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Abstract

Finite element models offer a promising approach for modelling induced residual stresses to maintain part quality in machining.
The study employed Analysis of Systems software to develop a 3D model that minimizes residual stress in annealed AISI
1040 carbon steel and optimizes machining parameters. The experimental tests using an X-ray diffractometer were conducted
to measure both superficial and in-depth residual stress. The material behaviour, friction, and flow stresses were modelled
using the Johnson—Cook model. The cutting parameters considered as variables were cutting speed, feed rate, and depth of
cut, which were optimized using response surface methodology (RSM). The study analyzed the superficial stresses obtained
from simulation and experimental tests, with average values of — 330.1 MPa and — 326.4 MPa, respectively, across 27 trials.
The comparison demonstrated a high level of consistency between the two sets of results, with percentage errors ranging from
0.43% to 2.21%, underscoring the accuracy and reliability of the FE model. The optimal cutting parameters for achieving the
lowest residual stress level (— 136.23 MPa) were a cutting speed of 138.94 m/min, a feed rate of 0.588 mm/rev, and a depth
of cut of 0.282 mm. The proposed FE model offers a potential solution to minimizing residual stresses during the machining
of carbon steels.
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1 Introduction

Machining processes are paramount to the manufacturing
industries worldwide and play a pivotal role in shaping and
finishing components to achieve precise specifications. Turn-
ing is one of the most widely utilized techniques among these
processes, owing to its versatility and efficiency [1]. How-
ever, the quality and performance of machined components
are significantly influenced by the induced residual stresses
during the machining process [2, 3].

Residual stress adversely affects carbon steel’s fatigue
strength, dimensional stability, and durability [4]. Under-
standing the factors influencing residual stress generation
and effective mitigation strategies is crucial for optimiz-
ing the machining process and enhancing the reliability of
steel components for engineering applications. Various fac-
tors contribute to residual stress formation, including tool
geometry, cutting parameters, material properties, and cool-
ing conditions [5, 6].

During turning, the cutting tool applies forces and heat
to remove material from the workpiece, leading to localized
plastic deformation and thermal expansion, which induces
residual stress near the machined surface or beneath. The
intensity and distribution of induced stresses depend on tool
and workpiece material properties and turning parameters
when machining carbon steels [7, §].

A part of enhancing the quality of machined engineering
parts is the development of cost-effective computer-based
models to predict residual stresses that are likely to be
induced based on the input parameters. Many researchers
have proposed the finite element (FE) method as a potential
solution for machining residual stresses because of its ability
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to model material properties and optimize cutting parameters
[9, 10]. X-ray diffraction and hole drilling are some of the
experimental approaches most used in measuring residual
stresses; however, they are expensive and time-consuming.
The FEM method is an alternative, cost-effective method
that researchers are working on to enhance material anal-
ysis and machinability. Through finite element modelling,
residual stresses can be analyzed with the help of adaptive
meshing of the model using software such as ANSYS, Simu-
lia, and Deform. The Johnson—Cook model is widely applied
in the simulation process for material modelling.

Many researchers have modelled residual strategies and
optimization approaches using 2D and 3D finite element
models to improve the quality of machined products. For
instance, Attanasio and Ceretti [11] researched the 3D FEM
of the residual stresses on the external surface of AISI 1045
steel. The effects of the workpiece material’s feed rate and
tool nose radius on the induced residual stresses were ana-
lyzed. Despite numerical errors, the simulation outcomes
were utilized to establish analytical models and devise two
nomograms for pinpointing process parameters that generate
the anticipated external residual stress.

Jiang and Wang [12] conducted a finite element analysis
to examine the impact of various wiper tool edge geome-
tries on the hard turning of AISI 4340 steel. Their study
explored how different tool geometries influenced the turn-
ing process, including cutting forces and surface integrity,
providing insights into optimizing tool design for improved
performance in hard-turning operations.

Most studies on the machining of steels have focused on
the cutting parameters, tool material, and geometry, and the
nature of the work material affects the development of tensile
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or compressive residual stresses [11, 12]. Nevertheless, there
are still opportunities for advancing finite element models
employing the updated Lagrangian formulation model and
adaptive mesh approaches to improve the accuracy of the
simulation results [13, 14].

Mondelin et al. [15] examined the residual stresses created
by a longitudinal turning operation in 15-5PH martensitic
stainless steel. The model was able to show the degree to
which residual stresses were affected by the cutting speed,
feed, tool geometry, and tool flank wear as process param-
eters. The tool shape and flank wear significantly impacted
the residual stresses compared to the cutting speed and feed
rate. A comparative analysis between the experimental and
simulation results was not performed to validate the models.

Mohammadpour et al. [16] performed a numerical investi-
gation to analyze the effects of turning parameters on residual
stresses in orthogonal cutting. The study employed simula-
tions to examine how different cutting parameters influence
residual stress development. The simulation results aligned
with experimental tests.

Outeiro et al. [17] conducted numerical modelling of
residual stresses using the Finite element method to simulate
the cutting process and predict the residual stress distribution
in AISI 316L steel. The results of the experiments revealed
that the cutting conditions significantly influenced the mag-
nitude and distribution of residual stresses. Higher cutting
speeds and feed rates increased compressive residual stresses
near the cutting zone.

Ramesh and Melkote [18] conducted a study in which
they utilized ABAQUS to simulate residual stresses in AISI
52100 steel machining using CBN tools. They researched
using Johnson—Cook’s material model and Zorev’s friction
model. The results of their study revealed that incorporating
white layer formation in the simulation increased the accu-
racy of predicted residual stresses. The study emphasized the
significance of considering material behaviour and surface
effects for precise predictions.

Bouacha et al. [19] investigated the relationship between
cutting forces and surface roughness in AISI 52100 steel
hard turning. Using response surface optimization (RSM),
they found that feed rate and cutting speed primarily affected
surface roughness, while the depth of cut mainly influenced
cutting forces.

Mabrouki et al. [20] explored machining simulations
involving A2024-T351 and tungsten carbide. They employed
the Johnson—Cook material model to capture material
behaviour under high strain rates and temperatures typical
of metal-cutting processes. Additionally, a Coulomb friction
model simulated the interactions between the tool and work-
piece, while the Johnson—Cook damage criterion accounted
for material damage and failure prediction.

Dhengre et al. [21] studied WO-CO turning tool using the
finite element method to predict tool life. They developed

a simulation model using ANSYS software to assess von
Mises stresses and residual stresses generated during machin-
ing. The study revealed the significance of cutting depth in
machining and the effect of induced stresses on carbide tools.

The Taguchi method, response surface methodology
(RSM)), artificial neural network (ANN), and regression anal-
ysis are modelling techniques that can be used to determine
the optimal machining parameters. RSM is the most widely
used among these modelling techniques because it can yield
reliable data with relatively few experiments. Using RSM,
Bagaber [22] optimized the machining parameters to reduce
surface roughness, power consumption, and tool wear. They
performed this study on stainless steel 316 with an uncoated
carbide tool under dry conditions. They found that cutting
speed was the most influential factor for power consumption,
with a 37.43% contribution. They also found that feed rate
had the highest impact on surface roughness, with a 53.8%
contribution.

Yingfeietal. [23] investigated the effects of cutting param-
eters and tool wear on the induced residual stress distribution
in the axial and radial directions on the surface and subsurface
of the workpiece during turning operations. Their findings
underscore these factors’ significant impact on the alloy’s
surface integrity and highlight the importance of carefully
controlling cutting conditions to maintain optimal surface
performance. In the same context, Brusch et al. [24] assessed
how variations in process parameters influenced machinabil-
ity characteristics, including tool wear and surface finish.
They observed higher microhardness values for all cutting
tests to characterize affected surface layers. Li et al. [25]
conducted a finite element modelling and simulation study to
examine the turning process while considering the cutting-
induced hardening of workpiece materials. Their research
focused on incorporating material hardening effects into the
simulation to improve the accuracy of modelling the turn-
ing process, clarifying the effects of cutting-induced material
property changes on machining performance for steel alloys.

The literature review reveals conflicting results for opti-
mizing the cutting parameters. Many researchers have
reported that the feed rate significantly affects residual stress
[16-19]. Some authors have suggested that cutting speed is
the most critical parameter for minimizing residual stress [20,
21]. Several studies have highlighted variations in residual
stress values across different materials, machines, and cutting
conditions using 2D models, indicating the need for further
research in this area using 3D FEM models [26-28]. Using
a finite element model, this research optimised the turn-
ing parameters during the longitudinal turning process for
annealed AISI 1040 steel. The study was validated through
experimental testing.

@ Springer
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Table 1 Chemical Composition }
(Weight %) of AISI 1040 Steel Element C Si Mn P S Cr Fe
Alloy
Content (%) 0.43 0.24 0.64 0.08 0.21 0.04 98.35

2 Materials and methods

A finite element 3D model of the workpiece material of diam-
eter 40 mm and length 110 mm was simulated using Analysis
systems (ANSYS 2018). The 3D models designed by Inven-
tor Software 2018 were then converted into STEP Files
for compatibility. The files were imported to the ANSYS
(Explicit Dynamics) design modeller as STEP files, and the
stepwise process illustrated in Fig. 1 was applied.

Optical emission spectroscopy (OES) was used to mea-
sure the chemical composition of AISIT 1040 steel presented
in Table 1 to ensure the material conforms to standard spec-
ifications.

The mechanical and thermo-physical properties of the
standard cutting tool (T1) are presented in Table 2-3. The
properties of the T1 cutting tool were included in the mod-
elling analysis of the work material in explicit dynamics in
ANSYS 2018 to enable the accuracy of residual stress anal-
ysis.

Materials often exhibit changes in mechanical proper-
ties with temperature, such as variations in yield strength
and thermal expansion coefficients. These changes influence

@ Springer

Table 2 Mechanical properties of work material for modelling for AISI
1040 Material [32]

Properties of workpiece Value
Density,p 7845 kg/m?
Young’s Modulus, E 210 GPa
Poison’s ratio, n 0.3
Ultimate strength,o,, 620 MPa
Yield Strength,o 450 MPa

stress distributions and deformation behaviour [34, 35]. Ther-
mal effects can also induce or alter residual stresses due
to differential expansion or contraction, impacting struc-
tural integrity. Modelling analysis must incorporate these
temperature dependencies to predict real-world performance
accurately and ensure reliable simulation results.

2.1 Boundary conditions and meshing

A finite element model for longitudinal turning of AIST 1040
steel alloy was developed using ANSYS software (2018).
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Table 3 Thermal and Mechanical Properties of high-speed steel (HSS) tool T1 [22]

Density, p Elastic modulus Poisson’s ratio, n Thermal Expansion € Rockwell Specific heat capacity [J
(kg/m3) [GPa] [wm/m °C] Hardness kg' K™
8670 210 0.1 9.7 x 107° 63 460

Work piece

Cutting direction

Fig.2 Boundary conditions for 3D finite element model

The model was meshed with approximately 40,000 quadri-
lateral elements, featuring four-node bilinear displacement
and temperature characteristics. The tool was applied with
a cutting speed in the circumferential direction of the work-
piece. The mesh density varied based on the regions of the
geometric model. A highly refined mesh (I-micron) was
implemented along the contact area between the tool and
workpiece and at the top of the machined material, but
far from the interaction zone. The tool loadings minimally
affected the workpiece, allowing for a coarser mesh at the
bottom. Using the paving boundary approach, a 1-micron
element size was chosen based on a detailed analysis of
high-gradient regions, such as the tool-workpiece contact
area. This involved defining the boundary’s edge length and
setting a fine mesh to accurately capture geometric details
and physical phenomena like stress and thermal gradients. A
mesh convergence study was conducted, refining the mesh
until key results stabilized at 1 micron, ensuring the accuracy
of the FEM.

The 3D longitudinal cutting model was set to rotate about
the centre axis, as shown in Fig. 2, while the cutting tool
was modelled as a rigid body because it is stiffer than the
workpiece. When the set-up was done, as shown in Fig. 3a,
the workpiece model turned 360°, as illustrated in Fig. 3b.

The tool was assigned a reference point to capture the
forces generated, and the conditions were set at room tem-
perature (23 °C) and normal atmospheric pressure. The
governing finite element equations to be solved are as
expressed in Eq. 1:

MU + U + F(U, time) = R(time) )

where M is the mass matrix, C is the damping matrix, U
is the vector of nodal displacements (including rotations), '
denotes the vector of nodal forces equivalent to the element’s
internal stresses, R is the vector of externally applied nodal
loads, and an overdot denotes a time derivative. The force
matrix (F) depends on the displacements and time, whereas
the mass (M) and damping (C) matrices are assumed to be
constant.

The mechanical modelling equations used in finite ele-
ment methods are based on the balance of each element’s
forces, moments, energy, and momentum and the constitu-
tive relations that describe the material behaviour [36-39].
Depending on the type of problem and element. The equi-
librium equation was applied to determine the sum of the
internal and external forces acting on an element, as shown
in Eq. 2.

Vo+f=0 2)

where o is the stress tensor and f is the body force vector.

The compatibility equation is used to establish the dis-
placement field of an element, whether it is continuous or
compatible with the geometry and boundary conditions, as
shown in Eq. 3 [29, 30].

g:%(vﬁv{) 3)

Where ¢ is the strain tensor, and u is the displacement vector.

The constitutive equation was applied to ensure that the
stress and strain in an element are related by material law, as
shown in Eq. 4 [29-33].

o =Cs “
Where C is the elasticity tensor.

The principle of virtual work was applied to determine that
the work done by internal and external forces on an element

@ Springer
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Fig.3 a Model set-up, b actual cutting process

is equal to any virtual displacement field and satisfies the
boundary conditions in Eq. 5 [40—42].

JSo :8edQ2— [ f.budQ— [ t.6udS =0 4)
Q Q Q

Where 3, is the virtual displacement vector, 8¢ is the vir-
tual strain tensor, t is the traction vector, £ is the element
domain, and 92 is the element boundary. The process allows
the workpiece to rotate while the cutting tool remains rigid,
as shown in Fig. 4. The tool was fixed in the z-axis, ensuring
no displacement to depict the actual turning process in the
real world.

2.2 Modelling constitutive equations

The work materials were modelled on an explicit dynam-
ics platform using commercial Analysis Simulation Systems
(ANSYS) software. Using the model equations to assess the
flow stresses and convergence of the residual stress results
during the simulation is crucial. The Johnson—Cook model is
used because of its robustness, fit, and good strain-hardening
behaviour, Eq. 6 [43].

= tssan(ieenZ)) (- (Z%))

(6)

Where o, g, B P g,,, T, Ty, and T, are equivalent flow
stress, equivalent plastic strain, The Johnson—Cook model is
used because of its robustness, fit, and good strain-hardening
behavioequivalent plastic strain rate, reference strain rate,
temperature, melting temperature, and ambient temperature,
respectively. A is the yield strength of the material, B is the

@ Springer
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strain hardening constant, n is the strain hardening coeffi-
cient, C is the strengthening coefficient of strain rate, and m
is the thermal softening coefficient.

The Johnson—Cook damage criterion was implemented in
the finite element code to simulate the chip formation. The
criterion is expressed as a cumulative damage law (D,,) using
Eq. 7 [43].

53

A
P
€,

= )
f

Where A_gp is the equivalent plastic strain and €7 is
the equivalent strain at failure. When D,, = 1, equality is
achieved; hence, the corresponding elements are deleted,
allowing the separation of the chip from the workpiece dur-
ing the finite element simulation. Therefore, an expression
for calculating the equivalent strain failure during chip sep-
aration is required, Eq. 8 [43].

ép
aff = [D1 + D2e’7D3] |:1 + Dy ln (=p>]
&o
T —23\"
¥ [1—Ds| ———=
Tn —23 ®)
Where: D — Ds is failure damage parameters, 85 f is the strain
rate reference, and n is the mean hydrostatic stress to the

equivalent stress. The Johnson—Cook and damage parameters
for this particular are listed in Table 4.

2.2.1 Friction modelling
The interaction between the tool-workpiece is defined

between the outer surface of the tool and the workpiece’s
nodes. Zorev’s friction model is applied in modelling the
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Fig.4 a Workpiece Coordinate
System, b remote

(a)

Table 4 Johnson—Cook parameters for AISI 1040 [44]

Setting displacement

A[MPa] B[MPa] C N m T: (°C)

Tm (°C) di dy d; dyg ds

375 383 0.07 0.23 0.99 25

880 0.4313 5.93 8.42 —0.057 0

mechanical contact between the tool and workpiece inter-
face in ANSYS explicit dynamics using Eq. 9 [45].

Ty, WOp = Ty

WOpn, WOp < Ty

C))

where: 1 is the shear stress, 1, is the shear yield strength, . is
the Coulomb friction coefficient, and o,, is the normal stress
on the tool rake face. Sliding and sticking friction are two
distinct behaviours under which Zorev’s model is applied.
and o, are calibrated numerically as 0.40 and 350 MPa [46].

2.2.2 Design of experiment (DoE)

This study focused on optimizing the longitudinal turning
process parameters using the face-centred central compos-
ite design approach in the response surface methodology
(RSM). Central Composite design (CCD) is based on 2-level
factorial designs augmented with centre and axial points to
fit quadratic models [47]. The regular CCDs had five levels
for each factor. They were modified by choosing an axial
distance 1.0, creating a Face-Centered CCD with only three
levels per factor. The centre points were replicated to provide
prediction capability near the centre of the factor space. The
factors are simultaneously varied over planned tests and then
connected via a mathematical model equation based on RSM.
This model is then used for interpretation and predictions.
Three factors were considered in this investigation: cutting
speed (v), feed rate (f), and Depth of Cut (d). The minimum
and maximum levels were obtained from the experimental

Table 5 Design factors levels for simulation

Factor Level 1 Level 2 Level 3
Feed rate [mm/ rev] 0.2 0.4 0.6
Speed [m/min] 80 160 240
Depth of Cut [mm] 0.2 0.4 0.6

design performed on the AISI 1040 simulations, as presented
in Table 5.

2.3 Residual stress measurement

The residual stresses were measured based on the X-ray
diffraction method using a Proto-LXRD 1200 X-ray stress
analyzer machine (Proto Manufacturing, USA) fitted with
a Modular Stress Mapping system and Proto Software for
analyzing the residual stress using the Sin>¥ method. The
circumferential direction was considered in the measure-
ment of the residual stresses. Proto-LXRD 1200 has nine
B angles with a maximum of 30. X-ray diffraction constants
and parameters used for induced residual measurement are
obtained from ASTM E915-2019 [48], Table 6.

Two susceptible detectors capture the diffracted beams on
both sides of the diffracted cone at various X-ray incidence
angles. The X-ray machine then calculates residual stresses
for AISI 1040 using the Sin2W method, as seen in Fig. 5.

The material removal process involved in-depth residual-
stress measurements using a prototype electropolishing
machine. This method removes a layer of material without

@ Springer
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Table 6 Induced residual stress measurement parameters and constants
(48]

Work Material ~ AISI 1040 Aperture 2 mm

Plane (hkl) {211} Working distance 39 mm

d-spacing 0.117021 nm X-ray irradiation 30s
time

Tube Cr-Ka X-ray incidence 30°
angle

Bragg angle 156.4° Current 25 mA

Wavelength 0.23 Voltage 30 kV

Fig.5 Proto-LXRD 1200 machine set up for residual stress measure-
ment

Fig. 6 Electropolishing depth residual stress analysis

mechanical stress using direct current. The anode was con-
nected to the positive (+) terminal and the cathode to the
negative (—) terminal. A metal workpiece served as the cath-
ode. A 45 kV voltage was applied for different durations
depending on the desired removal depth, as shown in Fig. 6.

The profilometer measured the pocket depth using a Mitu-
toyo SJ-400. The average results of two data points were
recorded for the in-depth residual stress. The cylindrical shaft
of AISI 1040 had in-depth induced residual stress at 0, 20,
40, and 60 microns from the surface.

@ Springer

2.4 Optimization using response surface
methodology (RSM)

The numerical optimization of factors was performed using
Design Expert 13 software and response surface methodol-
ogy (RSM). The three factors were set in the range, while
the response (induced surface residual stress) was set to be
minimized. The optimization module searched for a combi-
nation of factor levels that satisfied each response and factor
criteria. Including a response in the optimization, the criteria
had to have a model fit through the analyzed data during the
simulation. The input variables were automatically included
“in range.” The designs constructed a polynomial approxi-
mation of the response based on the results obtained using the
DoE method. In this case, a nonlinear (quadratic) response
surface with three variables was applied, Eq. 10 [49].

K K K
Y=bo+2aiyi+ZaiiyizzainiYij (10)
i=1 ij

i=1

Where y; is the input parameters, and the coefficients by,
b, bij, and by; are the accessible terms of the regression equa-
tion, the linear effect of y;, the quadratic effect of y;2, and the
linear by linear interaction between Y; and Yj, respectively.

The experimental design explored the connection between
the input parameters and the desired response (induced resid-
ual stress). Three factors (speed, feed rate, and depth of cut)
at three levels were used for the 27 randomized designs, as
shown in Table 7.

2.5 Desirability function

Desirability analysis was used for the optimization analysis.
The objective function, desirability, is based on the numer-
ical optimization of Design Expert software. The overall
desirability (D) is the geometric (multiplicative) mean of all
individual desirabilities (d;) from O (lowest) to 1 (highest),
as shown in Eq. 11 [50].

1
D = (dixdsx ... xdy)7 = (l_[dl) an
i=1

Each parameter required a minimum and a maximum
level. Weight could change the shape of the desirability func-
tion for each goal. The “importance” of each goal could vary.
The default was equally crucial for all goals at the three
pluses (+ + +). The desirability function at each optimum
was explored in the factor space using contours, 3D surfaces,
and perturbation plots. Additionally, any individual response
could be plotted to determine the optimum point.
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Table 7 Simulation and

Experiment superficial residual Run Factor 1 Factor 2 Factor 3 Response 1 Response 2
stress Order A: Speed B:Feedrate  C: Depth of cut Simulated o, Experiment o, %
[m/min.] [mm/rev.] [mm] [MPa] [MPa] error
1 160 0.4 0.4 —291.5 —287.1 1.53
2 240 0.6 0.6 —554.4 —550.0 0.80
3 240 0.4 04 —520.8 —517.2 0.69
4 160 04 0.4 —287.1 —284.2 1.02
5 80 0.6 0.2 —221.2 —218.1 1.41
6 240 0.2 0.6 —404.2 —399.8 1.11
7 240 0.6 0.6 —650.2 —645.5 0.73
8 240 0.6 0.2 —403.0 —398.3 1.20
9 240 0.2 0.2 —271.5 —265.7 2.21
10 80 0.6 0.2 —216.0 —213.3 1.27
11 160 04 0.4 —286.7 —284.0 0.94
12 160 0.4 0.4 —284.8 —278.3 2.33
13 160 0.4 0.8 —-302.7 -301.4 0.43
14 80 0.2 0.6 —188.7 —186.5 1.16
15 80 0.2 0.2 —150.3 —149.6 0.49
16 80 0.6 0.6 —3233 —3214 0.60
17 240 0.2 0.6 —402.3 —399.0 0.82
18 80 0.2 0.6 - 264.6 —260.7 1.51
19 160 0.2 0.4 - 289.5 - 286.2 1.16
20 160 0.4 04 - 3283 - 3247 1.11
21 160 04 0.4 —339.8 —336.2 1.07
22 80 0.6 0.6 —328.7 —325.0 1.13
23 80 0.4 04 —312.6 —308.2 1.44
24 80 0.2 0.2 —140.5 —138.6 1.42
25 240 0.2 0.2 —398.9 —394.6 1.10
26 160 0.4 0.2 —335.2 —330.3 1.47
27 240 0.6 0.2 —414.8 —409.8 1.22

3 Results and discussions

This section presents the simulation results and contrasts
them with experimental findings. Regression analysis was
used to create the main effect plots. Simulations were run
on all datasets according to the design of the experiment,
and the resulting residual stresses are displayed in Table 7
as response 1. Similarly, Table 7 Response 2 displays the
outcomes of the experimental residual stress measurements
using X-ray diffraction following turning operations for 27
samples.

3.1 Surface-induced residual stresses

The simulated and experimentally induced residual stresses
were compared for various combinations of cutting param-
eters for AISI 1040 steel, and the results are presented in

Table 7. A negative (-) value indicates a compressive surface-
induced residual stress. The residual surface stress results
were compressive in the simulation and experimental tests.
The percentage error between the simulated and experimen-
tal data was deficient, ranging from 0.43% to 2.21%, which
confirmed the accuracy and reliability of the finite element
model for predicting the induced residual stress in AISI 1040
steel.

Superficial residual stresses were measured in the cir-
cumferential direction for the simulation and experimental
experiments. The average superficial stress for 27 simula-
tion and experiment trials was -330.1 MPa and -326.4 MPa,
respectively. The superficial induced residual stress distribu-
tions and magnitudes were closely related. Figure 7 shows
a plot of the residual surface stress versus the number of
trials with minimal margin errors between the simulation
model and the experimental tests except for run number

@ Springer
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Fig.7 Comparison between
Experiment and Simulation
surface residual stress 0
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Table 8 Residual stress beneath the surface of the specimen

Depth Beneath Induced Residual % Error
surface [pwm] stress, [MPa]

Simulation Experiment
0 =316 -319 0.94
20 —278 —275 1.09
40 - 194 —201 3.48
60 —154 —146 5.47

7 (240 m/min, 0.6 mm/rev, and 0.6 mm), which had high
compressive residual stresses; experiment (— 650.2 MPa)
and simulation (— 645.5 MPa). The high stresses can be
attributed to excessive heat during chip removal and mas-
sive cutting forces. When the machined material undergoes
phase transformations at a very high temperature during cut-
ting, it changes its volume and creates compressive residual
stresses [51]. The thermomechanical affected zone also has
a lot of compressive residual stresses because of the com-
bined effect of the thermal expansion from the heat transfer
from the stir zone and the mechanical compression by the
tool [52].

A detailed investigation revealed that minor variations in
tool wear or slight environmental changes during the experi-
mental runs could account for the marginally higher residual
stress in run orders 7 and 2 despite the three factors being
the same. This was cross-verified with repeated simulations
under controlled conditions, showing consistent results.

3.2 Induced residual stress beneath surface

The induced residual stress beneath the surface was mea-
sured experimentally at different depths, as shown in Table 8.
The results showed that the percentage error between the
simulation and experiment was less than 5.47%. After each
measurement, a new layer was obtained by removing the
superficial layer via electropolishing. The results validated

@ Springer
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Fig. 8 Induced residual stress on varying depths from the surface

the accuracy of the 3D finite element model, confirming its
suitability for modelling residual stresses for AIST 1040.
The graphical comparison of induced residual stress
versus the beneath depth shows close agreement between
experiment and simulation values, Fig. 8. The residual stress
profiles exhibited a general pattern of decreasing compres-
sive stresses with increasing depth. This trend aligns with the
widely accepted understanding that surface machining gen-
erates compressive stresses due to thermal and mechanical
effects, which diminish with depth. The initial compressive
stress at the surface (0 wm) is likely a consequence of rapid
cooling and material contraction, while the reduction in stress
magnitude at deeper levels can be ascribed to the diminishing
influence of the surface machining processes [53].

3.3 RSM Model-Analysis of variance (ANOVA)
for surface-induced residual stress

In both models, as shown in Table 9-10, cutting speed (A)
and its interactions, along with quadratic terms A? and B2,
were significant, whereas feed rate (B), depth of cut (C), and
most interactions showed no significant impact.

The regression model equation is statistically significant.
The coefficient correlation (R?) for the finite element sim-
ulation was 94.92%, while that of experimental tests was
94.85%. Therefore, both equations help identify the relative
impact of the factors (speed, feed rate, and depth of cut) on
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Table 9 Analysis of Variance of

the Model (Experiment) Source Sum of Degree of Mean F-value p-value Significance
Squares freedom Square
Model 325,600.00 13 25,047.25 17.3 <0.0001 Yes
A-Speed 21,845.10 1 21,845.1 15.09 0.0019 Yes
B-Feed rate 3151.82 1 3151.82 2.18 0.1638 No
C-Depth of 812.67 1 812.67 0.5614 0.467 No
cut

AB 2550.26 1 2550.26 1.76 0.2072 No
AC 1442.26 1 1442.26 0.9964 0.3364 No
BC 5807.65 1 5807.65 4.01 0.0665 No
A? 19,365.45 1 19,365.45 13.38 0.0029 Yes
B2 11,838.12 1 11,838.12 8.18 0.0134 Yes
C? 644.06 1 644.06 0.445 0.5164 No
ABC 2325.16 1 2325.16 1.61 0.2272 No
A’B 8689.95 1 8689.95 6 0.0292 Yes
AZC 10,202.61 1 10,202.61 7.05 0.0198 Yes
AB? 3.59 1 3.59 0.0025 0.961 No
Pure Error 18,816.90 13 1447.45
Total 344,400.00 26

Table 10 Analysis of variance

for model (Simulation) Source Sum of Degree of Mean F-value p-value Significance

Squares freedom Square
Model 329,000.00 13 25,337.43 17.61 < 0.0001 Yes
A-Speed 21,669.66 1 21,669.66 15.06 0.0019 Yes
B-Feed rate 3126.97 1 3126.97 2.17 0.1642 No
C-Depth of 898.73 898.73 0.6247 0.4435 No
cut

AB 2510.41 1 2510.41 1.74 0.2093 No
AC 1324.27 1 1324.27 0.9204 0.3549 No
BC 5743.75 1 5743.75 3.99 0.0671 No
A? 19,387.39 1 19,387.39 13.48 0.0028 Yes
B? 11,916.42 1 11,916.42 8.28 0.0129 Yes
C? 628.50 1 628.5 0.4368 0.5202 No
ABC 2458.87 1 2458.87 1.71 0.2138 No
A’B 8677.53 1 8677.53 6.03 0.0289 Yes
A%C 10,486.04 1 10,486.04 7.29 0.0182 Yes
AB? 0.00 1 0.003 2.12E-06 0.9989 No
Pure Error 18,703.52 13 1438.73
Total 348,000.00 26

the response by comparing the coefficient factors from the
analysis of variance.

The objective equations were derived using regression
analysis, identifying the relationship between the induced
residual stress (dependent variable) and the parameters A, B,
and C (independent variables). By analyzing the data from

simulations and experiments, the analysis calculated coef-
ficients for each term, representing the contributions of the
variables to the model.

These coefficients were used to formulate equations that
best fit the data, providing a mathematical representation of
the relationship between the factors and the induced residual
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stress as expressed in Eqgs. 12—13.

O (simulationy|M pa] = 303.04 + 104.09 x A — 80.58 * B
—21.49% C +12.53 %« AB +9.10
% AC +18.95 % BC + 113.69
% A2 —94.10 x B> +10.65 x C>
+12.40 x ABC +136.24 x A’B
+77.74 % A’C +0.0414 « AB?
(12)

0 (Experiment)[M pa] = 299.10 +104.51 x* A — 80.90 x B
—20.44 % C +12.63 %« AB +9.49
* AC+19.05%x BC +113.62
% A2 —93.79 % B> +10.78 % C?
+12.05% ABC +136.33 x A’B
+76.69 %« A2C — 1.42 % AB?
(13)

Interaction plots can help to visualize and analyze how one
factor influences the response variable depending on the level
of another factor in the machining processes [54]. The inter-
action plots for the three factors revealed that residual stress
was more influenced by cutting speed at higher feed rates
and lower depths of cut, where rapid heat build-up amplifies
stress sensitivity, and by feed rate at lower cutting speeds
and higher depths of cut, where the material removal and
heat generation were substantial [55]. This suggests that at
high feed rates and shallow cuts (near the surface), the cut-
ting speed significantly affects the residual stress, whereas at
low speeds and deep cuts, the feed rate plays a crucial role,
as shown in Fig. 9.

In the context of high cutting speeds and feed rates, the
increase in frictional heat exacerbates thermal gradients,
resulting in greater residual stresses due to rapid heating and
uneven cooling [56, 57]. On the other hand, at lower cutting
speeds with higher depths of cut, extended frictional forces
lead to significant heat accumulation and heightened residual
stresses, particularly when feed rates are increased [58].

3.4 Effect of cutting parameters on induced residual
stress

The effect of the cutting parameters on inducing residual
stress during the longitudinal turning of AISI 1040 steel
is an important aspect to consider in the machining pro-
cess. Understanding the influence of cutting parameters on
residual stress can help optimize machining operations and
improve the performance and integrity of machined compo-
nents. Cutting speed was ranked higher in causing residual
stress, followed by feed rate and depth of cut. Thermal gra-
dients and material deformation increased residual stress at
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higher cutting speeds: deeper cuts induced increased plastic
deformation, material loss, and residual stress. Higher input
rates caused plastic deformation and chip formation, increas-
ing residual stress, Fig. 10.

A contour plot of cutting speed versus depth of cut
confirmed that cutting speed dominated the residual stress
formation, whereas the depth of cut had a minor effect. When
cutting speed (240 m/min.) was considered along with feed
rate, the residual stress increased sharply to a maximum value
of -600 to 650 MPa for simulation, indicating that cutting
speed had a more significant impact on residual stress induc-
tion than depth of cut and feed rate. as depicted in Fig. 11
a-b.

Increasing the cutting speed tends to increase the residual
stress in the circumferential direction and decrease the resid-
ual stress’s penetration depth. Higher speeds generate more
heat and thermal gradients on the machined surface. Increas-
ing the feed rate tended to enhance the penetration depth of
the residual stress.

A higher feed rate causes more plastic deformation and
strain hardening in the subsurface layer in the circumfer-
ential direction. This is because a higher feed rate results
in a greater material removal rate per unit time, increasing
the heat and mechanical load on the workpiece [59]. There-
fore, the subsurface layer experiences elevated temperatures
and stresses, which enhance plastic deformation and strain
hardening [60]. This effect can improve hardness and induce
residual stresses in the subsurface layer.

The contour plots in Fig. 12 depict the correlation between
the cutting speed and feed rate and the resulting residual
stress. In both plots, the residual stress escalates as the cut-
ting speed and feed rate increase. In Fig. 12 (a), the stress
ranges from 350 to 550, with higher values portrayed by
warmer colours (yellow/orange), while Fig. 12 (b) shows a
range from 200 to 300, represented by blue to green colours.
The uniform trend evident in both plots suggests that elevated
cutting speeds and feed rates lead to an increase in residual
stresses. This can be attributed to the augmented thermal and
mechanical stresses during the machining process, result-
ing in a more pronounced residual stress within the material
[61-64].

To compare the effects of feed rate and depth of cut, 3D
surface plots were constructed. They showed that the residual
stress increased steadily with higher feed rate and depth of
cut, as seen in Fig. 13 a-b. The graphs show similar residual
stress trends in cases (a) and (b). Both graphs indicate that the
residual stress increased with increasing feed rate and depth
of cut. However, simulation (b) generally predicts lower
residual stress values than the experimental results (a) across
the same range of feed rates and depths of cut. This difference
is due to minor material property variations on the surface and
tool wear [65]. An increased depth of cut was found to elevate



International Journal on Interactive Design and Manufacturing (1JIDeM)

0?2 0?4
G Speed
// e [m/min.]
e P — 80
400 PR <" i -m- 160
i - 240
Speed [m/min.] Y -m-—--E S ¢
200 —
i Feed rate
[mm/rev.]
—— 0.2
iy e R
eed rate [mm/rev.] :_:;:—:;____-__;. i
- 200
600
Depth of
cut [mm]
—— 0.2
400 —m- 0.4
Depth of cut [mm] -4 0.6
200
80 160 240 0.2 0.4 0.6

Fig.9 Interaction plots showing the effect of turning parameters on residual stress simulation

the mechanical and thermal stresses owing to a greater mate-
rial removal volume. Similarly, a higher feed rate resulted in
a larger chip thickness and increased cutting forces, further
increasing mechanical and thermal stresses. Consequently,
these intensified conditions have been reported to have ele-
vated residual stresses in the workpiece [52-54].

3.5 Optimization and confirmation tests

Using Design Expert software, numerical optimization was
performed to investigate the design space using regres-
sion RSM models to identify the factor settings that meet
the specified objectives. The objectives are delineated in
Table 11. Specifically, the objective for cutting conditions
is “In Range,” which denotes an acceptable range of results
between the upper and lower limits. The goal for residual
stress is to “Minimise,” with the lower limit signifying the
intended optimal result and the upper limit representing the
highest permissible outcome.

The best combination of cutting parameters was selected
based on the highest desirability value for the three best
solutions, considering minimal residual stress and optimal
surface finish. Sensitivity analysis confirmed the robustness
of these parameters. Each solution offers specific combina-
tions of speed, feed rate, and depth of cut, resulting in a
relatively close alignment between the simulated and exper-
imental residual stress values. Solution 1 demonstrated the
highest desirability with a simulated stress of -136.23 MPa

and an experimental stress of -131.89 MPa, while solutions
2 and 3 also provided promising results with desirabilities of
0.995 and 0.990, respectively, as illustrated in Table 12.

The highest desirability value is 1, which shows that
the minimum residual stress (-136.23 MPa) can be real-
ized when turning the AISI 1040 steel at a cutting speed
of 138.94 m/min, feed rate of 0.588 mm/rev and at a depth
of cut of 0.282 mm for solution 1.

A confirmation test was conducted for the top three solu-
tions in Table 12 under the optimized cutting conditions for
AISI 1040. Table 13—15 compare predicted mean and median
simulated residual stresses (o) against experimental results
for three solutions. In solution 1, simulated stresses closely
match experimental values.

Similarly, for solutions 2 and 3, simulated stresses align
well with experimental results. The standard deviation and
standard error of the mean remain consistent across solu-
tions. These results indicate the simulation model’s ability
to accurately predict induced residual stresses, validating its
efficacy and application.

The nature of induced superficial residual stress was com-
pressive. Compressive residual stresses can enhance certain
material properties, such as increasing fatigue resistance and
inhibiting crack propagation. However, minimizing these
stresses is essential in carbon steels to prevent dimensional
inaccuracies, warping, and unintended deformations, which
can compromise the fit and function of precision compo-
nents [66, 67]. Excessive compressive stresses may also lead
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Fig. 11 Effects of speed and feed rate on residual stress for AISI 1040 a Simulation, b experiment

to unexpected stress relaxation or redistribution under oper-
ational conditions, potentially undermining the structural
integrity and performance of the material [68]. Therefore,
managing and minimizing compressive residual stresses is
crucial for ensuring the reliability and precision of critical
components.

Based on the accuracy of confirmation test results, the
developed FEM model can, therefore, be applied in the
machining industry for optimizing cutting parameters and
managing residual stresses in manufacturing, aerospace and

@ Springer

automotive components, and medical device fabrication.
Control of the residual stresses during machining enhances
component quality, prolongs tool life, and ensures the
integrity of high-precision parts by predicting and minimiz-
ing detrimental stress effects.

3.6 Novelty of the work

The novelty of this study lies in the sophisticated integra-
tion of finite element modelling (FEM) with response surface
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Table 11 Goals and limits for
optimization of cutting Name Goal Lower Upper Lower Upper Importance
conditions Limit Limit Weight Weight
A: Speed is in range 80 240 1 1 3
B: Feed rate is in range 0.2 0.6 1 1 3
C: Depth of cut  is in range 0.2 0.6 1 1 3
Simulated o minimize 140.53 650.19 1 1 5
Experiment o minimize 138.56 645.46 1 1 3
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Table 12 Optimum cutting

condition for minimum residual Number Speed Feed Depth of Simulated o Experiment Desirability
stress rate cut [MPa] o[MPa]
138.94 0.588 0.282 —136.23 —131.89 1.000
2 139.21 0.588 0.492 — 130.27 — 127.02 0.995
129.83 0.591 0.214 — 140.04 — 135.60 0.990
Table 13 Confirmation test for
desirability 1.000 Predicted Mean Predicted Median Std Dev SE Mean
Simulated o — 136.22 — 136.22 37.93 69.62
Experiment o — 131.88 — 131.88 38.04 69.83
Table 14 Confirmation test for
desirability 0.995 Predicted Mean Predicted Median Std Dev SE Mean
Simulated o — 129.93 —129.9 37.93 79.78
Experiment o — 126.96 — 126.7 38.04 80.02

methodology (RSM) to optimize machining parameters and
minimize residual stresses in annealed AISI 1040 carbon
steel. In this study, a comprehensive 3D FEM was developed
to accurately predict induced residual stresses, which were
rigorously validated through experimental measurements
using an X-ray diffractometer. The minimal percentage errors
between the simulated and experimental datasets highlighted
the precision of the model. Furthermore, applying the John-
son—Cook model to simulate material behaviour, friction, and
flow stresses enhances the robustness of the FE model, mak-
ing it highly applicable for practical industrial use in the
machining sector. This research is unique because it precisely
determines the optimal cutting parameters (cutting speed,
feed rate, and depth of cut) that minimize residual stress,
significantly reducing to -136.23 MPa. This result not only
underscores the effectiveness of combining FEM and RSM
but also provides critical, empirically validated insights for
industry professionals seeking to improve part quality and
reduce defects in post-machining processes. The FEM model
represents a reliable and validated approach for predicting
and controlling induced residual stresses in machining oper-
ations and contributing to enhanced product performance and
longevity.

4 Conclusion

This study investigated the application of finite element
analysis to predict the machining parameters and induced
residual stresses in AISI 1040 steel, focusing on model
accuracy, parameter optimization, and impact assessment.
The finite element model demonstrated high accuracy, with
simulated and experimental superficial residual stresses aver-
aging -330.1 MPa and -326.4 MPa, respectively. The optimal
machining conditions were determined to be a cutting speed
of 138.94 m/min, feed rate of 0.588 mm/rev, and depth of cut
of 0.282 mm, which resulted in a compressive residual stress
of — 136.23 MPa. The FE model validation showed a percent-
age error ranging from 0.43-2.21%, confirming its reliability.
Sensitivity analysis revealed that cutting speed significantly
affects residual stress, whereas feed rate and depth of cut
have less influence on residual stress induction. This study
underscores the model’s application in optimizing machining
parameters to effectively control residual stresses, providing
a valuable tool for improving manufacturing processes and
material performance.

Table 15 Confirmation test for

desirability 0.990 Predicted Mean Predicted Median Std Dev SE Mean
Simulated o — 139.05 —139.05 37.93 63.95
Experiment o — 134.98 — 134.98 38.04 64.14
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