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The aim of the present research was to study the residual stress variations induced by heat

treatment and rough milling operations of large forged steel blocks. The heat treatment

process includes quenching and tempering operations. An efficient strategy based on a size

sensitivity analysis (SSA) was proposed to reach the actual values of residual stresses in

large-size steel blocks by using small-size workpieces in laboratory scale without damaging

the blocks. The residual stresses were measured and compared after the first and second

tempering and the rough milling. A 3D finite element (FE) model was developed to predict

superficial residual stresses and was then calibrated experimentally. The results showed

that the residual stresses after the first and second tempering were highly compressive on

and near the surface. In addition, the resultants of the residual stresses after double

tempering processes were almost equal. Therefore, the second tempering could be omitted

from the manufacturing process. It was also found that both surface and sub-surface hoop

and radial residual stresses were highly tensile after the rough milling. Finally, the 3D FE

model can be used as a predictive tool to predict residual stresses for rough milling to avoid

conducting expensive, time-consuming experimentations and measurements.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Specialty steels are extensively used in critical components

such as turbine shafts, aircraft landing gears, dies and molds,

etc. [1]. Their manufacturing process often consists of casting

in large size ingots followed by open die forging, quenching,

tempering, and finally, machining [1,2], as shown in Fig. 1.

Quenching and tempering (Q&T) heat treatments are two
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important stages that result in significant microstructural

changes affecting the geometrical integrity and mechanical

properties of the final product [3].

The quenching process is applied after a forging operation

to strengthen the material and improve the blocks’ material

properties [4,5]. However, distortion and residual stresses are

produced due to cooling after the quenching process. The

tempering process is carried out to decrease the distortion and

residual stresses by heating thematerial [6]. The roughmilling
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process is conducted as an intermediate stage for these large

blocks before fine machining (finishing) or smooth polishing

to create custom parts using rotary cutters. Rough milling is

characterized by high temperature, large strain, and high

strain rate, and therefore, it induces distortion in the sub-

surface layer and affects the distribution of residual stresses

in the material, or at least in the subsurface layer. Hence, it is

important to quantify the impact of the rough milling process

on surface and subsurface residual stresses and optimize the

rough milling process to achieve minimum subsurface dam-

age and residual stresses.

Little data is available on the analysis of residual stresses in

Q&T steel blocks, and in particular, in large size ones. Deng

and Ju [7] examined the residual stresses after the quenching

and tempering heat treatments of small API J55 steel. The

comparison of residual stresses after quenching and

tempering showed that the tempering process relaxed the

residual stressed induced by the quenching process. Tong

et al. [8] investigated the residual stresses after induction

hardening and subsequent quenching and tempering of a

small shaft part made of AISI 4140H steel. The results showed

that the quenching-induced surface residual stress was

compressive. It was also found that the residual stress

decreased with increasing the tempering temperature.

Ding et al. [9] analyzed the evolution of the residual

stresses during tempering of short specimens made of 700 L

low-carbon micro-alloyed steel. They observed that after

tempering at 300 �C for 30 min, the residual stress decreased

from 487 MPa to 200 MPa, whereas after tempering at 600 �C
for 30 min, the residual stress diminished to 174 MPa. Bouissa

et al. [3] analyzed residual stresses after the water quenching

process of large size forged steel blocksmade of P20mold steel

using FEM. They found that the surface residual stresses were

highly compressive, while the residual stresses at the rest of

the block were tensile.

The residual stress distribution after milling operations

was measured in several research works. Guo et al. [10]

analyzed the residual stresses induced by the whirlwind

milling of AISI 52100 Steel. The results showed that high

compressive residual stresses were produced in steel speci-

mens. Masmiati and Sarhan [11] experimentally investigated

residual stresses in inclined end milling of AISI 1050 Steel.

They found that axial depth of cut and cutting speed had less

impact on the residual stresses. Ma et al. [12] measured the

peripheral residual stress after the end milling of AISI 4140

steel and investigated its correlation with thermo-

mechanical loads. They reported that the thermal load in

endmilling created tensile surface residual stresses, whereas

the mechanical load generated compressive surface residual

stresses.

Finite element method has been used as an efficient tool to

model machining processes and predict the residual stresses

in orthogonal cutting [13] and turning operations [14]. There

are some finite element (FE) studies that modeled a real
Fig. 1 e The manufacturing process of la
milling process in the 3D space by simulating a 2D orthogonal

cutting process [15e19] by transforming milling tool geometry

configuration to orthogonal cutting [20]. Only a small number

of works on 3D FE modeling of milling-induced residual

stresses was found in the literature. Jiang et al. [21] predicted

the residual stresses generated during high-speed circular

milling of AA 7050-T7451 using a 3D FE model in the Advan-

tEdge™ software and then experimentally validated the

simulated stresses. They reported that the distribution of re-

sidual stresses was affected by uncut chip thickness and the

cutting sequence (up or down milling). Feng et al. [22] devel-

oped a FEmodel to predict the residual stresses induced by the

milling of Inconel 718 using DEFORM® software. They found

that an increase in axial depth of cut hardened the workpiece

with larger compressive residual stresses, whereas an incre-

ment in feed rate raised the temperature in the shear zone,

which led to higher tensile residual stresses.

The above review of the literature shows that few studies

were carried out to obtain and compare the residual stresses in

small (lab-scale) workpieces after quenching-tempering pro-

cesses and subsequent milling operations. Despite the vast

applications of the milling process, no published research

analysis on the simulation of residual stresses induced by

rough milling processes was found. In addition, no strategy for

measuring the residual stresses in large-size components such

as large blockswas presented by the previous research studies.

In the present project, first, a new efficient strategy based

on a SSA was designed to capture the actual residual stresses

in large steel blocks by employing small-size workpieces in

laboratory scale without having to ruin the large blocks. This

was because the experimental measurements of the residual

stresses on the blocks after both quenching-tempering and

milling processes were impossible due to the large size and

high cost of the blocks. Then, the residual stresses induced by

the first and second tempering of the large blocks were

measured experimentally based on the SSA strategy. In

addition, the residual stresses induced by the dry rough

milling of the large blocks were measured experimentally

based on SSA and predicted numerically using finite element

method (FEM).
2. Materials and experimental methods

In the present study, the rough milling operations were car-

ried out on 127 mm� 127 mm� 25.4 mm (5 in� 5 in �1 in)

rectangular blocks. The samples were saw cut from large

forged blocks with the initial dimensions of 1071 mm� 1080

mm� 2705mm (42.15 in� 42:5 in� 106:5 in). Thematerial was

made of a medium carbon low alloy steel, similar in compo-

sition to a P20 grade, which was provided by Finkl Steel-Sorel,

as displayed in Fig. 2. After casting and forging operations, the

large steel block went through water quenching, and then,

one or two tempering operationswere performed in a gas fired
rge-size steels in Finkl Steel-Sorel.
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Fig. 2 e The large steel block used in the study.

Table 1 e Rough milling parameters.

Cutting speed
V ðm =minÞ

Feed rate
per insert
f ðmm =revÞ

Depth of
cut D ðmmÞ

159.2 1.319 2.54
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furnace. The heat treatment process began with the austeni-

tization below 900 �C for approximately 48 h. It was followed

by the quenching process in water. The heat treatment ended

with tempering at above 550 �C for around 48 h [3].

Roughmilling operations were carried out using TiAlN and

AlCrO coated tungsten carbide inserts (SDES1906MPR-IN4005).

A 177.8-mm (7-inÞ Face Mill 5G5M-70R10 was used as a tool-

holder (Fig. 3). The tool geometry includes Side Cutting Edge

Angle (SCEA) or Lead Angle, Bake Rake Angle (BRA), and Side

Rake Angle (SRA) equal to þ12�, þ10�, and þ5�, respectively.
The milling parameters are listed in Table 1.

To ensure that the experimental determination of the re-

sidual stresses is valid due to the large size of the blocks, a size

sensitivity analysis was carried out. In fact, for the size of a

rough milled sample, there can be a threshold value above

which the residual stresses do not approximately change with

the size, as shown in Fig. 4. Accordingly, the residual stresses

of the sample of this threshold size should be equal to those of

the large blocks. The samples’ shape and dimensions are

displayed in Fig. 5.

During the tempering process, an oxide layer always forms

at the sample's surfaces. In order to measure the residual

stresses in the samples (workpieces), the oxide layer should be

removed. As a result, the two samples after the 1st tempering
Fig. 3 e The milling toolholder and inserts [23].
and 2nd tempering were polishedwith a Silicon Carbide paper

using a Metaserv 2000 Polisher. It needs mentioning that the

polishing was conducted smoothly to avoid changing the re-

sidual stress distribution.

Residual stresses were measured based on X-Ray Diffrac-

tion (XRD) method using a Pulstec m-X360n machine, which

uses Debye-Scherrer ring image (based on a diffracted cone)

and cos a method [24] to measure and calculate residual

stresses (see Fig. 6(a)) [25,26]. The time required for

measuring each point is about 2 min using the Pulstec ma-

chine. Residual stresses were measured at three points and

then were averaged to reduce the impact of inhomogeneity in

the material or accidental damage on the measured surface

[27]. The X-ray diffraction constants and parameters are

given in Table 2.

Residual stress profilemeasurementswere conducted after

material removal with a Struers LectroPol-5 electro-polishing

machine (Fig. 6(b)). On a small (laboratory) scale, the saltwater

electrolyte was pumped onto a small area of the workpiece's
surface. A voltage of 32 V was then applied for a set time

determined based on the required removal depth. When

current was applied, the electrolyte acted as a conductor and

allowed the current to flow from the anode to the cathode.

Therefore, the workpiece surface was oxidized and dissolved

in the electrolyte solution [28]. Consequently, metal ions were

removed from the workpiece and moved into the cathode

according to Faraday's first law, which expressed that the

mass of the removed metal is proportional to the applied

current and the exposure time [29].

The depth of the removed material (P-profile) was

measured using a Mitutoyo SJ-400 profilometer (Fig. 6(c)). In

this contact-type instrument, the stylus' tip touches the

sample surface and measures the vertical positions of the

surface's points to obtain the removed depth [28].
Fig. 4 e Determination of the sample's threshold size using

the size sensitivity analysis.
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Fig. 5 e The samples' shape and dimensions for the SSA.
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3. Results and discussion

3.1. Size sensitivity analysis

Cubic blocks with the side dimensions of 127 mm (5 in) were

used for the size sensitivity analysis of residual stress mea-

surements. The measurements were done for four heights:

25.4, 50.8, 76.2, and 101.6 mm (1, 2, 3, and 4 in). The superficial

hoop and radial residual stresses weremeasured at the center

of the sample's surface. The variation of the residual stresses

with the sample's height is shown in Fig. 7. As seen in this

figure, the residual stresses remained almost constant with

the variation of the sample's height after a height of 25.4 mm,
Fig. 6 e (a) Residual stress measurements using a Pulstec m-X36

electropolishing machine, and (c) depth measurements of the r
showing that the residual stresses of the large blocks are equal

to those of the sample of 25.4-mm height.

3.2. Residual stresses after the first tempering

As seen in Fig. 8, the superficial hoop and radial residual

stresses were �548 and �345 MPa, respectively. In addition,

both hoop and radial residual stresses were compressive on

and near the surface, and then, increased to small tensile

values at the depth of around 44 mm and remained almost

constant after this depth. This profile showed the balancing

effect of the compressive and tensile residual stresses. It

was also observed that the hoop and radial residual stresses

were different only on the surface, whereas they showed
0n machine, (b) material removal with a Struers LectroPol-5

emoved material with a Mitutoyo SJ-400 profilometer.

https://doi.org/10.1016/j.jmrt.2023.03.044
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Table 2 e Constants and parameters for residual stress
measurements using a Pulstec machine.

Material P20 Steel (bcc) Voltage 30 kV

hkl plane {211} Current 1 mA

Bragg angle 156.41� X-Ray incidence angle 35�

D-spacing 0.117021 nm X-Ray irradiation time 30 s

Tube Cr_Ka Aperture 1 mm

Wavelength 0.2291 nm Working distance 39 mm

Fig. 7 e The variation of residual stresses with the

sample's height in hoop and radial directions.
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almost the same values and trends on the subsurface of the

sample.

It must be mentioned that the residual stresses measured

at this step were induced by both the quenching and

tempering processes (assuming that residual stresses induced

during forging were all released during the very long auste-

nitization treatment at about 900 �C). The compressive char-

acter of the residual stresses are attributed to the fact that the

intensive water quenching process generated a martensitic
Fig. 8 e Residual stress profiles in hoop and r
phase in the surface and near surface regions of the work-

piece, leading to high hardness and compressive residual

stresses, as also reported by other researchers [3,30].

3.3. Residual stresses after the second tempering

The hoop and radial residual stresses on the surface were

equal to �338 and �494 MPa, respectively, as displayed in

Fig. 9. Moreover, similar to the residual stresses after the first

tempering, both surface and near-surface hoop and radial

residual stresses were highly compressive, and then,

increased to small tensile or compressive values at a depth of

around 23 mm and almost did not change thereafter. It is also

seen that the hoop and radial residual stresses were different

only on the surface, while they exhibited almost similar

trends under the surface of the sample.

It is important to note that, after the second tempering, the

magnitudes of both hoop and radial residual stresses only

changed very slightly compared to the first tempering and

both residual stresses were still compressive and their

compressive resultants were almost equal. Therefore, it could

be concluded that the second tempering does not affect the

character and magnitude of the residual stresses.

3.4. Residual stresses after the rough milling

Fig. 10 displays the plots of the variation of the hoop and radial

residual stresses with the depth below the machined surface.

As observed in this figure, both surface and sub-surface hoop

and radial residual stresses were highly tensile and both were

equal to 620 MPa. Furthermore, both residual stresses showed

almost the same descending trend, where they diminished

from the surface to the depth of the sample. However, the

radial stress reached a stress level close to that of the bulk

material at a depth of 70 mm, which was earlier than the hoop

stress reaching the steady-state condition at 120 mm: It is also

observed that the magnitude and character of superficial re-

sidual stresses’ significantly changed from compressive (�494

MPa) after the second tempering process to tensile (þ622 MPa)

after the rough milling process. This demonstrated that the

rough milling process considerably affected the residual
adial directions after the first tempering.

https://doi.org/10.1016/j.jmrt.2023.03.044
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Fig. 9 e Residual stress profiles in hoop and radial directions after the second tempering.
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stresses. It is important to mention that the rough milling

process is followed by subsequent finishingmachining and/or

smooth polishing operations that remove 150e300 mm, lead-

ing to the removal of the 120-mm tensile layer. Therefore, the

residual stresses in the final products are always very small

(less than ±100 MPa).

In a rough milling process, high feed rate and depth of cut

cause large tool-chip contact area and frictional heat, leading

to high temperature and residual stresses. In contrast, high

feed rate and depth of cut augment material removal rate

(MRR, V� f � D), resulting in greater heat evacuation by the

chip from the workpiece, and therefore, smaller temperature

and residual stresses [24,31,32]. Therefore, in a milling pro-

cess, the magnitude of the residual stresses depends signifi-

cantly on the competition between these two phenomena

[32e34]. In the present milling process, which is a rough

milling with high values of feed rate and depth of cut, the first

mechanism appeared dominating the second one, yielding

tensile residual stresses. It needs mentioning that since the

surface was rather rough after the dry rough milling, the

standard deviation of the measured surface residual stresses
Fig. 10 e Residual stress profiles in hoop and
was relatively large at some points. This observation was in

agreement with that reported by Ref. [12].

3.5. 3D finite element modeling of the rough milling
process

In the present study, a 3D finite elementmodel was developed

to simulate the rough milling process of P20 Mold Steel using

the DEFORM® software. The large block before the rough

milling, the FE model to conduct the rough milling process,

and the large block after the rough milling are shown in

Fig. 11(a)e(c), respectively. The FE analysis is based on an

updated Lagrangian formulation and implicit integration

method.

The equations of motion during the rough milling process

are expressed as [35,36]:

½M�
n
€U
o
þfRintg¼fRextg (1)

where ½M� is the mass matrix, f €Ug is the acceleration vector

(fUg is the displacement), and fRintg and fRextg are the vectors
radial directions after the rough milling.

https://doi.org/10.1016/j.jmrt.2023.03.044
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Fig. 11 e (a) The large block before the rough milling, (b) the FE model to conduct the rough milling process, and (c) the large

block after the rough milling.

Table 3 e The constants for the Johnson-Cook
constitutive model for P20 mold steel [36e38].

A ðMPaÞ B ðMPaÞ n C m _ε0 ð1 =sÞ Tmelt ð�CÞ Troomð�CÞ
145 565.6 0.154 0.03 1.8 1 1480 20
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of internal and external forces, respectively. Moreover, fRintg
equals:

fRintg¼ ½Cd�f _Ug þ ½Ks�fUg (2)

in which ½Cd� and ½Ks� are the damping and stiffness matrices,

respectively. fRextg contains the external forces applied during

milling including the reaction forces at the supports.

Heat transfer during the milling process is formulated as

[35,36]:

½CT� f _Tgþ ½KT� fTg¼
n

_Qg

o
(3)

where ½CT� and ½KT� are the volumetric heat capacitance and

thermal conduction matrices, respectively. f _Qgg is also the

total heat generation in the milling process.

The thermal contact between the tool and workpiece was

assigned using the heat transfer through the tool-chip contact

faces during the milling process as follows:

Q ¼hint

�
Twp �Tt

�
(4)

where hint is heat transfer coefficient, Twp and Tt are the

workpiece and tool's temperature at the tool-chip interface. A

heat transfer coefficient of 105 W=m2�Cwas used formodeling

and an initial temperature of 20 �C (room temperature) was

considered for both tool and workpiece. It should be noted

that the heat transfer coefficient was obtained through cali-

bration when the steady-state condition for milling temper-

ature was reached. The high value was assigned because the

high pressure of the chip on the tool rake faces makes a per-

fect contact between the tool and chip. Another reason was to

quickly reach the steady-state condition so as to shorten the

milling simulation time and avoid excessive distortion of el-

ements. Finally, the convection heat transfer that occurs be-

tween the workpiece surface and the environment (room) is

described as:
Q ¼h
�
Twp �Troom

�
(5)

inwhich h is convection heat transfer coefficient, and Troomð�CÞ
is the room temperature.

The Johnson-Cook constitutive equation was used for

modeling thermo-visco-plastic deformation of the workpiece

material as follows:

sfl ¼
�
AþBðεÞn�

�
1þC ln

�
_ε

_ε0

�	�
1�

�
T� Troom

Tmelt � Troom

�m	
(6)

where sfl is the flow stress of the workpiece material, ε is the

plastic strain, _ε the plastic strain rate ðs�1Þ, _ε0 the reference

plastic strain rate ðs�1Þ, Tð�CÞ the workpiece temperature, and

Tmeltð�CÞ the melting temperature of the workpiece. Further-

more, A ðMPaÞ is the initial yield strength, B ðMPaÞ the hard-

ening modulus, C the strain rate sensitivity coefficient, n the

hardening coefficient, andm the thermal softening coefficient.

The Johnson-Cook constants for a steel with similar compo-

sition to the one used in the present study is given in Table 3.

The mechanical contact between the tool and the work-

piece was modeled using the shear friction model as follows:

t¼mftChip (7)

wheremf is the shear friction factor and tChip is the shear flow

stress in the chip at the tool-chip interface. The shear friction

model was calibrated by comparing and matching the

predicted residual stresses with the corresponding

measurements.

https://doi.org/10.1016/j.jmrt.2023.03.044
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Fig. 12 e (a) The geometry of the insert SDES1906MPR-IN4005 [39] and (b) the insert part created with the STEP format using

the Abaqus® software.

Table 4 e The mechanical, thermal, and material properties of the workpiece and tool [36e38].

Properties P20 Steel Tungsten Carbide TiAlN coating

Density rðkg =m3Þ 7850 11,900 5220

Young's modulus E ðGPaÞ E(T) 612 440

Poisson's ratio v 0.3 0.22 0.23

Thermal conductivity kðW =m�CÞ 418.68 [0.065 þ (0.10241e0.065)

(1.0033e11.095 � 10�4) (T - 273)]

86 12

Specific heat capacity cJ=kg�C 420 þ 0.504 T 337 15

Thermal expansion coefficient a ð1 =�CÞ a(T) 4.9 � 10�6 9.2 � 10�6
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For the developed FE model, the workpiece with a thermo-

elasto-visco-plastic behavior was meshed with 60,000 tetra-

hedral elements. Insert SDES1906MPR-IN4005 (Fig. 12(a)) was

first created with the STEP format in the Abaqus® software

(Fig. 12(b)) andwas then importedwith the STL format into the

DEFORM® software. The tool material was modeled as a rigid

body and was meshed with 35,000 tetrahedral elements. The

mechanical, thermal, and material properties of the carbide

insert and TiAlN coating were adapted from Ref. [38]. The

properties of AlCrO coating are not available in the literature.

According to the literature, the total coating thickness of

“TiAlN þ AlCrO” is 2 mm [40,41].

Since the coating thickness is very small, AlCrO coating can

be neglected in the simulations. Mesh windows were applied

to the workpiece and the tool in order to have a high-quality

fine mesh in the milled workpiece and the tool tip. The

workpiece and tool's material properties are provided in

Tables 4e6.

Residual stresses were obtained after applying two steps:

the roughmilling process and the stress relaxation process. In
Table 5 e Young's modulus in terms of temperature [38].

Temperature T (�C) Young's modulus EðGPaÞ
20 210

150 192

260 180

344 191

427 188

482 186

538 157

650 114

1371 69
the first step, milling was conducted to reach the steady-state

condition where milling characteristics including tempera-

ture remain almost constant with time. During the stress

relaxation step, the tool was retracted and the mechanical

boundary conditions (BCs) Vx ¼ Vy ¼ Vz ¼ 0 were removed

from the side faces of the workpiece in order to allow the

workpiece material to relax by cooling down to room tem-

perature. This cooling process was performed using a con-

vection heat transfer to the workpiece and the chip. The

mechanical and thermal boundary conditions for the milling

and the stress relaxation steps in the FE model are shown in

Fig. 13(a) and (b), respectively.

The modeling of cutting and residual stress steps took

about 22 and 6 h using a computer systemof Intel®Xeon®CPU

E3-1225 V5 with a CPU speed of 3.30 GHz and a memory RAM

of 64.0 GB. The variations of milling forces and temperature

with time during the cutting process were monitored and the

simulation runs were stopped when the steady state condi-

tions for the forces and temperature were reached. In
Table 6 e Thermal expansion coefficient in terms of
temperature [38].

Temperature T (�C) Thermal expansion
coefficient a ð1 =�CÞ

20 1.17 � 10�5

94 1.21 � 10�5

205 1.23 � 10�5

316 1.24 � 10�5

427 1.30 � 10�5

482 1.31 � 10�5

816 1.35 � 10�5

1371 1.39 � 10�5

https://doi.org/10.1016/j.jmrt.2023.03.044
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Fig. 13 e Thermal and mechanical boundary conditions in (a) the rough milling step and (b) the stress relaxation step.
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addition, the dimensions of the workpiece were chosen large

enough to be far from the boundaries of the workpiece in

order to eliminate the effects of the boundary conditions on

the cutting and residual stress processes.

3.6. Calibration of the 3D FE model with the experiment

Fig. 14 provides an illustrative example of the rough milling

process simulation results using the DEFORM® software. The

results show that themaximum cutting temperature occurred

at the chip root. The developed 3D FE model was calibrated by

comparing the predicted hoop and radial superficial residual

stresses with the corresponding experimental ones for the

parameters listed in Table 7. It needs mentioning that the

experimentally measured residual stresses after the 2nd
Fig. 14 e The predicted temperature in the rough milling

process simulated using the DEFORM® software.
tempering were applied to the FE model as the pre stresses in

the simulation of the rough milling process. Since the feed

rate and depth of cut had high values in the rough milling, it

was not possible to measure the machining forces due to

limitations in the capacity of the dynamometer.

Fig. 15(a) and (b) show the simulated residual stresses in

the hoop and radial directions. It needs mentioning that the

residual stresses were obtained by averaging the residual

stress values of the elements near the chip root. This is

because the stress values are not maintained by DEFORM®

software during simulations when the cutting is going on for a

large cutting length. This was also reported by the other

researchworks [42e45]. As displayed in Fig. 16, the percentage

error between themeasured and predicted residual stresses in

the hoop and radial directions are 11.8 and 1.3%, respectively.

This shows that there is good agreement between the pre-

dicted and measured residual stresses. The predicted and

measured residual stresses were well matched by exploring

different values of shear friction factor and heat transfer co-

efficient and choosing appropriate coefficients by calibrating

the simulation results with the experimentation ones. The

calibrated values are given in Table 8.

It needs to be mentioned that the errors originate from

making the following assumptions and simplifications [13]:
Table 7 e The milling parameters and tool geometry for
the calibration test.

V ðm =minÞ f ðmm =revÞ D ðmmÞ SCEA
(deg)

BRA
(deg)

SRA
(deg)

159.2 1.319 2.54 þ12 þ10 þ5

https://doi.org/10.1016/j.jmrt.2023.03.044
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Table 8 e The calibrated frictional and thermal
coefficients in the FE model.

Shear Friction Factor 0.35

Heat Transfer Coefficient ½kW =ðm2�CÞ� 105

Heat Convection Coefficient ½kW =ðm2�CÞ� 0.02

Fig. 16 e The comparison of the measured and predicted

residual stresses for the rough milling process.

Fig. 15 e The simulated residual stresses in (a) hoop and (b)

radial directions.
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From a geometrical viewpoint, for simplicity, only a portion

of the workpiece was modeled with a relatively short length.

However, this length was large enough to reach the steady-

state conditions during the cutting process. Moreover, the

friction coefficient in the experiments was a function of chip

sliding velocity, contact pressure, and contact temperature at

the tool-chip-workpiece interface, whereas this coefficient was

considered as a constant value in the simulations as it was not

easy to identify the variable friction coefficient experimentally.

Also, the thermal conductance at the tool-chip interfacewas in

terms of the gap, contact temperature, and contact pressure in

the experiments, while it was assumed to be a constant value

in the simulations for simplifications. Lastly, tool wear which

causes a change in the tool geometry was neglected during the

simulations, while it occurred in the experiments.

4. Summary and conclusions

In the present research study, the residual stress analysis of

large size forged steel blocks undergoing a manufacturing

process consisting of ingot casting, open die forging,

quenching, two tempering, and roughmilling was carried out.

An effective strategy based on a size sensitivity analysis was

applied to obtain the actual residual stresses in the large-size

steel blocks by using small-size workpieces without needing

for destructing the large blocks. The residual stress distribu-

tions were experimentally obtained and compared after the

first tempering, the second tempering, and the rough milling

processes. It was found that the surface and near-surface

hoop and radial residual stresses after the first and second

tempering were highly compressive. Moreover, the resultants

of the residual stresses after the two tempering were almost

the same. The experimental results also showed that both

hoop and radial residual stresses were highly tensile on and

near the surface after the rough milling process. It was

observed that the superficial residual stresses shifted from

large compressive values after the second tempering opera-

tion to large tensile values after the rough milling operation.

The tensile residual stresses produced as a result of the rough

milling process are present in a thickness of about 120 mm

below the surface and are expected to be eliminated by sub-

sequent finishing and smooth polishing processes. Further-

more, the superficial residual stresses were simulated using a

developed 3D finite element model in the DEFORM® software.

This FE model can be used in the machining industry to

simulate the residual stresses for differentmilling parameters

instead of doing a large number of costly, time-consuming

experimental milling tests and residual stress measurements.
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