DE GRUYTER

High Temperature Materials and Processes 2022; 41: 364-374

Research Article

Qian Bai*, Ziliang Chen, Yingming Gao, Hang Li, and Jingang Tang

Residual stress relaxation considering
microstructure evolution in heat treatment
of metallic thin-walled part

https://doi.org/10.1515/htmp-2022-0036
received February 16, 2022; accepted April 18, 2022

Abstract: The forming-induced residual stress of metallic
parts could cause undesired deformation in the final
machining process, especially for the thin-walled parts.
Therefore, heat treatment is essential to release the resi-
dual stress prior to machining. This study investigates the
residual stress change of a forged pure iron part in annealing
heat treatment and material removal processes. A modified
creep constitutive model with the consideration of micro-
structure evolution was established to describe the residual
stress relaxation in the annealing. Stress relaxation tests
were conducted to calibrate the material constants. This
constitutive model was then implemented into the finite
element model of annealing for the cold-forged semi-sphe-
rical shell. The residual stress and the grain size of the shell
were predicted at different heating temperatures. The semi-
spherical shells were machined to the final thin-walled
parts, and the deformation owing to the residual stress
release was measured and compared to the simulation
results. The heating temperature was determined aiming to
minimize the machining-induced deformation as well as to
ensure the microstructure. This study could provide gui-
dance to the elimination of the residual stress and the
improvement of the geometrical accuracy for thin-walled
parts in the machining process.
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1 Introduction

Thin-walled parts have great significance in reducing
weight and improving the performance of the compo-
nents. The forming processes of these thin-walled parts
mainly include casting, forging, welding, and additive
manufacturing, in which large residual stress could be
generated. In the subsequent machining process, the
release and redistribution of this residual stress, as one
of the main reasons for the part deformation owing to the
weak rigidity, deteriorates the geometrical accuracy of
the parts [1]. Therefore, the measures to eliminate the
forming-induced residual stress are essential prior to
machining.

Many methods have been developed to reduce the
forming-induced residual stress, such as heat treatment,
vibration aging, and cryogenic treatment, among which
annealing heat treatment is widely used for its advan-
tages of high efficiency and convenience. Since various
forming processes cause different residual stress distribu-
tions, the heat treatment parameters are normally deter-
mined by trial-and-error tests. Some researchers developed
empirical models to predict the stress change in the
annealing for the parts fabricated by shot peening [2,3],
additive manufacturing [4], and cutting [5]. However, it
was a lack of mechanism interpretation in these empirical
models. Classical creep models take into account the
effects of initial strain hardening of the parts and have
been applied to explain the residual stress relaxation in
the annealing for the parts fabricated by shot peening [6],
welding [7-9], coating [10], and cold-rolling [11]. In the
process of heat treatment, due to the initial strain harden-
ing and high-temperature conditions of the parts, recovery
and recrystallization may occur. However, the micro-
structure is supposed to maintain the optimal state,
accompanied by the residual stress relaxation after the
annealing heat treatment. Therefore, in order to deter-
mine the annealing parameters to achieve the required
microstructure and residual stress, it is necessary to
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develop a residual stress prediction modeling consid-
ering microstructure evolution in heat treatment.

Stress measurement is needed to verify the prediction
of the residual stress of a part. Normally, residual stress
can be measured by hole drilling method, ring core
method, and diffraction method. Among these methods,
the measurement accuracy of hole drilling is around
+50 MPa under ideal conditions [12]. The basic principle
of the ring core method is similar to that of the hole dril-
ling method, but the accuracy is usually higher than the
hole drilling method, which may reach the value of
+15MPa [13]. The X-ray diffraction (XRD) method is the
most commonly used method with a measurement accu-
racy of +20 MPa [14]. After heat treatment, the absolute
value of residual stress is small [15]. As a result, it is
difficult to measure the residual stress accurately by using
the aforementioned methods. The deformation of thin-
walled components after machining is usually caused by
the initial residual stress [16,17]. Therefore, the residual
stress with a small absolute value can be evaluated by using
the deformation of low-stiffness parts after machining.

In this article, a stress relaxation model considering
microstructure evolution was established to predict micro-
structure evolution and residual stress relaxation during
heat treatment. The residual stress after heat treatment
was evaluated by measuring the deformation of the parts
after material removal. The accuracy of the proposed stress
relaxation model was verified by comparing the micro-
structure prediction with the measured results.

2 Experimental procedures

The stress relaxation tests were conducted to study the
stress change at annealing temperatures. The initial strain
hardening affects the residual stress relaxation during the
heat treatment. As a result, the rolling process was carried
out to introduce different initial strain levels in the stress
relaxation test samples, as shown in Figure 1. Three pure
iron plates with a diameter of 180 mm and a height of
50 mm were cold-rolled to heights of 40, 30, and 20 mm,
respectively. These three cold-rolled plates had different
initial strains of 0.22, 0.51, and 0.91, respectively. Cylind-
rical samples (Figure 1(b)) were then obtained by wire
cutting and turning for the stress relaxation tests. The
initial grain size was 45 um.

In the proposed stress relaxation model in this article,
dislocation density was involved to describe the stress
change during annealing. The initial dislocation densities
of the rolled iron plates were measured using an Empyrean
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Figure 1: (a) Cold-rolled pure iron plates; (b) dimension of the stress
relaxation test samples.

XRD instrument with Co-target. Bragg diffraction angle
was 20-130°, and the angle step was 0.013°. The tube
current was 40 mA with a tube voltage of 40KkV. The
experimental data were analyzed using Jade. 5 software.
Initial dislocation density was calculated from the diffrac-
tion pattern (Figure 2) with the Williamson equation:
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where D is the crystallite size, and (¢2)!/? is the root-
mean-square of micro-strain. These two parameters can
be calculated as follows:
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Figure 2: XRD patterns of the samples with different initial strains.
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Table 1: Process parameters of heat treatment

Initial Heat treatment temperature  Holding time
strain T (°C) t (min)
0.22 650 0-360
700
800
0.51 650 0-240
700
800
0.91 650 0-120
700
800

where F is the full width at half maximum of peaks, 6 is
the Bragg angle, and A is the diffraction wavelength, and
for Co-Ka radiation, A = 1.78901 A.

The heat treatment experiments were carried out in a
furnace (SG-XQL1200, Shanghai Institute of Optics and
Fine Mechanics, Chinese Academy of Sciences, China).
In order to study the microstructure evolution during
the annealing, the grain size was observed after different
heating times and temperatures. Cubic samples were cut
from rolled plates with different initial strains. Subsequently,
heat treatment was performed as shown in Table 1. After
the heat treatment, the samples were polished and etched
in a solution of nitric acid (4mL) and C,HsOH (100 mL)
at ambient temperature for 30s. Optical microscopy
observations and Vickers hardness measurements were
carried out.

The stress relaxation experimental procedure included
three stages: heating stage, loading stage, and constant
strain stage. The temperature and load profiles in the
stress relaxation test are shown in Figure 3(a). In stage I,
the samples were heated to test temperatures (i.e., 500,
600, and 650°C) at a heating rate of 0.5°C-s™". In stage II,
the samples were held at the test temperatures for 5 min; in
the meantime, the load was increased at a loading speed of
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0.583 MPa-s . In stage III, a constant strain was held. With
the increased time, the stress was released. The stress
relaxation tests were conducted in a stress relaxation
testing machine of RDL-50, according to the GB/T 2039-2012
standard (Figure 3(b)).

Thin-walled pure iron spherical shell parts were fab-
ricated as shown in Figure 4. First, pure iron plates with a
diameter of 385 mm and a thickness of 23 mm were cold-
forged to obtain the semi-spherical shells, and the max-
imum load during the forging process was 170 tons
(Figure 4(a)). The thickness of the shell was 22 mm, and
the inner diameter was 236 mm (Figure 4(b)). Then, the
heat treatment annealing was conducted for the shells
with a temperature of 650°C and a holding time of 4 h.
Finally, the shells were machined by turning to fabricate
the final parts (Figure 4(c)). The final thickness of the part
was 2.4 mm, indicating the low stiffness feature of the
part.

3 Residual stress relaxation model

The residual stress in cold-forged parts is mainly produced
by uneven plastic deformation in the forging process.
As shown in equation (4), the total strain (&) consisting
of elastic strain (¢.), plastic strain (g,)), and creep strain
(&c) remains constant [18]. During the heat treatment pro-
cess, the residual elastic strain of the metal material
changes to creep strain, and thus, the residual stress gra-
dually decreases.

Etot=8e+£pl+gu (4)
. . do

e = —Ec = — . 5
¢ ¢ E-dt ©)

The creep strain rate &, can be calculated with the
classic power law creep model [19]:
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Figure 3: (a) Schematic of stress relaxation test procedures; (b) stress relaxation testing machine.
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Figure 4: (a) Cold-forging process; dimensions of (b) cold-forged semi-spherical shell; and (c) final part machined by turning.
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o

where 0 is the residual stress, 6 is the slip resistance of

dislocation, and &g is the critical strain rate, which can be

expressed as
&=A exp(—g),

RT @

where A is the material constant, Q is the activation
energy, R is the gas constant, and T is the heat treatment
temperature.

In equation (6), n is the material constant which is
dependent on the extent of plastic deformation [18]:

n = no(2 - exp(-Béiny)) 8

where ng and B are the material constants and ¢;; is the
initial strain.

The slip resistance of dislocation ¢ is expressed in
terms of the dislocation density p [19]:

& = MaGb.p , ©)

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 [20]:

).

where G, is a temperature-dependent constant, T is
the heat treatment temperature, and T,, is the melting
temperature.

During the process of stress relaxation, the evolution
of dislocation density is related to the initial hardening,
the recovery, and the static recrystallization. The varia-
tion of p in the process of creep at high temperatures is
described as equation (11) [21,22].

(10)

G = Go(l - o.mﬂ

m

p = kécp - k¢ PeXp(—E) - Igp! exp(—ﬁ)
¢ (11)
_ k4pX51'eX
1- Xsrex ’

where X« represents the volume fraction of recrystalli-
zation, and it can be calculated using Avrami model
[23,24]; ky, ks, m, ks, I, and k, are the material constants.

Generally, the Kkinetics of recrystallization is expressed
by the Avrami equation as follows:

k
t S
Xsrex =1- exp(—ﬂ(—) )’ (12)
tos
tos = a3d5’3£“3 exp(&), (13)
’ RT

where ty 5 is a characteristic time for recrystallization cor-
responding to X ..x = 0.5, dy is the initial grain size, € is
the initial strain, Qs is the activation energy of the recrys-
tallization, and R is the gas constant.

The recrystallized volume fraction, Xy, is calcu-
lated based on Vickers hardness measurements [25]:

_ HViitia - HV (D)

Xsrex = , (14)
e H V{nitial -H Vfinal

where HV,,;a is the initial hardness of compressed sam-
ples before heat treatment, HV(t) is the instantaneous
hardness after holding time ¢, and HVgy, is the hardness
after recrystallization.

Different initial strains and heat treatment conditions
have great effects on the microstructure evolution. Figure 5
shows the microstructure of pure iron samples with dif-
ferent initial strains after heat treatments. With the increase
in the heat treatment temperature and the initial strain, the
volume fraction of the crystallization was increased. It is
attributed to the fact that the stored strain energy generated
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Figure 5: Experimental data and fitted curves of volume fraction of
recrystallization (Xgex) at temperatures of (a) 923 K and (b) 973 K.

from cold-forging was the driving force for the recrystalliza-
tion, and the high temperature enhanced the velocity of
grain boundary migration to accelerate the recrystallization
process. Micro-hardnesses of these samples were measured
to calibrate the parameters in the Avrami model in equation
(12). The fitted parameters are shown in Table 2. The fitted
curves of the volume fraction of recrystallization are in good
agreement with the experimental data, which indicates that
the calibrated Avrami model was validated to predict the
microstructure evolution in the annealing heat treatment.
Based on the stress relaxation experimental results,
the fitted parameters of the stress relaxation model are
calibrated as shown in Table 3. The stress relaxation
experimental and fitted results are plotted in Figure 6.
The stress of the samples with different initial strains
decreases rapidly at a temperature between 873 and

Table 3: Fitted parameters in the stress relaxation model
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Table 2: Fitted parameters in the Avrami model
B (=) ks (=) as (-) hs (<) n3 (-) Q ()
1,250 1.78 5.8 x 1074 0.4 -2.15 125,000

963 K. Since the dislocation density in the material was
decreased during the annealing, the decreasing rate of
residual stress gradually slowed down until it finally
reached a relatively stable value.

Figure 6(a) shows the stress dropped to 49, 36, and
25MPa at 923K for the samples with the initial strain
of 0.22, 0.51, and 0.91, respectively. With a higher initial
strain, the residual stress is reduced faster due to more
mobile dislocations generated by the initial hardening.
In addition, the recrystallization occurred in the sam-
ples with the initial strain of 0.91 at 923K in Figure 5,
which eliminated the dislocations and accelerated the
stress drop.

Figure 6(b) shows the normalized stress change for
the samples with the initial strain of 0.22 at different
temperatures of 873, 923, 943, and 963 K, respectively.
It indicates that the relaxation behavior of the cold-rolled
samples had temperature sensitivity. For samples with
the initial strain of 0.22, the thermal activation at a lower
temperature was insufficient to start the stress relaxation
completely. By contrast, with the increase in the heating
temperature, the thermal activation was increased, which
led to a significant decrease in stress.

4 Finite element (FE) model of
forging, annealing, and material
removal processes

A three-dimensional FE model was developed using the
commercial software ABAQUS to predict the residual
stress and deformation of the thin-walled part in the cold-
forging, heat treatment, and material removal processes. The
FE model of the cold-forging process (Figure 7(a)) consisted
of rigid molds and a deformable blank. The element type
of the part was C3D8R with a size of 2mm x 2mm x 2 mm.

A(-) Q) no (-) B (-) ki (=)

k2 (-)

1.2x10° 444,500 9.3 0.39 1.2 x10°

0.04
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Figure 6: Experimental and fitted curves of the stress relaxation with (a) different initial strains; (b) different heat treatment temperatures.

The movement velocity of the upper mold was 12mm-s . In
this model, the material of the workpiece was assumed iso-
tropic, Poisson’s ratio was 0.34, and Young’s modulus was
calculated in equation (10). The residual stress and plastic
strain distribution in the semi-spherical shell were obtained
from the cold-forging FE analysis. Then, the annealing heat
treatment was simulated to predict the stress relaxation of the
cold-forged semi-spherical shell (Figure 7(b)). The proposed
stress relaxation model was implemented in the user-defined
subroutine CREEP. The heat treatment temperature in the FE
analysis was set at 500, 600, and 650°C, respectively. The
evolution of residual stress and grain size in the shell during
heat treatment was obtained. Finally, the material removal
process was simulated to obtain the final part by using the
element birth and death method (Figure 7(c)). The final resi-
dual stress distribution and the part deformation caused by

a; (MPa)

by
o

888885259

oo0000%00

a; (MPa)

S
oo

3R
oob

ARONEO®
o5 oooo

_________________________

the release of the residual stress were predicted and com-
pared with the experimental results.

5 Results and discussion

5.1 Residual stress distribution

The simulated residual stress distributions of the semi-
spherical shells after cold-forging and after annealing are
shown in Figure 8. After forging, the maximum principal
stress was compressive in the inner surface. From the inner
surface to the outer surface, the compressive residual stress
was increased to the maximum value of -335.8 MPa and
then transformed into tensile stress of 196.4 MPa.

200
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140
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Figure 7: FE model of (a) cold-forging, (b) annealing heat treatment, and (c) material removal processes.
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Figure 8: Residual stress distributions (a) after cold-forging, and afte

In general, the residual stress remaining in the work-
piece was due to the uneven elastoplastic deformation.
During the process of the cold-forging, the deformation
was mainly concentrated on the surfaces of the part, i.e.,
the inner surface was squeezed and the outside surface
was stretched. After forging, the elastic deformation remaining
on the surface had the trend of recovering to the original state.
However, the material inside the part hindered the
recovery of the material on the surface. As a result, the
stress at the inner surface was compressive, and the stress
at the outside surface was tensile. On the one hand, the
state of residual stress after heat treatment was the same
as that after cold-forging. With the increase in the
annealing temperature, the residual stress in the semi-
spherical shell decreased obviously (Figure 8(b—d)) and
reached a value between -20 and 20 MPa at 650°C.
Therefore, the influence of residual stress on the final
part deformation could be reduced.

5.2 Grain size distribution

Figure 9 shows the grain size distributions of the semi-
spherical shell at different annealing temperatures. The
initial grain size was 45 pm. As shown in Figure 9(a), with
an annealing temperature of 650°C, the recrystallization
occurred at the top of the semi-spherical shell, and thus,
the grain size was decreased to 33.7 pm. Little recrystalli-
zation occurred in most other areas. As shown in Figure 9(b),
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with an annealing temperature of 700°C, recrystallization
and grain growth occurred in a larger area. The largest grain
size reached 139 pm due to a higher temperature, which
resulted in an uneven distribution of the grain size in the
semi-spherical shell.

To verify the microstructure prediction results of the
cold-forging and heat treatment simulation, the experimental
and predicted results of grain size were analyzed. The simu-
lated grain size distribution of the semi-spherical shell after
650°C heat treatment is shown in Figure 10(a). Four areas in
the section were selected for microstructure observation. The
microstructure metallographic images of these areas after
heat treatment were obtained using Olympus metallographic
microscope, as shown in Figure 10(b). By comparing the

Grain size/pm

(Avg: 75%)
139.0
125.0

-
O

WABUNONN®OOS
WonoWwoUWwg

o
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Figure 9: Grain size distributions of the semi-spherical shell at
annealing temperatures of (a) 650°C and (b) 700°C.
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Figure 10: (a) Simulated results of grain size; (b) microstructure images and average grain size at 650°C.

results in Figure 10(a) and (b), the predicted grain size dis-
tribution of the stress relaxation model based on dislocation
density was validated.

5.3 Deformation of the final part

In this study, the thin-walled spherical shell was machined
to achieve the final part. The machining setup is shown in
Figure 11. The semi-spherical shell was mounted onto the
jaw chuck of a lathe machine. The machining process of
thin-walled parts was divided into three steps, i.e.,
roughing, semi-finishing, and finishing steps, respec-
tively. The machining parameters for these three steps
are shown in Table 4.

Since the very small residual stress was difficult to
measure using conventional method, the deformation
after material removal was measured to verify the predic-
tion results. The outer surface profile of the final part was
measured using a coordinate measuring machine. The

Figure 11: Machining setup of thin-walled parts.

Table 4: Machining parameters of thin-walled parts

Cutting speed Feed Cutting
(m-min7?Y) rate (mm-r'?)  depth (mm)
Roughing 120 0.15 0.5
Semi- 120 0.1 0.2
finishing
Finishing 100 0.06 0.1

measuring paths shown in Figure 12(a) were parallel to
the horizontal plane. The measured profile of the outer
surface in the Cartesian absolute coordinate system is
shown in Figure 12(c) and (d). It is found that the defor-
mation value of the final part without heat treatment was
larger than that with 650°C heat treatment. This phenom-
enon indicates that annealed part was not prone to
deform, which was caused by the residual stress relaxa-
tion during heat treatment.

In the FE simulation of the material removal process,
different residual stress distributions were obtained after
heat treatments for semi-spherical shells. Subsequently,
the material allowance was removed using the birth—
death element method, and the deformation of the final
part caused by the residual stress release was calculated.
The deformation along the radial direction is shown in
Figure 13. The deformation of the final part presents a
centrosymmetric distribution. The flange area shrunk
inward, while the other areas extended outward along
the radial direction.

Based on the developed FE model of forging, heat
treatment, and material removal processes, the effect of
annealing temperature on the residual stress-induced
deformation after machining was studied. The prediction
results of the deformation for the final parts were com-
pared with the measured results after different heat
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Figure 12: (a) Three-dimensional measurement path, (b) measurement setup, and the experimental measurement results (c) without and

(d) with 650°C heat treatment.

treatment temperatures, as shown in Figure 14. The pre-
diction results have a good agreement with the measured
deformation from the experiments. With the increase in
the heat treatment temperature, the deformation of the
final parts after machining was decreased, which is attrib-
uted to the residual stress relaxation during the annealing.
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0.031
0.021
0.011
0.000
-0.010
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The predictive error might be attributed to the residual
stress induced by machining, which led to a larger defor-
mation in the experiments.

With regard to the grain size distribution, the max-
imum grain size of the semi-spherical shell was around
63 pm when the heat treatment temperature was lower

(b)
(d)‘

Figure 13: Simulated results of the deformation for the final part with different heat treatments: (a) without heat treatment, (b) with 500°C,

(c) 600°C, and (d) 650°C heat treatment.
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Figure 14: Experimental and simulated results of deformation and grain size for final parts with different annealing temperatures.

than 650°C, but the grain size was increased rapidly to
140 pm at a heat treatment temperature of 700°C due to
grain growth, as shown in Figure 14. Therefore, the
annealing temperature of 650°C was determined to elim-
inate residual stress as well as to obtain a uniform grain
size distribution.

6 Conclusion

In this article, the residual stress change of a forged pure
iron part in annealing heat treatment and material removal
was investigated. A modified creep constitutive model
with the consideration of microstructure evolution was
established to describe the residual stress relaxation in
the annealing. The grain size after the heat treatment
was predicted and validated by the microstructure obser-

vation. The simulated deformation after machining had a

good agreement with the experimental results. The key

findings were summarized as follows:

1. The proposed stress relaxation model considered the
effect of initial strain hardening and microstructure
evolution, which could accurately predict the residual
stress change during heat treatment.

2. The residual stress was indirectly evaluated by mea-
suring the machining deformation of the thin-walled
parts, which can be used as an effective method for the
evaluation of the very low-level residual stress.

3. For pure iron thin-walled parts, the determined annealing
temperature is 650°C, at which the deformation of the
component was minimum and the grain size distribution
was uniform.

4. The proposed method for the determination of heat
treatment parameters could be applied to the thin-
walled parts with other materials such as aluminum
and titanium alloys.
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