
PROCESSES

Production Engineering
https://doi.org/10.1007/s11740-023-01241-3

fairly accurately [5]. However, 3D Lagrangian modelling 
software always involves chip formation, which requires 
long computation time, and these models can only simulate 
a single cut of the tool on the surface. Valiorgue et al. [6] 
showed that at least five revolutions were needed to reach a 
steady state for the residual stress during the axial turning 
process. It is therefore necessary to take into consideration 
these multiple revolutions when modelling the residual 
stress during turning. However, current chip separation 
approaches to the 3D Lagrangian modelling of turning have 
difficulties in integrating this multi-revolution process due 
to the long computation times involved. To overcome these 
difficulties, researchers [6] have applied equivalent thermo-
mechanical loadings to the machined surface over five paths 
without chip formation, and have obtained good agreement 
with experimental values for the residual stress. Mondelin et 
al. [7] also reported good agreement for residual stress pre-
dictions in the turning of 15-5PH using this type of hybrid 
model.

The machined surface forms a cylindrical groove, the 
shape of which depends on the tool tip radius, Rε , and 
machining parameters such as the feed, f, and depth of the 
cut, ap as shown in Fig. 1.

Motivated by this principle, Dumas et al. [8] modelled the 
physical shape of the turned surface and applied 3D equiva-
lent thermo-mechanical loadings. They reported improved 
values for the residual stress predictions, especially in the 
cutting direction. Recently, this new hybrid model with 3D 

1  Introduction

It is well known that residual stress generated in a surface by 
the turning process strongly affects fatigue strength [1]. In 
particular, axial turning of round bars is widely used in the 
automobile and aerospace industries, and there is therefore 
a high demand for accurate predictions of residual stress in 
the turned surface. Many efforts have been made to simulate 
and predict the residual stresses arising from the axial turning 
process. An extensive review of these modelling studies was 
carried out by Elsheikh et al. [2]. Although a 2D numerical 
Lagrangian modelling process has been employed, it suffers 
from some mesh distortion issues [3]. The use of a 2D Arbi-
trary Lagrangian Eulerian (ALE) formulation can improve 
these issues [4], but there are still limits on the modelling of 
the residual stresses in the actual 3D axial turning process 
in industry. To meet these requirements when simulating the 
3D axial turning process, 3D Lagrangian modelling soft-
ware such as DEFORM 3D has been employed. 3D model-
ling has the advantage of enabling the user to model and 
import complicated tool insert geometries, such as cham-
fer and to predict the residual stress in the turned surface 
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equivalent thermo-mechanical loadings was integrated into 
a server-based software called MISULAB. Extensive efforts 
have been made to model the residual stress in materials 
such as AISI 52,100, AISI 316 L, IN 718, Ti-6Al-4 V [9]. 
While 2D and 3D FEM models of the turning of AISI 4140 
steel have been extensively studied, most of these studies 
have focused on 2D orthogonal machining in order to study 
the nanocrystal layer [10, 11], white layer [12], and residual 
stress [13]. A few 3D FEM models based on chip formation 
have been studied to predict surface roughness [14], but to 
date, only one 3D model of the residual stress in turning of 
AISI 4140 steel [15] has been attempted. There is therefore 
a need to perform simulations of the residual stress gradient 
in the turning of AISI 4140 steel with the new hybrid 3D 
model developed by Dumas et al. [8].

In addition, the finishing conditions require low values 
for the feed rate (less than 0.1 mm/rev) and depth of cut (less 
than 0.2 mm) in turning, and data on residual stress gradi-
ents in surfaces turned at these low values are still lacking. 
There is therefore a need to measure and simulate residual 
stress gradients in surfaces turned at small values for the 
feed and depth of cut.

To address these two major requirements, this study pres-
ents experimental measurements of residual stress gradients 
produced from the turning of AISI 4140 steel at low values 
for the feed (f = 0.05 and 0.1 mm/rev) and depth of cut (ap = 
0.2 mm). We also carry out a 3D simulation with equivalent 
thermo-mechanical loadings. The effects of the actual tool 
geometry, such as a small wear zone in a new tool insert, 
on the residual stress calculations are also investigated. The 
following sections describe these procedures in detail.

2  Materials and methods

2.1  Material and experimental setup

AISI 4140 steel (also known as 42CrMo4) is considered 
here as a material due to its widespread use in industry. 

The experimental setup used to turn the AISI 4140 steel 
is shown in Fig. 2. An AISI 4140 bar with a diameter of 
44 mm and a surface hardness of 35 HRC was positioned 
in a CNC turning machine (CMZ TC25Y) as shown in 
Fig. 2(a), and a dynamometer (Kistler 9257 A) was used 
to measure the experimental cutting forces during turn-
ing. A tool insert (CCMT120404-RP4 WPP20S) and a 
tool holder (SCLCR2020K12) were used as shown in 
Fig.  2(b). The parameters defining the tool geometry 
are summarised in Table 1. Turning was performed at a 
cutting speed of Vc = 200 m/min, at low values for the 
feed rate (f = 0.05 and 0.1 mm/rev) and depth of cut ap = 
0.2 mm. A cutting length of L = 20 mm was used. Before 
the cutting tests were carried out, a rough cut was con-
ducted with a depth of cut ap = 0.2  mm, cutting speed 
Vc = 100  m/min, and feed rate f = 0.05  mm/rev, with a 
new tool. All the residual stresses in the workpiece were 
removed by rough cutting in this way before the machin-
ing experiments. No lubrication was used in any of the 
cutting processes in this study. All three components of 
the experimental force (i.e. the feed force, FX(EXP), cut-
ting force, FY(EXP), and penetration force, FZ(EXP)) were 
measured during turning.

The clearance faces of a new insert before and after 
one cutting test are compared in Fig. 3. A very small wear 
zone of 30 μm can be observed in Fig. 3(b). This wear zone 
was considered when modelling the tool geometry in the 
ABAQUS simulation, as described in the next section. 
The machined surfaces were analysed via X-ray diffrac-
tion (XRD) to obtain the residual stress gradients, using an 
X-ray diffractometer (Proto). The parameters for the XRD 
measurements are given in Table 2.

Table 1  Tool geometry
Parameter Value
Edge length (mm) 12
Edge sharpness radius (mm) 0.06
Insert angle (°) 80
Insert tip radius (mm) 0.4

Fig. 2  (a) Experimental setup used for turning of the AISI 4140 steel; 
(b) zoomed view showing the insert and tool holder

 

Fig. 1  Modelling of the machined surface
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3  Simulations

After the experiments had been carried out, a 3D simula-
tion was conducted with MISULAB commercial software. 
The details of the simulation procedure are described in 

the article published by Dumas et al. [8]. The MISULAB 
simulation involved six steps, as shown in Fig. 4. The ther-
mophysical properties [16] of AISI 4140 steel used in the 
simulation are given in Table 3.

As a constitutive law for the workpiece material, the 
Johnson-Cook (JC) model was employed, and the relevant 
coefficients are given in Table 4. A carbide tool was used in 
this study. The properties of the tool material and the coef-
ficients of friction between the workpiece and tool surfaces 
are given in the paper by Dumas et al. [8].

In Step 1 of the MISULAB simulation, as shown in 
Fig. 4(a), we considered a series of 2D orthogonal cut sec-
tions (CSs) with a local uncut chip thickness of h = 0.01, 
0.03, 0.05, 0.07, and 0.09 mm.

In Step 2, as shown in Fig. 4(b), an ABAQUS simulation 
was conducted in order to obtain the 2D equivalent load-
ing. In their study, Dumas et al. [8] carried out a 2D ALE 
orthogonal cutting simulation. Recently, Aridhi et al. [17] 
showed that a 2D CEL orthogonal cutting simulation had a 
reduced preparation time and advantages in massive simu-
lation; in this work, a 2D CEL orthogonal cutting simula-
tion was therefore employed. The actual tool geometry after 
one cut was considered in the ABAQUS calculation. A wear 
zone of length 30 μm was added immediately after the edge 
radius of Rβ  = 60 μm, as shown in Fig. 5(d).

A friction model [17] for the turning of AISI4140 steel 
with an Al2O2/TiCN coated carbide tool was employed as 
expressed in Eq. (1):

µ = 2.12 Vs
−0.45� (1)

The friction coefficient, µ, is dependent on the sliding 
velocity, Vs. This friction model was applied to the contact 
between the tool and the workpiece.

Thermo-mechanical loadings were calculated for five 
uncut chip thicknesses (h = 0.01, 0.03, 0.05, 0.07, and 
0.09 mm), based on the heat flux density, HFL (W/mm2), 
tangential pressure, S12 (MPa), and normal pressure S22 
(MPa). Examples of the extractions of thermo-mechanical 
loadings (HFL, S22, S12) for h = 0.05 mm and their approx-
imations are shown in Fig.  6. In this coordinate system, 
the origin (Y = 0, Z = 0) is defined at the centre of the edge 
sharpness radius (shown by the red dotted circle). Extrac-
tion of loadings were made at the machined surface indi-
cated by the extraction line (white solid line). The shape of 
the extracted HFL is approximated as a polygon composed 
of four points in Fig. 6(a). The shapes of the extracted S22 
and S12 are approximated to triangles in Fig. 6(b) and (c).

Table 2  XRD parameters for the analysis of residual stress gradients in 
a turned surface of AISI 4140
Parameter Value
Diffraction condition Cr Kα radiation 

with 18 kV, 4 mA
Wavelength λ= 2.291 nm
-S1 (v/E) 1.237 × 10− 3 GPa− 1

S2/2 (1 + v)/E 5.709 × 10− 3 GPa− 1

Plan { h k l } { 2 1 1 }
Bragg angle 2θ = 156.08°
Beam size ø2 mm
Polishing strategy Electropolishing 

process

Table 3  Thermophysical properties of AISI 4140 steel [16]
Parameter Temperature (°C) Value
Thermal conductivity
(W/m/°C)

20 43.6
200 41.7
400 38.0
600 32.8

Specific heat
(J/kg/°C)

20 437
200 477
400 523
600 568

Density (kg / m3) 20 7,844
1,000 7,434

Young’s modulus
(MPa)

20 212,000
1,200 137,530

Thermal expansion coefficient
(/°C)

0 0
20 0
23 0.00001120
700 0.00001460

Poisson’s coefficient ( ) - 0.289

Table 4  Johnson-Cook model parameters for AISI 4140 steel [16]
A (MPa) B (MPa) n C ε̇0 m Tm (°C) To (°C)
598 768 0.209 0.0137 1 0.807 1520 25

Fig. 3  Optical images of the clearance faces of the tools: (a) an unused 
new tool, (b) a used tool with a wear zone (30 μm)
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Fig. 4  Schematic diagram of the MISULAB simulation (from Dumas et al. [8] Elsevier © with written permission)

 

1 3



Production Engineering

tool with a wear zone are higher than for the unused tool, 
as there is additional contact between the workpiece and the 
small wear zone.

In Step 3, as shown in Fig. 5(c), the macroscopic numeri-
cal cutting force, FY−TOT(NUM), and penetration force, 
FZ−TOT(NUM), were calculated in ABAQUS Explicit. These 
numerically calculated macroscopic forces may increase 
with the local cutting and penetration forces, FY and FZ. 
The experimental and numerically calculated values for the 
macroscopic forces for the two feeds (f = 0.05 and 0.1 mm/
rev) depending on the tool geometry are shown in Tables 5 
and 6, respectively.

In Step 4, as shown in Fig. 5(d), approximated 3D equiv-
alent loadings were applied to the round machined surfaces. 
A calibration step was required for these thermo-mechanical 
loadings to compensate for the inaccurate estimation from 
the 2D CEL numerical calculation with ABAQUS Explicit.

The local cutting and penetration forces, FY and FZ, for 
the two types of tool (unused and with a wear zone) are 
compared in Fig. 7. The local values of FY and FZ for the 

Fig. 7  Local forces for two tools (unused and with a wear zone): (A) cutting force, FY, and (b) penetration force, FZ

 

Fig. 6  Extractions of thermo-mechanical loadings with h = 0.05 mm and a tool with a wear zone of 30 μm, and approximations using (a) HFL, 
(b) S22, (c) S12

 

Fig. 5  Tool geometry: (a) a new, unused tool; (b) a tool with a wear 
zone of 30 μm

 

1 3



Production Engineering

For the smaller feed rate of f = 0.05 mm/rev, the results 
(as given in Table 5) were as follows:

	● The numerical cutting force, FTOT-Y, increased from 37 
to 43  N, and the numerical penetration force, FTOT-Z, 
increased from 35 to 56 N.

	● As a result, GFY decreased from 1.26 to 1.08, and GFZ 
decreased from 1.57 to 1.00.

	● Consequently, the calibrated maximum values for HFL, 
S22, S12 in the SYSWELD calculation decreased.

For the higher feed rate of f = 0.1  mm/rev (as given in 
Table  6), similar trends were seen in the macroscopic 
numerical forces, FY−TOT(NUM) and FZ−TOT(NUM), the values 
of GFY and GFZ, and the calibrated maximum values for 
HFL, S22 and S12. By considering this actual tool geom-
etry integration and adjusting the GFY and GFZ values, the 
calculated residual stress gradients are analysed in Sect. 4.2.

3.2  Effects of feed rate on thermomechanical 
loadings

In the 3D equivalent calibrated loadings, the cut sections 
are indicated. A comparison of Figs. 8 and 9 shows that the 
higher feed (f = 0.1 mm/rev) had greater cut section than the 
smaller feed (f = 0.05 mm/rev). However, the maximum val-
ues of HFL, S22, S12 for these two feeds are very close.

For the higher feed rate of f = 0.1 mm/rev, larger surface 
regions representing previous revolutions can be seen, indi-
cated as “rev(r − 1)”, Possible reasons for this geometrical 
difference in the 3D FEM between the two feeds (0.05 mm/
rev vs. 0.1 mm/rev) on residual stress gradients will be dis-
cussed in Sect. 4.2.

In Step 5, shown in Fig. 5(e), this compensation process 
was carried out. Based on the experimental values for the 
cutting force, FY(EXP), penetration force, FZ(EXP), measured 
in Sect. 2, the ratios GFY and GFZ, were defined as in given 
in Eq. (2):

GFY =
FY (EXP )

FY −TOT (NUM),
GFZ =

FZ(EXP )

FZ−TOT (NUM),
� (2)

Values of GFY and GFZ for the two feeds (f = 0.05 and 
0.1 mm/rev) are also given in Tables 5 and 6.

The 3D equivalent calibrated loadings for the two feeds 
(f = 0.05 and 0.1 mm/rev), i.e. HFL, S22, and S12, are shown 
in Fig. 8 (b–d) and Fig. 9(b–d).

The cut sections are also indicated. A comparison of 
Figs. 8 and 9 shows that the higher feed (f = 0.1 mm/rev) had 
a greater cut section than the smaller feed (f = 0.05 mm/rev).

The final step (Step 6), as shown in Fig. 5(e), was per-
formed using the SYSWELD (implicit) solver. It can be 
seen from Fig. 8(a) and Fig. 9(a) that two different 3D finite 
elements were generated, representing a physical surface 
machined with two values for the feed (f = 0.05 and 0.1 mm/
rev). The elements and mesh sizes are given in Table 6. The 
3D equivalent loadings were applied to each 3D finite ele-
ment. Eight revolutions were simulated in SYSWELD.

3.1  Effects of the small wear zone on macroscopic 
numerical forces and thermomechanical loadings

After integrating the wear zone of 30 μm in the tool geom-
etry into the ABAQUS calculation, the effects of the wear 
zone on the macroscopic numerical forces and thermome-
chanical loadings were analysed.

Table 5  Experimental and numerical forces for two tool geometries: values for GFY and GFZ and calibrated maximum thermomechanical values 
for a feed of f = 0.05 mm/rev
Tool geometry f = 0.05 mm/rev F(EXP)

(N)
F(NUM)
(N)

GFY GFZ Calibrated maximum values
(by multiplying GFY)
HFL
(MPa)

S22
(MPa)

S12
(MPa)

New tool (unused) FTOT−Y (cutting)
(N)

46 37 1.26 829 −756

Used tool (with a wear zone) FTOT−Y (cutting)
(N)

46 43 1.08 770 −569

Tool geometry f = 0.05 mm/rev F(EXP)
(N)

F(NUM)
(N)

GFY GFZ Calibrated maximum values
(by multiplyingGFZ)
HFL
(MPa)

S22
(MPa)

S12
(MPa)

New tool (unused) FTOT−Z (penetration)
(N)

56 35 1.57 −2,454

Used tool (with a wear zone) FTOT−Z (penetration)
(N)

56 56 1.00 −1,626

1 3



Production Engineering

Table 6  Experimental and numerical forces for two tool geometries: values for GFY and GFZ and calibrated maximum thermomechanical values 
for a feed of f = 0.05 mm/rev
Tool geometry f = 0.05 mm/rev F(EXP)

(N)
F(NUM)
(N)

GFY GFZ Calibrated maximum values
(by multiplying GFY)
HFL
(MPa)

S22
(MPa)

S12
(MPa)

New tool (unused) FTOT−Y (cutting)
(N)

69 60 1.13 736 −678

Used tool (with a wear zone) FTOT−Y (cutting)
(N)

69 65 1.05 741 −571

Tool geometry f = 0.01 mm/rev F(EXP)
(N)

F(NUM)
(N)

GFY GFZ Calibrated maximum values
(by multiplyingGFZ)
HFL
(MPa)

S22
(MPa)

S12
(MPa)

New tool (unused) FTOT−Z (penetration)
(N)

63 43 1.46 −2,231

Used tool (with a wear zone) FTOT−Z (penetration)
(N)

63 62 0.01 −1,624

Fig. 8  (a) 3D finite element model, (b) HFL, (cc) S22, (d) S12 for turning with a feed of f = 0.05 mm/rev and a tool with a wear zone
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stresses. The effects of the feed on residual stress profiles 
can be clearly seen, as the overall profile for the higher feed 
is broader; in other words, the affected depth for the higher 
feed of f = 0.1 mm/rev is greater than for f = 0.05 mm/rev. 
When the feed is increased from f = 0.05 to 0.1  mm/rev, 
higher tensile surface residual stresses are observed in both 
the feed and cutting directions in Fig. 10.

This observation is consistent with those of previous 
studies. Capello [18] reported that the surface residual 
stresses became more tensile as the feed increased from 
0.05 to 0.25 mm/rev in the turning of Fe370 steel. Sharman 
et al. [19] observed higher tensile residual stress as the feed 
was increased from 0.15 to 0.25 mm/rev for the turning of 
Inconel 718.

Regarding the feed rate in the cutting condition, we can 
use as a benchmark the machining conditions summarised 
in a review paper [20] on the turning of AISI 4340 steel 
(40NiCrMo7). A summary of the machining conditions is 
given, with the normal feed ranging from 0.1 to 0.3  mm/
rev. Among 20 references, only two papers adopted a feed of 

4  Results and discussion

4.1  Experimental results

The measured residual stress profiles in both the feed and 
cutting directions are presented in Fig.  10. A traditional 
hook shape is observed for all of the measured residual 

Table 7  Elements and mesh size for AISI 4140 turning simulation 
using SYSWELD (code given in [8])
Symbol Parameter Value
La AFTER element length (mm) 0.03
Ls CURRENT element length (mm) 0.03
Lb BEFORE element length (mm) 0.09
Ts Element thickness (mm) 0.01
T Mesh thickness (mm) 2
Ds Finite element depth (mm) 0.003
D1 Upper depth (mm) 0.25
D Total depth (mm) 1
Bd1 Upper bias 1.4
Bd2 Lower bias 1.6

Fig. 9  (a) 3D finite element model, (b) HFL, (c) S22, (d) S12 for turning with a feed of f = 0.1 mm/rev and a tool with a wear zone
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workpiece in SYSWELD simulation (Table 7), and (iv) the 
tool geometry, which was used in the ABAQUS simulation 
to consider the actual tool wear.

Of these parameters, we found that the residual stress 
gradient was very sensitive to a small wear zone in the tool 
in this 3D hybrid model. When the other parameters were 
varied, the residual stresses did not change significantly, 
with a variation within 50 MPa. We therefore present only 
the results for the change in the wear zone in the following 
section.

4.2.2  Comparison between experimentally measured and 
calculated residual stress gradients

4.2.2.1  Effect of actual tool geometry on calculation of 
residual stress gradients  In this section, measured (exp.) 
and calculated (cal.) results for the residual stresses are 
compared. Experimental and numerical residual stress gra-
dients for the two types of tool (unused and with a wear 
zone) are shown in Fig. 11. All of the residual stress gradi-
ents for the unused new tool in Fig. 8(a–d) were more com-
pressive than for the tool with a wear zone. As discussed 
in Sect. 3.1, the numerically calculated macroscopic forces, 
FTOT−Y and FTOT−Z, increased for the tool with a wear zone, 
and as a result, the corresponding GFY and GFZ values and 
thermomechanical loadings decreased.

The values of GFZ decreased from 1.57 to 1.00 for 
f = 0.05  mm/rev (Table  5) and from 1.41 to 1.01 for 
f = 0.1 mm/rev (Table 6). Consequently, significant decrease 
in normal pressure, S22 values can cause residual stress gra-
dients with a wear zone to be less compressive. Thus, the 
residual stress gradients for the tool with a wear zone are 
close to the experimentally measured values.

0.05 mm/rev to study the cutting force and surface roughness, 
and these two studies did not include the residual stress.

This study was carried out as a part of the CIRP surface 
conditioning project [21]. In this project, the reference con-
dition was fixed, with a feed f = 0.05 mm/rev, a cutting speed 
Vc = 200 m/min, and a depth of cut ap = 0.2 mm. Both our 
experimental data and the calculated values for the residual 
stress under this reference condition are novel, and contrib-
ute to the current knowledge of the turning of AISI 4140 
steel. In the next section, we present 3D residual stress pro-
file predictions for these cutting conditions, and describe the 
validation process.

4.2  3D hybrid residual stress model: prediction and 
validation

4.2.1  Sensitivity study of the input parameters for 3D 
hybrid residual stress modelling

As stated earlier, this study was done as a part of the CIRP 
surface conditioning project [21]. The same AISI 4140 
(42CrMo4) material and the same tool insert (CCMT120404-
RP4 WPP20S) were distributed to several sites to conduct 
turning, and the residual stress was measured at each site 
(internal round robin test).

At our site, this grade of AISI 4140 (42CrMo4) was new, 
because we used AISI 4140 steel (42CD4 grade, as specified 
by French standards). Several sensitivity studies were there-
fore conducted to explore the response of the residual stress 
gradient to the following input parameters: (i) the thermal 
physical properties (temperature dependent properties vs. 
constant properties), as given in Table 3; (ii) the coefficients 
(A, B, C, m, and n) of the constitutive Johnson-Cook model 
given in Table 4, (iii) the element and the mesh size for the 

Fig. 10  Experimental residual stress profiles in: (a) the feed direction, and (b) the cutting direction
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significantly different, as shown in Fig. 8(b–d) and Fig. 9(b–
d), thermomechanical history transfer [8] can occur in the 
larger regions of 0.1  mm at the higher feed than that of 
0.05 mm at lower feed. Thus, the larger regions at higher 
feed of 0.1 mm/rev can cause wider residual stress gradients 
than at the lower feed of 0.05 mm/rev.

4.2.2.3  Quantitative analysis of residual stress gradi-
ents  The calculated values for the residual stress gradients 
(for a new tool and a tool with a wear zone) and the mea-
sured values were analysed in terms of quantities such as the 
surface residual stress, σsurf, and the maximum compressive 
residual stress, σcomp, and its location, Dcomp. From Fig. 12, 
it can be seen that σsurf and σcomp can be predicted to within 
about 150 MPa, which can occur among experimental rep-

As shown in Fig. 11, good agreement between the mea-
sured and calculated residual stress gradients was seen 
thanks to our hybrid model approach. The overall shapes of 
the calculated residual stress profiles for the two machining 
conditions were very similar to the measured results for the 
residual stress.

4.2.2.2  Effect of feed rate on calculation of residual stress 
gradients  The residual stress in the cutting direction for 
a higher feed (f = 0.1  mm/rev), shown in Fig.  11(b), has 
broader profiles than for the lower feed (f = 0.05  mm/
rev), shown in Fig.  11(d). This may be due to the larger 
regions (0.05  mm/rev vs. 0.1  mm/rev, shown in Fig.  8(a) 
and Fig. 9(a)) representing previous revolutions, which are 
indicated as “rev(r − 1)”. Although the maximum numerical 
thermomechanical loading values for the two feeds are not 

Fig. 11  Experimental and numerical residual stress gradients for two types of tool (unused and with a wear zone) in the turning of AISI 4140 steel: 
(a, b) f = 0.05 mm/rev, in the feed and cutting directions, and (c, d) f = 0.1 mm/rev in the feed and cutting directions
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range of residual stresses found in the machining of AISI 
4140 steel. In their study, they used cutting speeds of Vc = 
50 and 100 m/min with uncut chip thicknesses of h = 0.05 
and 0.1  mm. For orthogonal cutting with a cutting speed 
of Vc = 100  m/min, and h = 0.05  mm, the residual stress 
gradients (both experimental and calculated values) exhib-
ited a tensile surface residual stress σsurf of about 400 MPa 
and a maximum compressive residual stress σcomp of about 
− 300  MPa. These residual stresses are somewhat higher 
than those observed in Fig. 12, but the overall shapes in the 
study in [13] were similar to those found in this study.

The residual stress gradients in our study can also be com-
pared to those reported for the turning of 15-5PH stainless 
steel in [8]. Although the machining conditions and mate-
rials for the two cases are different, the thermomechanical 
loadings and the corresponding residual stress quantities can 
be compared. In particular, the value of σcomp (from three 
sets of measurements and calculations) in the feed direction 
ranged from about − 400 to about − 600 MPa. On the other 
hand, in this study, the calculated value of σcomp, in the feed 
direction ranged from − 208 to − 233 MPa (Fig. 12). The 
difference in the values of the maximum normal stress, S22 
(− 1626 MPa in Fig. 8 vs. −3143 MPa in [8]) may explain 
this difference. Further comparative studies of different 
materials using this 3D hybrid model will contribute to a 
residual stress gradient database for industrial use.

4.2.4  Possible limitations of 3D hybrid residual stress 
modelling

The hybrid 3D residual model considered here employs a 
calibration procedure in which GFY and GFZ are applied to 
the thermomechanical loadings (Step 5 in Fig. 5). The val-
ues of GFY and GFZ can be found empirically by compar-
ing experimentally measured and calculated residual stress 
gradients, as described in Sect. 4.2.2. It was found that the 
values of GFY and GFZ that yielded best fits to the experi-
mentally measured residual stress gradients depended on 
the type of material and the machining parameters, such as 
the tool geometry and tool wear. For example, we can com-
pare the GFY and GFZ values for the turning of 15-5PH stain-
less steel and AISI4140 steel as follows:

	● For the machining (Vc = 120 m/min, f = 0.2 mm/rev) of 
15-5PH stainless steel with a new tool [8], gain values 
of GFY = 1.40 and GFZ = 1.68 were used.

	● For the machining (Vc = 200 m/min, f = 0.05 mm/rev) of 
AISI 4140 steel with a new tool in this study, gain values 
of GFY = 1.08 and GFZ = 1.00 were used.

When the calibration procedure for the reference cutting 
condition in this 3D hybrid residual stress model has been 
done, based on a simple turning test to measure the forces 

lications. The predictions for the higher feed rate seem to 
be more precise than for the lower rate. At the low feed of 
0.05 mm/rev, this 3D model tends to overestimate the resid-
ual stress. In the 3D FEM zone with a low feed of 0.05 mm/
rev in Fig. 8(a), the zone representing previous revolutions, 
marked “rev(r − 1)”, has a smaller feed size. A study of the 
input parameters, such as mesh size refinement at lower feed 
of f = 0.05 mm/rev, may improve the predictions of σsurf and 
σcomp. The location of the maximum compressive residual 
stress, Dcomp, could be predicted to within 10 μm.

4.2.3  Benchmarking to other residual stress data in 
residual stress modelings

Meurer et al. [13] studied the residual stress gradients 
using a 2D orthogonal cutting model of AISI4140 steel. 
Although it is hard to directly compare the residual stress 
data between 2D orthogonal cutting and 3D turning under 
different cutting conditions, it is valuable to benchmark the 

Fig. 12  Results of a quantitative analysis of the surface residual stress, 
σsurf, and the maximum compressive residual stress, σcomp: (a) f = 0.05 
mm/rev, (b) f = 0.1 mm/rev
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MISULAB. This will allow users in industry to predict the 
residual stress gradients from their machining processes 
more easily and promptly.

The 3D hybrid model for predicting residual stress gra-
dients can be adapted to consider other cases (processes, 
materials, tool wear/geometry, and coolant application), and 
this will form the subject of future work.
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supplementary material available at https://doi.org/10.1007/s11740-
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