (13) and (14) can be used to obtain param-
eters in the theoretical cutting force F ′c and F ′p. The objective
function is to minimize the root mean square error of the ex-
perimental cutting force (Fc, FP) and theoretical cutting force
(F ′c, F ′p), as shown in Eq. (15). By giving the initial values
and search range of the five parameters in the J–C constitu-
tive model and taking Eq. (15) as the objective function, the
five parameters with the minimum objective function can be
obtained by using genetic algorithm optimization, and then
the J–C constitutive model suitable for the actual cutting pro-
cess can be constructed.

Taking A, B, n, C, and m in the J–C constitutive model as
the coefficients to be determined, γ0, ϕ, σCD, β, hD, and bD
were calculated according to the cutting experimental results
and cutting parameters in Table 2 and combined with the
above formulas. For details of the cutting test, see Sect. 3.1.
The theoretical cutting forces F ′c and F ′p can be obtained by
substituting these variables into Eqs. (13) and (14). At this
point, the root mean square of the minimum error between
the theoretical cutting force (F ′c, F ′p) and the actual cutting
force (Fc, FP) is taken as the objective function, as shown
in Eq. (15). According to the initial parameter values and
search, the range is given in Table 3. The optimized J–C con-
stitutive model can be obtained by iterative calculation with
Eq. (15) as the objective function, as shown in Table 3.

f (A,B,n,C,m)=

1
N

{
N∑
i=1

[
(Fc(i)−F ′c(i))2

+ (Fp(i)−F ′p(i))2
]} 1

2 (15)

The genetic algorithm’s parameters were set as follows: pop-
ulation size was 500, crossover probability was 0.7, mutation
probability was 0.2, maximum iteration number was 800,
maximum termination iteration number was 800, and fitness
deviation was 1× 10−100.
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Table 2. Orthogonal test scheme and cutting force.

N vc f ap Fp Fc
(mmin−1) (mmr−1) (mm) (N) (N)

1 77.4 0.15 0.2 89.57 99.47
2 77.4 0.2 0.25 91.15 97.53
3 77.4 0.24 0.3 105.54 125.98
4 98.14 0.15 0.25 83.23 88.25
5 98.14 0.2 0.3 110.98 114.15
6 98.14 0.24 0.2 120.95 124.91
7 124.41 0.15 0.3 79.88 81.61
8 124.41 0.2 0.2 90.97 108.67
9 124.41 0.24 0.25 92.29 142.41

3 Materials and experimental procedures

3.1 Experimental setup

The dry cutting experiment was carried out on the CNC lathe
C5075, as shown in Fig. 3a. A three-phase cutting force mea-
suring instrument was used during the cutting process to
conduct the testing experiment. The experimental scheme is
shown in Tables 4 and 5. After machining, the cutting sur-
face’s RS was studied using the stress analyzer (µ-x360s, the
target material was a V target) based on the cosα method,
as shown in Fig. 3b. The test parameters used are as follows:
tube pressure is 30 kV, diffraction plane is (103), X-ray in-
cidence angle is 23.8°, and diffraction angle is 140.15°. For
each sample of cutting parameter, at least six random points
were selected as the measurement positions of the sample test
section, and the average value was taken as the final RS.

3.2 Validity test of simulation model

Figure 4a compares the RS results of finite-element simu-
lation and test results before and after optimizing the J–C
constitutive model. Although the results are error-prone, the
variation trend is the same. The error of simulation results
with the optimized constitutive model is less than without
optimization. Figure 4b and c compare the cutting force and
temperature derived from the finite-element simulation using
the optimized J–C constitutive model and the corresponding
experimental results. The model constructed in this study is
highly consistent with the experimental data in predicting the
cutting force and temperature during titanium alloy cutting,
and the error range is controlled within 15 %. The results
show that the model effectively simulates the cutting pro-
cess of a titanium alloy. The workpiece’s stress history and
yield strength dictate the ultimate distribution of cutting RS.
However, the actual load stress experienced by the workpiece
material is a combination of the stress introduced during cut-
ting and the initial stress. Measurement of RS on the surface
of the uncut workpiece reveals an RS range of 10–15 MPa.
Additionally, the heat generated during cutting can induce

phase transitions in the surface material, further influencing
RS. Consequently, some error inevitably exists in both test
and simulation results.

4 Effect of cutting parameter on RS

4.1 Analysis of the effect of cutting velocity on RS layer

The simulation chose four cutting velocities: 50, 80, 100, and
130 mmin−1 while maintaining a constant cut thickness (ap)
of 0.2 mm. The RS distribution at these different cutting ve-
locities is shown in Fig. 5a. As shown in the figure, at the
cutting velocity, the RS on the surface shifts towards reduced
compressive stress or increased tensile stress. In contrast, RS
in the subsurface tends to decrease tensile stress or increase
compressive stress. With the increase in cutting velocity, the
processing cycle can be shortened. Under the premise that
the cutting thickness is maintained, the cooling time for the
workpiece is shorter during faster cutting. This change in-
creases the cumulative effect of heat during the cutting phase,
which significantly increases the maximum surface tempera-
ture in the cutting area, as shown in Fig. 5b. Due to thermal
expansion, the surface layer produces a compression effect
under the reaction of the subsurface layer. The surface ma-
terial will undergo plastic deformation once the temperature
exceeds a certain critical point. Therefore, even if the surface
layer temperature after processing falls back to average tem-
perature, the original state of the surface layer is difficult to
recover fully, and this continuous deformation is ultimately
reflected in the residual surface tension. In addition, with the
increase in the maximum temperature of the cutting area, the
plastic deformation of the material caused by thermal expan-
sion during the cutting process also increases correspond-
ingly. After cooling to room temperature, the volume shrink-
age of the surface material is more significant, which may
cause the original compressive stress to be reduced or even
transformed into tensile stress. Figure 5c shows the equiva-
lent strain of the material surface at different cutting veloci-
ties. It can be seen that the degree of plastic deformation and
the thickness of the affected layer increase with the increase
in the cutting thickness.

On the other hand, when the cutting speed is low, the shear
angle is reduced, which will lead to an overall increase in
the cutting force, but at this time, the cutting force compo-
nent acting on the machining surface does not change much
(Fig. 6a). As the cutting velocities increase, the force on the
subsurface layer increases, increasing the thickness of the
plastic stress layer on the machined surface, as depicted in
Fig. 5c. The cutting force decreases with increasing cutting
velocities, while the force acting on the machined surface
shows an increasing trend as the angle increases shift. The
compression effect of the workpiece matrix changes the RS
state, which can cause a decrease in the tensile RS or an in-
crease in the compressive RS.
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Table 3. Optimized J–C constitutive model.

A (MPa) B (MPa) n C m Tm (°C)

Hopkinson test results 970 451 0.33 0.12 1.01 20
Search scope 100–2000 100–2000 0.1–1 0.01–0.5 0.1–2 20
The optimal value 1162.38 673 0.416 0.013 0.73 20

Figure 3. Experimental setup. (a) Diagram of the cutting test setting. (b) RS detection test setting.

Table 4. Setting of initial cutting parameters in finite-element sim-
ulation.

ap re Tool rear Cutting edge Rake angle
(mm) (mm) angle α0 (°) angle kr (°) γ0 (°)

0.2 0.2 7 90° 5°

Table 5. The experimental scheme.

Test vc f ap
number (mmin−1) (mmr−1) (mm)

1 100 0.2 0.5
2 100 0.2 0.4
3 100 0.2 0.3
4 100 0.2 0.2
5 30 0.2 0.2
6 50 0.2 0.2
7 80 0.2 0.2
8 130 0.2 0.2

4.2 Analysis of effect of cutting thickness on RS layer

Under the premise of maintaining a cutting thickness of vc =

100mmin−1, a simulation analysis was carried out for four
different cutting thicknesses (ap), namely 0.2, 0.3, 0.4, and
0.5 mm. Figure 7a shows the results of residual surface stress
distribution under different cutting thicknesses. The figure
clearly shows a trend: with the increased cutting thickness,
the RS in both directions presents an upward trend. In mate-
rial processing, the cutting thickness greatly determines the
layout of RS on the surface of the workpiece. Increasing the
cutting area will cause the surface layer’s original residual
compressive stress to decrease until it becomes the residual
tensile stress. At the same time, the subsurface layer shows
tensile stress, and the stress increases with the increase in
cross-sectional area. This change is mainly due to the incon-
sistency of heat release when the material is cut. In particular,
when the cutting thickness is more pronounced, the material
in the uncut area accumulates more heat, thereby increasing
the temperature of the machining surface, as clearly shown in
Fig. 7b. Consequently, during the subsequent cooling phase,
the original surface compression state is weakened. It is pos-
sible to change to a tensile state.
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Figure 4. Model verification result. (a) Verification of residual stress. (b) Verification of cutting force. (c) Verification of cutting temperature.

In cutting operations, the fluctuation of cutting force is a
crucial monitoring index. As the cutting thickness increases,
the main cutting force Fx increases significantly, while the
cutting force Fy acting on the machined surface is relatively
stable, which is reflected in Fig. 6b. This phenomenon is be-
cause the increased cutting thickness means more material
is removed, thus increasing the main cutting force. Despite
this, the change in cutting force on the workpiece surface is
insignificant. The increase in cutting thickness will undoubt-
edly increase the main cutting force. However, the uniform
heat distribution during the machining process helps reduce
the cutting force on the workpiece surface. At the same time,
the RS distribution of the subsurface layer cannot be ignored.
With the increase in cross-sectional area, the maximum tem-
perature change in the main cross-sectional area becomes the
critical factor affecting the RS distribution of the subsurface
layer (Fig. 7b). With the increase in cross-sectional area, the

variation trend of RS in the workpiece’s surface layer and the
subsurface layer tends to be the same. According to Yu et al.
(2019), when the cutting depth is significant, the stress trans-
fer and strain distribution within the material will change,
resulting in the thickening of the plastic layer. The develop-
ment of plastic deformation will further affect the distribu-
tion of residual stress. With the increase in the cross-sectional
area, the variation trends of the residual stress in the surface
layer and subsurface layer of the workpiece tend to become
consistent. This may be because the larger cutting depth al-
ters the propagation and attenuation characteristics of the
stress wave within the material, thereby gradually synchro-
nizing the stress responses at different depths, as described
in Kolomy et al. (2024). The influence of cutting parameters
on the residual stress distribution is a multi-factor coupled
process involving the interaction of multiple factors, such as

Mech. Sci., 16, 457–474, 2025 https://doi.org/10.5194/ms-16-457-2025



C. Wang et al.: Effect analysis of residual stress on a titanium alloy 465

Figure 5. Effect of cutting speed on RS, shear angle, and plastic strain layer. (a) Effect of cutting speed on residual stress. (b) Effect of
cutting speed on shear angle. (c) Effect of cutting speed on plastic strain layer.

cutting force, cutting heat, and the mechanical properties of
the material.

4.3 Sensitivity analysis of the effect of cutting velocities
and cutting thickness on RS

In this paper, the distribution characteristics of RS in the x-
and z-axis direction under different cutting conditions are
discussed by linear regression analysis. The analysis results
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Figure 6. Influence of cutting velocity and cutting thickness on cutting force and cutting temperature. (a) Effect of cutting speed on cutting
force and cutting temperature. (b) Effect of cutting thickness on cutting force and cutting temperature.

are presented as a response graph, which reveals the correla-
tion between the cutting parameters and the residual surface
stress, as shown in Fig. 8a. It is found that the effect of cut-
ting thickness on the x-axis RS is much more significant than
that of cutting velocity, indicating that the cutting thickness
is a more critical variable in optimizing cutting parameters
to reduce the x-axis RS. Adjusting the cutting thickness al-
lows the RS in the x-axis direction to be controlled more
effectively. Figure 8b shows the trend of z-axis RS with cut-
ting thickness and cutting velocity. Further research shows
that cutting thickness’s effect on z-axis RS is more signifi-
cant than cutting velocity. Therefore, when optimizing cut-
ting parameters, special attention should be paid to the cut-
ting thickness adjustment to effectively reduce the RS in the
z-axis direction.

Figure 8c reveals the main effect of cutting velocity on
cutting heat generation. Higher cutting velocity will lead to
more heat generation. However, this heat increase in the main
cutting force is not significant; it directly impacts the ma-
terial thermal expansion and cooling process, which in turn
affects the RS distribution. Based on these findings, cutting
heat reflects the effect of cutting velocity on RS. Therefore,
in high-speed cutting operations, controlling the temperature
during the cutting process is essential to reduce the potential
impact of RS on the workpiece surface. Effective tempera-
ture control can reduce the generation of thermal stress and
thus reduce RS. The comparison of Fig. 8d shows that the
effect of cutting thickness on cutting heat and cutting force
is opposite to that of cutting velocity. The increase in cut-
ting thickness leads to a significant increase in cutting force,
while the increase in cutting velocity has little effect on the
cutting force. This opposite effect indicates that the interac-
tion between cutting thickness and speed must be considered
when optimizing cutting parameters.

In summary, the effect of cutting thickness on the RS of
the x and z axis is significant, especially when optimizing
cutting parameters to reduce the RS; cutting thickness is a
more critical variable. The cutting velocity mainly affects the
generation of cutting heat, while the cutting thickness sig-
nificantly affects the cutting force. Therefore, in the actual
processing, special attention should be paid to adjusting the
cutting thickness and effective temperature control to reduce
the potential impact of RS on the workpiece surface. Con-
sidering the cutting thickness and velocity, this optimization
strategy can effectively improve materials’ machining qual-
ity and mechanical properties.

5 Effect of tool angle on RS layer

5.1 Effect of tool front angle on RS layer

Four different sets of tool front angle values are used in the
simulation, which are −5°, 0°, 5°, and 10°. The cutting ve-
locity is 100 mmin−1, and the thickness is 0.2 mm. Figure 9a
shows the distribution of RS under different tool front angles.
In the surface area, the internal stress is mainly caused by
compressive forces. However, with the increase in the front
angle of the tool, the RS in the subsurface region changes
from the compressive state to the tensile state, especially in
the z-axis direction. Nevertheless, changes in the tool front
angle have less of an effect on the RS in the surface area,
which can be attributed to two main factors.

First, when the tool front angle is increased, the uncut
layer material can be separated from the workpiece surface
with less deformation, which helps to improve cutting effi-
ciency. Increasing the tool front angle also reduces the con-
tact area between the workpiece material and the tool front
angle, thereby reducing the contact stress, reducing the fric-
tion between the workpiece material and the tool front angle,
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Figure 7. Effect of cutting thickness on RS and surface temperature distribution. (a) Effect of cutting thickness on residual stress. (b) Effect
of cutting thickness on surface temperature distribution.

and reducing the temperature of the cutting area, as clearly
shown in Fig. 9b. Secondly, with the increase in the front
angle of the tool, the cutting force decreases significantly,
which is reflected in Fig. 10a. It is assumed that the front an-
gle of the tool is negative, which means that the tool is blunt.
The front tool face pushes the raw material layer into the
workpiece during cutting, resulting in more excellent cutting
resistance. As the front angle of the tool increases, the tool

becomes sharper. When the front angle of the tool is positive,
the front surface of the tool will push the uncut layer mate-
rial away from the direction of the workpiece, promoting the
smooth separation of the uncut layer material from the work-
piece surface, and the cutting resistance is relatively small.
In addition, the influence of the tool front angle on RS is
also related to the distribution of force during cutting. When
the front angle of the tool is large, the distribution of cutting
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Figure 8. Response of RS, cutting force, and temperature to changes in vc and ap. (a) Response of residual stress in the x direction to vc
and ap changes. (b) Response of residual stress in the z direction to vc and ap changes. (c) Response of cutting force to changes in vc and
ap. (d) Response of cutting temperature to changes in vc and ap.

force is more dispersed, resulting in the change of stress state
in the subsurface area. However, this change is not evident in
the surface area, mainly because the surface area is affected
by the cutting force and heat, and the change of the tool front
angle has less of an impact on this part.

The front angle of the tool is defined as the angle between
the front tool face and the direction of the cutting thickness.
When the front angle of the tool is raised, the maximum tem-
perature and cutting force in the cutting area can be reduced.
Increasing the front angle of the tool can enhance the cut-
ting efficiency and reduce the heat and cutting temperature
generated during the cutting process. At the same time, in-
creasing the front angle of the tool can also reduce the ex-
trusion effect of the tool on the workpiece, thus reducing the
required cutting force. However, this effect is only equally
significant in some cases. According to previous analysis, the
RS caused by cutting temperature and cutting force shows an
opposite trend. An increase in cutting temperature tends to
reduce the RS, while an increase in cutting force increases
the RS (Fig. 10a). Therefore, changing the tool front angle
has almost no effect on the SRS due to the combined effect

of cutting temperature and cutting force. This change mainly
affects the subsurface layer’s RS at the tool’s front corner.

The limited downward diffusion ability to cut temperature
has little influence on the RS of the subsurface layer, so the
cutting force becomes the main influencing factor. With the
increase in the front angle of the tool, the cutting force de-
creases, the compressive RS decreases, and the tensile RS in-
creases. Under normal circumstances, when the tool front an-
gle is positive, the surface finish of the obtained part is better
than when the front angle is negative. A positive front angle
reduces cutting force and temperature and improves machin-
ing quality. Therefore, it is recommended to use a tool with a
positive front angle when machining to ensure the quality of
the surface processing. In order to improve the fatigue life of
the parts, the front angle of the tool can be appropriately re-
duced, ensuring the processing quality. By reducing the front
angle of the tool, the cutting force on the part’s surface can
be reduced, thereby reducing RS and improving fatigue life.
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Figure 9. RS and temperature distribution at different tool front angles. (a) Surface residual stress distribution of different tool front angles.
(b) Temperature distribution of different tool front angles.

5.2 Effect of tool back angle on RS layer

Three tool back angle groups, 5, 10, and 15°, are used for
the simulation. The tool face angle is set at 5°, the cutting
speed is maintained at 100 mmin−1, and the cutting thick-
ness is 0.2 mm. The final RS distribution is shown in Fig. 11a.

From the analysis in Fig. 11a, it can be seen that changing
the back angle of the tool has little effect on the RS distribu-
tion on the surface and subsurface of the workpiece. Mean-
while, changing the back angle of the tool has a relatively
small effect on the cutting force and temperature in the cut-
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Figure 10. The influence of tool front angle and tool corner radius on cutting force. (a) Cutting force varies with tool front angle. (b) Cutting
force varies with tool corner radius.

ting zone, as shown in Fig. 11b and c. It can be concluded
that, in most cases, the influence of the back angle of the
tool is minimal. On the surface, the RS distribution may be
negligible. In terms of working conditions, experiments con-
ducted by Meng et al. (2019) under varying cutting speeds
and depths of cut have demonstrated that, regardless of the
specific working conditions, the impact of the tool relief an-
gle on overall machining performance, including RS distri-
bution, cutting force, and temperature, remains limited. This
further corroborates our simulation results, suggesting that
the tool relief angle is not a dominant factor in determining
the machining outcome under different working conditions.

5.3 Analysis of the effect of tool corner radius on RS
layer

In the simulation experiment, four different sizes of tool cor-
ner radius were selected, with specific values of 0.2, 0.4,
0.6, and 0.8 mm. In this process, the front and back angles
of the tool are set to 5°, and the cutting parameters remain
unchanged (vc = 100mmin−1, ap = 0.2mm). In Fig. 12a,
the results show that the compressive RS on the workpiece
surface decreases with the tool corner radius increase. This
phenomenon is mainly due to the change in the cutting
temperature, which is revealed by the temperature change
chart shown in Fig. 10b. Although the maximum temperature
change in the cutting area is not significant, the temperature
of the workpiece cutting surface increases with the increase
in the corner radius. Figure 12a also shows that the RS on
the cutting surface changes from compression to tension and
back to compression as the tool corner radius increases. This
results in a decrease in tensile RS and a relative increase in
compressive RS. This change of stress affects the formation
of cutting force. The data in Fig. 10b further illustrate that as
the size of the tool corner radius increases, the contact area

between the tool and the workpiece also expands, increasing
Fx and Fy . In particular, the growth of Fy is more significant,
which enhances the compressive stress on the machined sur-
face, directly leading to the reduction of tensile RS and the
increase in compressive RS on the subsurface of the work-
piece.

5.4 Sensitivity analysis of the effect of tool front angle
and tool corner radius on RS

From the above analysis, it can be seen that the change of the
tool back angle has little influence on the cutting process, so
the influence of the tool front angle and the tool corner ra-
dius is mainly discussed in terms of the response analysis of
the tool angle to the RS. Figure 12a reveals the influence of
tool front angle and corner radius adjustment on the change
of x-axis RS. Image analysis shows that the influence of the
tool front angle on x-axis RS is more significant than that of
the tool corner radius. At the same time, the effect of the tool
front angle on the RS in the z direction is more prominent
than that of the tool corner radius. However, comparing the
data in Fig. 12a, it can be inferred that the influence of the
tool corner radius on the RS in the z direction is much more
significant than its influence on the x direction. The com-
prehensive analysis results show that the tool’s front angle
and radius significantly influence the RS level. Figure 12b
shows that γ0 significantly impacts Fx and Fy , but compar-
atively speaking, γ0 has a slightly more significant impact
on Fx . When γ0 changes, the change of RS is mainly due
to the change of cutting force, and the contribution of lead-
ing cutting force Fx to RS is undeniable. The re change has
a negligible impact on Fx but a more significant impact on
Fy . When re changes, the cutting force in the y direction, the
plowing force, affects the RS. Therefore, to improve the ma-
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Figure 11. SRS distribution, surface stress distribution, temperature change, and cutting force change at different tool back angles. (a) Sur-
face residual stress distribution of different tool back angles. (b) Temperature distribution of different tool back angles. (c) Cutting forces
vary with the back angle of the tool.

chining accuracy, the geometric parameters of the tool should
be selected reasonably to avoid generating RS.

6 Conclusions

In this study, a constitutive model of a TC4 titanium alloy is
optimized by combining data-driven and genetic algorithm
approaches, and experimental methods are used to verify the
accuracy of the optimized model. Additionally, the effects of
cutting parameters and tool angle on the SRS are also ana-
lyzed. Key findings from the study include the following.

1. Increasing the cutting velocity can reduce the cutting
force and improve cutting conditions. However, this
also causes the temperature of the cutting area to rise,
which in turn increases the shear angle and the cutting
force acting on the machined surface, thereby increas-
ing the SRS and affecting the surface machining qual-
ity. Therefore, it is recommended to use a lower cutting
velocity when processing titanium alloys. Additionally,
as the cutting area increases, the residual compressive
stress on the workpiece surface is reduced and may
be transformed into residual tensile stress. Given this,
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Figure 12. SRS and temperature distribution with different tool corner radii. (a) Surface residual stress distributions of different tool corner
radii. (b) Temperature distribution of different tool back angles.

a smaller cutting thickness should be preferred during
processing.

2. When selecting the tool’s front angle, a positive front
angle can improve the surface machining quality com-
pared with a negative front angle. However, a front an-

gle that is too large may lead to an increase in SRS,
which in turn affects the part’s fatigue life. There-
fore, when selecting the tool configuration, it is recom-
mended to use a slightly positive front angle to improve
the part’s fatigue resistance.

Mech. Sci., 16, 457–474, 2025 https://doi.org/10.5194/ms-16-457-2025



C. Wang et al.: Effect analysis of residual stress on a titanium alloy 473

Figure 13. Response of RS, cutting force and temperature to changes in re and γ0. (a) Residual stress response in the changes in γ0 and re.
(b) Response of cutting force due to changes in γ0 and re.

3. Cutting temperature is the main factor determining the
residual stress level of the workpiece surface, while cut-
ting force is the key factor influencing the residual stress
of the subsurface layer. The increase in cutting thickness
significantly raises both cutting force and cutting heat
simultaneously. Specifically, the rise in cutting force
dominates the subsurface residual stress, whereas cut-
ting heat mainly impacts the surface residual stress. This
combined effect results in an increase in both surface
and subsurface residual stress. The influence of tool an-
gle on residual stress is primarily associated with the
mechanical stress caused by variations in cutting force.

However, this study has some limitations. The experimen-
tal conditions may not cover all possible scenarios in titanium
alloy machining. The model’s parameters could be further re-
fined with more diverse data. Also, the interaction between
multiple cutting parameters can be more deeply explored.

In further work, more comprehensive experiments will be
conducted to expand the database and improve the model’s
generalization ability. Advanced numerical simulation meth-
ods will be employed to better understand the complex mech-

anisms of titanium alloy machining. Additionally, the devel-
opment of new cutting tools and coolants will be explored to
enhance the machining performance of titanium alloys.
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