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Abstract: In theprecisionmachiningof thin-walledplanar
components, the initial residual stress of the workpiece
could lead to subsequent deformation after machining,
which influences the geometrical accuracy of the final
parts. Generally, conventional methods, such as stress-
relief annealing and vibration stress relief, are imple-
mented to reduce the magnitude of the residual stress.
However, the distribution of the residual stress, which
is more significant to the machining accuracy for thin-
walled parts, is difficult to be adjusted in these methods.
This article proposes a novel method to control the stress
distribution and magnitude during the manufacturing
process and thus reduce themachining-induced deforma-
tion for the thin-walled planar part of pure copper. In this
method, symmetrical distribution of residual stress is
introduced by multi-pass rolling, quenching, stress-relief
annealing, and turnover turning. The stress field and
deformation of the part are predicted by finite element
modeling in the whole process. The part deformation after
machining is verifiedby the experiments. The results show
that comparedwith the traditional stress-relief annealing,
this novel method could reduce the part deformation after
machining and improve the geometrical accuracy for thin-
walled parts.

Keywords: thin-walled planar parts, residual stress, geo-
metrical accuracy, quenching, deformation prediction

1 Introduction

Weak stiffness thin-walled parts are important in redu-
cing the weight and improving the performance of com-
ponents, and are widely used in aviation, aerospace, and
other fields [1,2]. A thin-walled part has a diameter-to-
thickness ratio greater than 50. The manufacturing pro-
cesses of these thin-walled parts mainly include casting,
rolling, forging, welding, additive manufacturing, and
machining, in which high magnitude and unevenly dis-
tributed residual stress could be generated. Residual
stress is one of the main reasons for machining-induced
deformation and poor geometric accuracy of weak stiff-
ness thin-walled parts [3–5], which could lead to part
failure and production cost increase. Therefore, it is
very important to control the residual stress in terms of
the magnitude and the distribution in the manufacturing
processes of the thin-walled parts.

Many studies have been focused on the effect of resi-
dual stress magnitude on the machining-induced defor-
mation. Residual stress magnitude, that is, the absolute
value of residual stress, has a great influence on the part
deformation after machining. Masoudi et al. [6] found
that when the initial residual stress of an aluminum
thin-walled part was increased from −80 to 40MPa,
the machining-induced deformation was increased from
25.87 to 65.12 µm. Wang et al. [7] developed a finite ele-
ment (FE)model to predict the machining deformation of
thin-walled parts. Based on the simulation results, the
deformation after machining was increased from 170 to
530 µm when the initial residual stress was changed from
61 to 239MPa. Huang et al. [8] stated that the initial
residual stress and the machining-induced stress both
had contribution on the part deformation aftermachining,
and they found that for the three-frame monolithic beam
part, the deformation caused by the initial residual stress
accounted for 90% of the total deformation.

The residual stress distribution is also the key factor
for the machining-induced deformation. Gao et al. [9]
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conducted FE simulations for the thin-walled plate in
which the same residual stress magnitude was applied
ranging from −230 to 180MPa in different distributions.
The result showed that the part deformation with a sym-
metrical distribution was reduced by 66.7% compared to
that with an asymmetrical distribution. Cerutti et al. [10]
stated that by changing the residual stress distribution of
an aluminum part to a symmetrical manner, the part
deformation after machining was decreased by 84.5%.
Wu [11] found that with the asymmetrical and symme-
trical stress distribution for thin-walled plate parts, the
machining-induced deformation was 1 and 0.02 mm,
respectively, which indicated that symmetrical stress
distribution in the thickness direction was beneficial to
the improvement of the geometrical accuracy for the
thin-walled plate parts.

There are many stress-relief methods, which can
effectively reduce the residual stress magnitude of the
workpiece, such as mechanical stretching method [12],
vibration stress relief [13,14], cryogenic treatment [15],
and stress relief annealing [16,17]. In these methods, dif-
ferent types of external loads or energies are used to
promote elastic strain inside the part into a stable plastic
strain, so that the residual stress in the part is reduced
[18]. Yoshihara and Hino [19] investigated the effect of
different mechanical tensile plastic deformations on the
elimination of residual stress in 7075-T6 aluminum bars
and found that the residual stresses in the workpiece
were decreased with the increase in tensile deformation.
Robinson et al. [20]used themechanical stretchingmethod
to eliminate residual stresses inside 7749 aluminum alloy
material and found that the residual stress was reduced by
90% when the tensile plastic deformation was 2%. Walker
etal. [21] reduced the residual stressof rolled low-alloy steel

by 40% with the aid of vibration stress relief. Li et al. [22]
used vibration stress relief to reduce the residual stress
of DH36 steel welded members by 29–72%. Tanner and
Robinson [23] performed a 12-h thermal aging treatment
on aluminum alloy 2014 forgings and reduced the internal
residual stress of the parts by 29.5%. These studies are
mainly focused on different methods and the processing
parameter determination to reduce the magnitude of the
residual stress. However, the distribution of the residual
stress,which ismore significant to themachiningaccuracy,
is difficult to be adjusted by these methods.

Traditional forming processes of pure copper plates
includemulti-pass rolling, annealing, and turnover turning.
However, after the traditional formingprocessofpurecopper
plates, the residual stress distribution had a great effect on
the machining-induced part deformation and thus the geo-
metrical accuracy.

This article proposes a novel method to control the
symmetrical distribution of the residual stress during the
manufacturing process and thus reduce the machining-
induced deformation for thin-walled planar parts of pure
copper. In this method, as shown in Figure 1, multi-pass
rolling is utilized to ensure the symmetrical stress distri-
butionof the rolledpart. Then, the symmetrical quenching
stress distribution is introduced by the quenching for the
rolled part. The stress-relief annealing is conducted to
reduce the stress magnitude. Finally, the turnover turning
realizes the symmetrical material removal and achieves
the symmetrical distributed machining-induced residual
stress. The stress field and deformation of the part are
predicted by FE modeling in the whole process. The part
deformation after machining is verified by the experi-
ments. This newmethod to reduce themachining-induced
part deformation by introducing symmetrical residual

Figure 1: Schematic of symmetrical stress control process.
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stresses could be applied to plane plate workpieces with
other materials.

2 Experimental procedure of the
symmetrical stress control
process

In the proposed stress control experiment, the initial
dimension of the pure copper plate was ϕ100mm ×
25mm (Figure 2(a)). A double-roll synchronousmill (GZ200)
with a roll diameter of 240mm and a width of 320mm was
used (Figure 2(b)). Since the boundary conditions of the
upper and the lower rollers were different, 15 passes were
utilized in the multi-pass rolling process to ensure the sym-
metrical stress distribution of the rolled part, and the thick-
ness reduction in each pass is shown in Table 1. The
angular speed of the upper and the lower rollers was
set to 0.2338 rad·s−1. After each pass, the rolled part was
turned over and rotated 45° (Figure 2(c)). The operation
was repeated until the rolled part with a dimension of
ϕ220 mm × 5 mm was obtained, as shown in Figure 2(c)
and (d).

After the rolling, the quenching experiment of the
rolled part was conducted to introduce the symmetrical
stress distribution. The rolled part was heated to 400°C in
a vacuum heat treatment furnace (ZKKSL-1400X). Then,
the part was dropped into a water tank along the radial

direction of the plate, which generated a symmetrical
stress distribution with a high magnitude in the thickness
direction. Then, stress-relief annealing was conducted at
a temperature of 400°C for 8 h to reduce the quenching-
induced residual stress.

The rolled part was first machined by turning to a
diameter of 200 mm. Then, the turnover turning experi-
ment was conducted to realize the symmetrical mate-
rial removal and achieve the symmetrical distributed
machining-induced residual stress. A CKA6140 CNC
lathe was used, and the tool material is carbide. Wax was
utilized to adhere the thin-walled part to the clamping tool
(Figure 3(a)). A spot-stick method is used to ensure the
symmetrical material removal. Turning parameters are
listed in Table 2. The final dimension of the thin-walled
part after turning was ϕ200 mm × 3.5 mm (Figure 3(b)).

After heat treatment, normally the absolute value of
residual stress is lower than 30MPa [24]. The X-ray dif-
fraction (XRD)method is the most commonly usedmethod
with a measurement accuracy of ±20MPa [25], which is
not capable of accurately measuring the residual stress
with a small absolute value. Therefore, the part deforma-
tion after the turning was used to evaluate the stress in the
thin-walled parts.

The part deformation was measured by the coordi-
nate measuring machine (CMM, PRISMO1202022). The
CMM scanning path is shown in Figure 3(b). The diameter
of the scanning path ranged from 10 to 190mm and gra-
dually increased by 10mm in turn. In each circle, coordi-
nates of 200 locations were collected.

Figure 2: Multi-pass rolling experiment: (a) initial plate of the pure copper, (b) double-roll synchronous mill, (c) rolled part, and
(d) schematic of the 15-pass rolling process.
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3 Analysis of residual stress in the
whole process

In order to study the evolution of the residual stress in
the proposed symmetrical stress control process, an FE
model of the rolling, quenching, annealing, and turning
process for thin-walled parts was established by the soft-
ware ABAQUS. The data of the geometry, the stress, the
strain, and the temperature field of the part were trans-
ferred to the subsequent steps.

3.1 Multi-pass rolling

An FE model of the multi-pass rolling was established, as
shown in Figure 4. The material properties of pure copper
defined in the FE model are listed in Table 3. The rollers
were considered as rigid bodies. C3D8R hexahedral ele-
ment was defined for the workpiece and the rollers. Two
explicit kinetic analysis steps were set. The workpiece
was first pushed into the rollers at a speed of 200mm·s−1,
and then, it was rolled by the rollers with an angular speed
of 0.2338 rad·s−1 according to the experiment.

A high-temperature elastoplastic constitutive model,
describing the relationship between flow stress, tempera-
ture, and strain rate, was used for the evaluation of resi-
dual stress changes by using the subroutine UHARD in
ABAQUS. The model was in an Arrhenius type [26], and
the material constants were fitted based on the hot com-
pression test results in ref. [27]:
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where ε̇ is the strain rate; Q is the activation energy; T is
the temperature; R is the gas constant; σ is the flow stress;
and A, n, and α are the constitutive constants. The fitted
material constants are shown in Table 4.

After 15-pass rolling, the residual stress distribution
on the top surface of the part in the planar direction is
shown in Figure 5(a). It is found that the residual stress
was nonuniformly distributed due to the local plastic
deformation of the material in the rolling. Tensile stress
existed in the surface of the part with a magnitude of up
to 240MPa. Eight locations of the part were chosen in two
radial directions as shown in Figure 5(a). The residual

Table 1: Rolling thickness reduction in each pass

Pass 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Thickness reduction (mm) 2 2 2 2 2 2 2 1 1 1 1 0.5 0.5 0.5 0.5

Figure 3: (a) Experimental setup of turning and (b) CMM path in the final part with a diameter of 200mm and a thickness of 3.5 mm.

Table 2: Turning parameters

Cutting speed (m·min−1) Feed (mm·r−1) Cutting depth (mm)

Semi-finishing 160 0.12 0.2
Finishing 160 0.06–0.08 0.05–0.1
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stress distributions in the thickness direction of these
locations are shown in Figure 5(b). After the multi-rolling
process, a symmetrical trend of residual stress distribu-
tion was achieved in the thickness direction of the part.
However, in some locations, as shown in the dashed

frames in Figure 5(b), asymmetrical residual stress dis-
tribution existed due to the uneven plastic deformation in
the rolling process.

3.2 Quenching process

Quenching can introduce a symmetrical stress distribu-
tion in a plate. Wang et al. [28] and Chobaut et al. [29]
proposed a model for calculating quenching residual
stresses as follows:

Figure 4: (a) FE model of multi-pass rolling: (b) before rolling, (c) during rolling, and (d) after rolling.

Table 3: Material properties

Density (kg·m−3) Linear expansion coefficient Poisson’s ratio Young’s modulus (GPa)

8,900 1.77 × 10−5 0.34 119

Table 4: Fitted material constants

Q R A N α

114,965 8.314 1.598 × 109 27.952 0.00398

Figure 5: (a) Residual stress distribution in the planar direction on top surface and (b) residual stress distribution in the thickness direction
for the typical locations in (a).
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where σxx and σyy are the stress in the X and Y directions
of the plate, α is the coefficient of thermal expansion, E is
the elastic modulus, and ν is Poisson’s ratio, ΔT = T1 − T2,
where T1 is the initial temperature and T2 is the final
temperature; h is the height from the center; P1 = π2k/
(ρch2), where k is the thermal conductivity, ρ is the den-
sity of the material, c is the specific heat capacity, and t is
the heat dissipation time. Based on equation (2), it is
found that residual stresses caused by quenching were
symmetric in thickness.

In order to control the residual stress to a symme-
trical distribution, quenching was conducted to generate
a large symmetrical residual stress in the rolled part. The
residual stresses of the rolled part in Figure 5 were used
as initial stress condition for the quenching process. The
rolled part was then heated to 400°C (Figure 6(a)) and
dropped from a height of 150mm into the water of 20°C in
thepart radial directionby free-fall. During thequenching, the
temperature of the part was decreased quickly (Figure 6(b)
and (c)), which introduced a large symmetrical residual
stress in the thickness direction. This thermal-induced
residual stress was superimposed to the residual stress
generated by the rolling, leading to a symmetrical stress
distribution with a high magnitude after quenching. The

quenching process was considered to be completed when
the temperature difference in the part was less than 1°C
(Figure 6(d)). Since the outside temperature of the work-
piece drops quickly and the inside temperature drops
slowly, the phenomenon of “symmetric temperature field”
appears. However, the temperature difference of the work-
piece is 0.3°C, and the overall temperaturefieldof thework-
piece is considered to be consistent.

The results of the residual stress distribution in the
thickness direction of the quenched part are obtained in
Figure 7. After the quenching process, the residual stress
was symmetrical in the thickness direction.

Upon comparing Figure 7 with Figure 5, this stress
distribution after quenching was totally different from
that after rolling. The surface residual stress was com-
pressive, and the internal residual stress was tensile
due to the cooling histories at different locations. Due
to the stress superposition, the magnitude of the residual
stress was reduced to a value of around 100MPa.

3.3 Stress-relief annealing process

The stress-relief annealing of 400°C was conducted to
reduce the quenching-induced residual stress magni-
tude. A stress relaxation model was used to predict the

Figure 6: Changes in temperature field during quenching cooling: (a) before cooling, (b) and (c) during cooling, and (d) after cooling.
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stress evolution in theannealingprocess,which is expressed
as follows [30]:

⎛
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,
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c 0 (3)

where ε̇c is the creep strain rate, σ is the residual stress, σ̂
is the slip resistance of dislocation, n is the material con-
stant, and ε̇0 is the critical strain rate, which can be
expressed as follows:
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where A is the material constant, Q is the activation
energy, R is the gas constant, and T is the annealing
temperature.

In equation (4), n is the material constant, which is
dependent on the extent of plastic deformation [31]:

( ( ))= − −n n Bε2 exp ,0 ini (5)

where n0 and B are the material constants, and εini is the
initial strain.

The slip resistance of dislocation σ̂ is expressed in
terms of the dislocation density ρ [30]:

=σ MαGb ρˆ , (6)

where M is the average Taylor factor, b is the Burgers
vector, and the shear modulus G is dependent on the
temperature and can be written as follows [32]:
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where G0 is a temperature-dependent constant, and Tm is
the melting temperature.

The dislocation density, considering initial hardening,
annealing temperature, and annealing time, is described
as follows [33,34]:
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where Xsrex represents the volume fraction of recrystalli-
zation, and k1, k2, m, k3, l, and k4 are the material
constants.

The volume fraction of recrystallization Xsrex is
expressed by the Avrami equation as follows [35,36]:
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where t0.5 is a characteristic time for recrystallization cor-
responding to =X 0. 5srex , d0 is the initial grain size, ε is
the initial strain,Q3 is the activation energy of the recrys-
tallization, and R is the gas constant. Based on the pre-
vious studies [24,37], the fitted parameters in the stress
relaxation model are listed in Table 5.

The fitted stress relaxation model was implemented
into CREEP subroutine in ABAQUS. The stress field after
quenching was transferred into the FE model of the
annealing process as the initial stress. The heating tem-
perature was defined as 400°C, and the heating time was
8 h. After stress-relief annealing, the residual stress mag-
nitude was reduced to a level of 30 MPa, as shown in
Figure 8, which is a 70% decrease compared to the
quenching-induced stress. The symmetrical residual stress
distribution generated by quenching was also maintained.
Therefore, a small magnitude and highly symmetrical
distribution of residual stress was obtained in the thick-
ness direction by the proposed method for the thin-
walled part.

Figure 7: Symmetrical stress distribution in the thickness direction after quenching.
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3.4 Turning-induced deformation prediction

After annealing, the absolute value of residual stress in
the part was lower than 30MPa. It is difficult to measure a
low-stress value by XRD or hole drilling methods. The
asymmetric distribution and high amplitude of residual
stresses increase the amount of the part deformation.
Therefore, the part deformation after the turning was
used to evaluate the effect of residual stress control in
the thin-walled parts [37].

In order to consider the residual stress induced by
turning, the surface residual stress after turning was
measured by electronic speckle pattern interferometry

(ESPI) (Figure 9(a)). A micro-milling cutter (TSC-EM2R)
with a diameter of 0.8 mm was selected for drilling, and
the cutting speed was 100,000 rpm. The total measured
depth was 100 µm with an interval of 10 µm. The residual
stresses in the cutting and the feed direction are shown in
Figure 9(b). The residual stress in the machined surface
was tensile, and it was changed to be compressive with
the increase in the depth. In the FE model for turning-
induced deformation prediction, the turning-induced resi-
dual stress was superimposed to the residual stress field
of the annealed part by the mapping method [35]. Sub-
sequently, the material allowance was removed by using
the birth–death element method to obtain a final part of

Table 5: Fitted parameters in the stress relaxation model

β ks a3 h3 n3 Q3

0.01 1.9 5 10−11
×

1.65 −3 108,000

A Q n0 B k1 k2 m k3 l k4

1 102
×

45,800 2.55 0.55 1.1 106
× 4 103

×
0.6 8 10−16

×
2 0.6

Figure 8: Symmetrical stress distribution in the thickness direction after stress-relief annealing.

Figure 9: (a) ESPI setup for the residual stress measurement and (b)measured results of residual stresses in the cutting and feed directions.
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ϕ200mm × 3.5mm. The deformation of the final part
caused by the material removal and residual stress release
was calculated and verified by experimental results.

The machining-induced deformation results from the
experiment and simulation were compared as shown in
Figure 10. The predicted deformation had a good agree-
ment with that from the experiment. The maximum error
of the part deformation was 8 µm between the predicted
and measured results, which could verify the accuracy of
the FE model for stress control process.

The deformation of thin-walled parts by using the
proposedmethodand the traditional stress-relief annealing
method was compared as shown in Figure 11. The simula-
tion results show that the machining-induced deformation

by using the proposed method and the traditional
annealing method was about 33 and 108 µm, respec-
tively (Figure 11(a) and (b)). The experimental results
by using these two methods were 27.5 and 89.0 µm,
respectively, as shown in Figure 11(c) and (d). The
prediction error of the part deformation was less than
21%. Since the diameter is 200 mm, the sub-millimeter
level of part deformation was considered to be accu-
rate and could be used to predict the residual stresses
and the part deformation. Furthermore, by using the
proposed method, the part deformation after machining
was reduced by 67% compared with that using the tradi-
tional annealing. Therefore, it was verified that the pro-
posed method could achieve the symmetrical distribution
and low-magnitude residual stress in the thickness direc-
tion of parts, which is beneficial to the improvement of the
machining geometrical accuracy for thin-walled parts.

4 Conclusions

This article proposes a novel method to control the stress
distribution and magnitude during the manufacturing
process and thus reduce the machining-induced defor-
mation for the thin-walled planar part of pure copper.
The main conclusions are as follows:

Figure 10: Comparison between simulation and experimental results
of part deformation.

Figure 11: Part deformation by using the proposed method based on (a) simulation, (c) experimental measurement, and by using the
traditional stress-relief annealing method based on (b) simulation and (d) experimental measurement.
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(1) Symmetrical distribution of residual stress was intro-
duced by multi-pass rolling, quenching, stress-relief
annealing, and turnover turning.

(2) The FE model of the stress control process was devel-
oped to predict the residual stress evolution and the
deformation after machining. The prediction error of
the part deformation was less than 21%.

(3) The simulation and experimental results show that
compared with the traditional stress-relief annealing,
the proposed method could reduce the part deforma-
tion by 67% after machining. A small deformation of
27.5 µm was achieved for the thin-walled part with a
diameter of 200mm and a thickness of 3.5 mm.

(4) The proposed method achieved the symmetrical dis-
tribution and low-magnitude residual stress in the
thickness direction of parts, which could be applied
to the thin-walled parts with other materials such as
aluminum and titanium alloys.
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