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Abstract

In this study, double-pass hot compression tests were conducted to systematically inves-
tigate the effects of hot deformation parameters on the static recrystallization (SRX) be-
havior of SA-508M Gr.3 steel used for nuclear reactor pressure vessels. The deformation
temperatures were set to 950, 1050, and 1150 °C, with strain rates of 0.01, 0.1, and 1 s™. The
first-pass strains were 0.05, 0.10, and 0.15; the inter-pass time was fixed at 60 s; and the
second-pass strain was maintained at 0.05. Based on the experimental data, a kinetic
model describing SRX softening behavior was established. The activation energy for SRX
was determined to be 81.45 k]-mol, and the Avrami exponent was 0.5742. The character-
istic time for 50% recrystallization (tos) was quantified under different deformation con-
ditions. In addition, the microstructural evolution of SRX after double-pass hot compres-
sion was characterized using electron backscatter diffraction (EBSD). The results show
that increasing the deformation temperature and strain rate leads to opposite trends in the
flow stress during double-pass deformation, with the flow stress decreasing with temper-
ature and increasing with strain rate. Meanwhile, inter-pass static softening is enhanced,
resulting in a pronounced stress drop during the second pass. An increase in the first-pass
strain further intensifies the stress drop and enhances the extent of SRX. EBSD analysis
reveals consistent microstructural evolution: with increasing deformation temperature,
strain rate, and the first-pass strain, the misorientation distribution shifts from low-angle
grain boundaries (LAGBs) to high-angle grain boundaries (HAGBs), indicating an in-
creased degree of SRX. These findings provide a theoretical basis and experimental sup-
port for process parameter optimization and engineering applications of SA-508M Gr.3
steel.

Keywords: SA-508M Gr.3 steel; static recrystallization (SRX) behavior; microstructure
evolution; double-pass hot compression

1. Introduction

SA-508M Gr.3 steel is widely used in critical components such as nuclear reactor
pressure vessels due to its excellent strength and toughness [1]. SA-508/SA-508M Grade 3
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(including modified variants reported as SA-508M Gr.3) is specified for quenched-and-
tempered vacuum-treated pressure vessel forgings in relevant codes and standards [2].
With the continuous development of nuclear power infrastructure at home and abroad,
understanding the hot-deformation behavior and inter-pass static recrystallization of re-
actor pressure vessel steels, such as SA-508M Gr.3, is of increasing industrial significance.
Its service safety and reliability impose stringent requirements on material microstruc-
tural uniformity [3,4]. SA-508M Gr.3 steel typically undergoes multi-pass deformation
during hot working processes, thereby triggering the static recrystallization (SRX) soften-
ing mechanism between passes [5,6]. The occurrence of SRX significantly influences the
grain refinement and microstructural homogeneity [7,8]. Therefore, in-depth investiga-
tion of the SRX behavior and microstructure evolution of SA-508M Gr.3 steel holds im-
portant theoretical significance and engineering value.

Numerous studies have been conducted by researchers on the SRX behavior of alloy
steels. For instance, recent double-pass hot compression studies on non-SA508 steels also
established Avrami-type SRX kinetic models and reported diffusion-range apparent acti-
vation energies, further supporting the generality of this methodology [9]. Li et al. [10]
performed double-pass isothermal hot compression experiments on low-carbon bainitic
steel and established a SRX kinetic equation, quantitatively revealing the relationship be-
tween the softening fraction and the strain rate, deformation temperature, and inter-pass
time. Similarly, Xu et al. [11] conducted double-pass hot compression tests on 12Cr ultra-
supercritical rotor steel, systematically studied the static softening behavior during SRX,
and developed and modified an SRX kinetic model for predicting the recrystallization
fraction and softening degree. Based on dislocation density theory, Yang et al. [12] em-
ployed a mesoscopic cellular automaton model to investigate the microstructural evolu-
tion of SRX during isothermal treatment of solid-state bonded joints in SA508-3 steel. The
results indicated that temperature dominates the recrystallization and grain size/mor-
phology evolution and significantly enhances the interfacial bonding ratio, while the in-
fluence of pre-strain is relatively weak. The model-predicted average grain size agreed
well with experimental data and can be used to quantitatively evaluate the bonding qual-
ity.

It is noteworthy that process parameters such as deformation temperature, strain
rate, and inter-pass time are key factors influencing SRX behavior [13,14]. These parame-
ters not only determine the initiation and progression of SRX softening but also directly
relate to the appropriate selection of physical parameters in actual forging processes [15].
Therefore, based on the requirements of industrial hot forming processes, Dong et al. [16]
systematically investigated the effects of the deformation temperature, strain rate, pre-
strain, initial austenite grain size, and inter-pass time on the SRX softening kinetics of
SA508-3 steel through isothermal double-pass hot compression tests. Furthermore, they
established a kinetic evolution model capable of predicting softening behavior and static
recrystallized grain size, providing a basis for process parameter optimization.

Although Dong et al. systematically investigated the SRX behavior of SA508-III steel
during hot deformation and established kinetic models for static softening and recrystal-
lized grain size, further understanding is still required regarding the correlation between
inter-pass softening behavior and microstructural evolution in SA-508M Gr.3 steel under
different deformation parameters. In particular, the evolution of grain-boundary misori-
entation, the transition from low-angle grain boundaries (LAGBs) to high-angle grain
boundaries (HAGBs), and the role of relatively small first-pass strains in the competition
between static recovery and SRX have not been sufficiently clarified. Therefore, the pre-
sent work aims to complement previous studies by combining double-pass hot compres-
sion tests with EBSD characterization to investigate the SRX kinetics and microstructural
evolution of SA-508M Gr.3 steel. The specific contributions of this study include (i)
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establishing an apparent SRX kinetic model under the present double-pass hot compres-
sion conditions; (ii) correlating the calculated inter-pass softening fraction with EBSD-
based misorientation evolution; and (iii) clarifying the effects of the deformation temper-
ature, strain rate, first-pass strain, and inter-pass time on the LAGB-to-HAGB transition
and SRX development.

2. Experimental Materials and Methods

To simulate the thermo-mechanical history of multi-pass hot working and to quan-
tify inter-pass softening in SA-508M Gr.3 steel, double-pass hot compression tests were
designed and conducted as described below. This testing method was selected because it
reproduces the typical deformation—-inter-pass holding-re-deformation sequence during
multi-pass hot forging and enables the quantitative evaluation of inter-pass static soften-
ing and SRX kinetics in SA-508M Gr.3 steel.

Materials and Experimental Procedure

The experimental SA-508M Gr.3 steel used in this study was provided by Erzhong
(Deyang) Heavy Equipment Co., Ltd. The chemical composition of SA-508M Gr.3 steel is
presented in Table 1. The specimen was machined into a cylinder with a diameter of 8§ mm
and a height of 12 mm.

Table 1. Chemical composition of SA-508M Gr.3 steel (wt.%).

C Si Mn Cr Mo Ni Al Fe
0.17 0.20 1.42 0.20 0.46 0.77 0.02 Bal.

The initial microstructure of SA-508M Gr.3 steel before hot compression is shown in
Figure 1a. The microstructure consisted of equiaxed grains with an average grain size of
approximately 208 um, which served as the initial condition for the subsequent double-
pass hot compression experiments. Figure 1b shows a schematic of the double-pass hot
compression process. The specific parameters of the double-pass hot compression are pro-
vided in Table 2. The hot compressed specimens were heated to 1200 °C at a constant rate
of 10 °C/s and held for 180 s to ensure the uniformity of their initial states. Then, the spec-
imens were cooled at a rate of 10 °C/s to the deformation temperature T1 of the first-pass
hot compression and held for 60 s. The first-pass hot compression was performed at the

specified deformation temperature Ti, strain rate §, and strain g. After the first pass of

deformation, the sample was insulated at a specific interval time ¢ by using the automatic
temperature control system of the thermal simulator, and no additional mechanical load
was applied during the holding period between passes. Then, the second-pass hot com-
pression was performed at the specified deformation temperature T, strain rate ¢, , and
strain &, . The specimens subjected to the double-pass hot compression were immedi-
ately water-cooled to room temperature. In addition, to mitigate friction effects during
compression, mica sheets were placed between the specimen end faces and the anvils
prior to deformation. In addition, metallic pads were applied to reduce the heat loss at the
specimen ends, thereby minimizing the end-surface cooling during the tests.
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Figure 1. The double-pass hot compression experiment: (a) the IPF diagram of the sample before

compression, (b) the schematic diagram of the experimental process.

Table 2. Process parameters of the double-pass hot compression.

The First-Pass Hot Compression Interval Time The Second-Pass Hot Compression
No. T1/°C &lst g t/s T2/°C glst £,

1 950 0.1 0.10 30, 60, 90, 150 950 0.1 0.05
2 1050 0.1 0.10 10, 30, 60, 90 1050 0.1 0.05
3 1150 0.1 0.10 10, 30, 60, 90 1150 0.1 0.05
4 1050 0.01 0.10 5, 10, 30, 60 1050 0.01 0.05
5 1050 1 0.10 5, 10, 30, 60 1050 1 0.05
6 1050 0.01 0.05 30, 60, 90, 150 1050 0.01 0.05
7 1050 0.01 0.15 5, 10, 30, 60 1050 0.01 0.05

The conversion rate of SA-508M Gr.3 steel was calculated using the 0.2% offset stress
method based on the real stress—strain curve [17]. The volume fraction of SRX (Xsrx) can
be obtained from the following equation:

Xy =E=(0,~0,)/(0,~0) )
where Fs is the SRX softening rate; om is the flow stress at the end of the first stage defor-
mation; and o1 and o2 are the 0.2% offset stresses after the first- and second-stage defor-
mation, respectively.

Electron backscatter diffraction (EBSD) characterization was performed using a field-
emission scanning electron microscope (Zeiss Sigma 300, Jena, Germany) to reveal the
microstructural features. The measurements were conducted with an accelerating voltage
of 20 kV, a working distance of 18 mm, and a step size of 0.5 pm. The data were subse-
quently analyzed using AZtecCrystal 3.2 software, in which grain boundaries with miso-
rientation angles of 2-15° were defined as low-angle grain boundaries (LAGBs), and those
with misorientation angles greater than 15° were defined as high-angle grain boundaries
(HAGBs). The samples were subjected to final OPS polishing to remove the surface defor-
mation layer and ensure high-quality EBSD diffraction patterns.

3. Results and Discussion
3.1. Flow Curves for Double-Pass Hot Compression

Based on the experimental protocol outlined in Section 2, the flow curves under dif-
ferent temperatures, strain rates, inter-pass times, and first-pass strains are presented first
to provide the basis for the subsequent softening analysis and SRX kinetics modeling. Fig-
ure 2 presents the double-pass hot compression flow stress curves of SA-508M Gr.3 steel
under different deformation conditions of inter-pass time, deformation temperature,
strain rate, and the first-pass strain. As illustrated in Figure 2a, the flow stress curve of the
first pass is basically similar. Under the condition that other parameters remain un-
changed, the flow stress curve of the second pass shows a significant “stress drop”
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compared with the flow stress curve of the first pass, meaning that the stress of the second
pass is lower than the stress at the end of the first pass. The degree of “stress drop” in the
second pass of flow stress gradually increases as the interval time extends from 5 s to 90
s. This phenomenon is attributed to the static recovery and SRX processes that occur
within SA-508M Gr.3 steel during the interval period of the double-pass hot compression.
The effect of SRX becomes increasingly dominant with a prolonged pass interval time,
thereby partially or completely eliminating the work-hardening effect caused by the first-
pass deformation. As shown in Figure 2b, as the deformation temperature increases, the
flow stresses of both the first and second passes decrease. It also indicates that the increase
in temperature promotes static softening behavior during the interval between the first
pass and the second pass. Thus, the increase in temperature leads to a substantial reduc-
tion in the flow stress during the second pass with the increase in the deformation tem-
perature. In Figure 2¢, as the strain rate increases, the flow stresses of both the first and
second passes increase. This is attributed to the fact that high strain rates result in a rapid
accumulation of dislocation density and a greater amount of stored distortional energy
within the material, inducing a pronounced increase in work hardening. Furthermore, a
high dislocation density and more distortion energy provide more opportunities for the
nucleation and growth rate of SRX. In Figure 2d, under the present experimental condi-
tions, when the strain of the first pass is 0.05, the flow stress curve of the second pass
appears as a natural extension of the first-pass curve, without an obvious “stress drop”.
This absence may be attributed to the relatively small first-pass strain, which introduces
limited dislocation density and stored deformation energy. Under the present experi-
mental conditions, €1 = 0.05 appears to be insufficient to induce appreciable SRX during
the inter-pass interval, and the inter-pass softening is likely dominated by static recovery.
Therefore, the SRX degree at €1 = 0.05 is limited compared with those at higher first-pass
strains. When the strain of the first pass is increased to 0.1 and 0.15, the flow stress curve
of the second pass exhibited a discernible “stress drop” relative to that of the first pass.
This phenomenon signifies that a strain of 0.1 in the first pass exceeds the critical strain
for SRX, confirming that SRX has been initiated. And the larger the strain of the first pass,
the more complete the SRX, which, in turn, leads to a greater degree of “stress drop”.
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Figure 2. The stress—strain curve of double-pass hot compression under different deformation pro-
cess parameters: (a) inter-pass time, (b) deformation temperature, (c) strain rate, and (d) the

first-pass strain.

The variation in Xsrx (Fs) with inter—pass time under different deformation process
parameters is shown in Figure 3. As shown in Figure 3a—c, Xsrx (Fs) exhibits a consistent
trend of increasing with the inter-pass time across all tested deformation process param-
eters. The kinetics are characterized by a rapid SRX rate within the first 60 s, followed by
a noticeable deceleration thereafter. Under constant deformation conditions, Xsrx (Fs) ex-
hibits a positive correlation with key processing parameters: deformation temperature
(Figure 3a), strain rate (Figure 3b), and the first—pass strain (Figure 3c). The enhancement
of these parameters collectively accelerates the recrystallization kinetics, which is evi-
denced by a distinct upward and leftward shift in the Xsrx (Fs) versus inter—pass time
curve. Based on the analysis of Figure 2d above, it can be seen that under condition of T1
=T2=1050 °C, e1=0.1, £2=0.05,and & = &, =0.05, Xsrx (Fs) is about 26%. It shows that
static recovery plays a leading role in inter-pass softening. SRX becomes the main soften-
ing mechanism at higher temperature, higher strain rate or larger first-pass strain.
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Figure 3. The effects of different parameters on the volume fraction of SRX in SA-508M Gr.3 steel:
(a) deformation temperature, (b) strain rate, and (c) first-pass strain.

3.2. The Kinetics of SRX

The classic Avrami equation was used to describe the SRX dynamics of SA-508M
Gr.3 steel [18,19]:
t n
Xy =1~ exp[—0.69(t—) ] )
0.5
where Xsrx is the volume fraction of SRX; n is the materials constant; and tos is the time
when the SRX volume fraction reaches 50%, which can be described as

t .= Beh e exp| = 3
T .

where B, b1 and b2 are the material constants, ¢ is the strain, E&is the strain rate, R is the gas
constant (J/mol k), T is the absolute temperature (K), and Qs is the SRX activation energy
(kJ/mol).

To establish the SRX kinetics model for SA-508M Gr.3 steel, taking the logarithm of
both ends of Equation (2) yields

1

ln[ln—J=ln0.69+n(lnt—hlta5) 4)
T Asrx

tos can be obtained from Figure 3, and a linear fit can be applied to (In¢—1In¢,,)

versus In{In[1/(1—- Xg,)]}; as shown in Figure 4, the slope of the fitted line is n = 0.5742.

1
. .
w7y

20 " ma
£ "
. -
<,
Z _ o o
= - = = Experiment data

o o= - - - -Fitted curve

3 -2 -1 0 1 2
In? - Int,

Figure 4. The fitted line of (In¢—1Inz¢,,) and In{In[1/(1 - X )1} -
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Taking the logarithm of both sides of Equation (3) gives
Qs
— 5
RT ®)
Linear regression was performed on In€& versus Ing,,, In€ versus Ing,,,and

Int,, =InB+b,Ine+b,Iné+

1000/T versus In g, . As shown in Figure 5, the values of B, by, bz, and Qs were obtained

as being 0.000731, —0.9491, -0.3528, and 81,452 J/mol, respectively. The activation energy
obtained in this work is an apparent SRX value under double-pass hot deformation con-
ditions and should not be directly equated to the lattice self-diffusion activation energy
of austenite. Compared with the SRX activation energy reported for SA508Gr.4N reactor
pressure vessel steel (approximately 264.23 kJ-mol), the present value is relatively low.
This discrepancy may be related to differences in chemical composition, initial austenite
grain size, pre-strain range, inter—pass time, and the method used to determine the re-
crystallized fraction. In addition, the present activation energy was derived from the
stress—softening behavior using the 0.2% offset stress method; therefore, the calculated
softening fraction may include contributions from both static recovery and static recrys-
tallization, especially under relatively small first-pass strain conditions. As a result, the
obtained value should be regarded as an apparent activation energy for inter—pass static
softening rather than a purely physical activation energy for complete SRX controlled only
by austenite grain—boundary migration. Similar differences in the apparent activation en-
ergy have also been reported. Therefore, the kinetics model of SRX could be described as
0.5742

Xy =1—exp —0.69(%} (6)
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Figure 5. Fitting curve of deformation parameters and Int0.5. (a) deformation temperature, (b) strain

rate, and (c) the first—pass strain.

The reliability of the proposed kinetic model was further evaluated by comparing
the experimentally calculated apparent SRX fractions with the model-predicted values
(Figure 6). The statistical indicators were calculated to be as follows: Pearsone correlation
coefficient R = 0.9829, coefficient of determination R? = 0.9646, average absolute relative
error AARE =4.99%, and root-mean—square error RMSE = 0.0360. These results indicate
that the proposed model can reasonably describe the apparent SRX/static-softening be-
havior of SA-508M Gr.3 steel within the investigated deformation parameter range.

Lok R=0.9829
R?=0.9646
AR °
KIVID
08 | 9
»
3
a °
2 0.6 | o,
=
>
E 04 F Y
g
£ e
02|
0.0 |
L L L L L L
0.0 0.2 0.4 0.6 0.8 1.0

Experimental value of Xgpy

Figure 6. Comparison of Xsrx predicted values and experimental values under all deformation con-

ditions and model accuracy indicators.

3.3. The Influence of Deformation Process Parameters on Static Softening Behavior

Figure 7 shows the EBSD characterization of SA-508M Gr.3 steel after the dou-
ble—pass hot compression at the first—pass strain of 0.1; strain rate of 0.1 s'; inter—pass time
of 60 s; and deformation temperatures of 950 °C, 1050 °C, and 1150 °C. SRX is a typical
thermally activated process. The reconstruction of prior austenite grains from the marten-
sitic microstructure was carried out using AZtec Crystal (Figure 7ai—as). Meanwhile, the
grain boundary characteristics of the reconstructed prior austenite grains including the
fraction of low—angle grain boundaries (LAGBs) and high-angle grain boundaries
(HAGBs), as well as the misorientation distribution were quantitatively analyzed. The
same processing methodology was subsequently applied to the data presented in Figures
7 and 8. As the deformation temperature increases, dislocation activity is enhanced, grain
boundary migration becomes more pronounced, and the nucleation and growth rates of
SRX are significantly accelerated [20]. This evolutionary behavior is further confirmed by
the misorientation distribution. Specifically, as the deformation temperature increases
from 950 °C to 1150 °C, the grain boundary character gradually shifts from low—angle to
high-angle boundaries. The proportion of low-angle grain boundaries (LAGBs, 2-15°)
decreases (from 88.5% to 83.4%) progressively, whereas the fraction of high-angle grain
boundaries (HAGBs, >15°) increases (from 11.5% to 16.6%) markedly. This transition in-
dicates a continuous enhancement in the extent of SRX with increasing temperature,
which is consistent with previously reported results [21].
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Figure 7. The EBSD characterization of SA-508M Gr.3 steel after the double-pass hot compression
under deformation temperatures of 950 °C (a1,b,c1), 1050 °C (az,bz,c2), and 1150 °C (as,bs,cs). (a1-as)
IPF after parent phase reconstruction, (bi—bs) BC (backscattered electron contrast) + GBs (grain

boundaries), and (c1—c3) orientation difference distribution diagram.
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Figure 8. The EBSD characterization of SA-508M Gr.3 steel after the double—pass hot compression
at strain rates of 0.01 s (a1,b1,c1), 0.1 s (az,bz,c2), and 1 s (as,bs,cs). (a1—as) IPF after parent phase
reconstruction, (bi—bs) BC (backscattered electron contrast) + GBs (grain boundaries), and (c1—c3)

orientation difference distribution diagram.

At a deformation temperature of 950 °C, the extent of SRX is relatively low, and the
microstructure retains pronounced deformation characteristics (Figure 7a1). The corre-
sponding misorientation angle distribution is dominated by LAGBs, with a relatively
small fraction of HAGBs. As the deformation temperature increases to 1050 °C, the pro-
portion of LAGBs decreases markedly, while that of HAGBs increases significantly, indi-
cating an enhanced degree of SRX. At this temperature, HAGBs and re—crystallized grain
boundaries are more fully developed, and the grain structure becomes increasingly uni-
form (Figure 7b1). When the deformation temperature is further raised to 1150 °C, the
EBSD misorientation distribution continues to shift toward higher angles, and the fraction
of HAGBs reaches its maximum. This suggests that the material is in a highly softened
state prior to the second-pass deformation, with SRX approaching completion at 1150 °C.
This interpretation is supported by the EBSD features typical of a near—fully recrystallized
microstructure, including predominantly equiaxed grains, the high HAGB fraction, and
the overall shift of the misorientation distribution toward higher angles. Consequently,
the second pass exhibits characteristics of “secondary deformation after recrystallization”
[20]. In addition, the higher deformation temperature significantly enhances the grain
boundary mobility and promotes the rapid growth of recrystallized grains, leading to an
increase in the average grain size (Figure 7as), increased from 226 pum to 293 um.

In addition, the increase in Xsrx observed in Figure 3 is generally consistent with the
evolution of grain boundary characteristics shown in Figure 7. Specifically, the increase in
HAGSB fraction is qualitatively consistent with the increase in the apparent SRX/static-sof-
tening fraction calculated from the flow-stress data, indicating that the EBSD results
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provide microstructural support for the softening trend rather than a direct one-to-one
quantitative measurement of the SRX fraction. Similar consistency can also be observed
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Figure 9. The EBSD characterization of SA-508M Gr.3 steel after the double—pass hot compression
with the first-pass strains of 0.05 (a1,bs,c1), 0.1 (az2,bz,c2), and 0.15 (a3, bs,c3). (a1—as) IPF after parent
phase reconstruction, (bi-bs) BC (backscattered electron contrast) + GBs (grain boundaries), and

(c1-c3) orientation difference distribution diagram.

Figure 8 shows the EBSD characterization of SA-508M Gr.3 steel after the dou-
ble-pass hot compression at the first—pass strain of 0.1; deformation temperature of 1050
°C; inter—pass time of 60 s; and strain rates of 0.01 s, 0.1 s, and 1 s7'. The results demon-
strate that an increase in the strain rate accelerates the dislocation accumulation during
deformation and enhances the storage of deformation energy, thereby providing a greater
internal driving force for SRX during the inter—pass interval [22]. This promotes the nu-
cleation and growth of recrystallized grains and leads to an increased extent of SRX within
the same inter—pass time. Correspondingly, the EBSD misorientation distributions exhibit
an evolutionary trend similar to that observed with increasing deformation temperature.
With increasing strain rate, the grain boundary character shifts from low—-angle to
high-angle boundaries, as evidenced by a decrease in the fraction of LAGBs (from 90.7%
to 84.9%) and a concomitant increase in HAGBs (from 9.3% to 15.1%), indicating an en-
hanced degree of SRX.

At a strain rate of 0.01 s, the EBSD misorientation distribution is dominated by
LAGBs, with a relatively small fraction of HAGBs. Owing to the prolonged deformation
time, static recovery after deformation is more pronounced, leading to the consumption
of stored deformation energy. Consequently, the driving force for SRX is insufficient,
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resulting in limited formation of recrystallized grain boundaries and the retention of a
large number of subgrain structures in the microstructure. When the strain rate is in-
creased to 0.1 s7, the shortened deformation time suppresses dislocation recovery, leading
to a significant increase in the dislocation density and stored deformation energy after
deformation. This enhances the internal driving force for SRX during the inter-pass inter-
val, facilitating more extensive and easier nucleation of recrystallized grains and promot-
ing microstructural homogenization. Accordingly, the misorientation distribution shifts
toward higher angles, with a marked increase in the fraction of HAGBs and a correspond-
ing decrease in LAGBs. Upon further increasing the strain rate to 1 s, the stored defor-
mation energy after deformation reaches its maximum, resulting in more fully developed
recrystallized grain boundaries and a higher proportion of HAGBs. Consequently, SRX is
initiated more rapidly and proceeds more thoroughly. Therefore, the effect of strain rate
on SRX in SA-508M Gr.3 steel should be interpreted as the combined result of stored de-
formation energy, recovery behavior, and inter—pass recrystallization kinetics. Under the
present experimental conditions, increasing the strain rate generally promotes SRX, as ev-
idenced by the higher HAGB fraction and the shift in the misorientation distribution to-
ward higher angles.

Figure 9 shows the EBSD characterization of SA-508M Gr.3 steel after the dou-
ble-pass hot compression at the deformation temperatures of 1050 °C; strain rate of 0.1 s77;
inter—pass time of 60 s; and the first—pass strains of 0.05, 0.1, and 0.15. As the first-pass
strain increases, the introduced dislocation density and stored deformation energy in-
crease accordingly, providing a greater driving force for the nucleation and growth of SRX
during the inter—pass interval, thereby facilitating recrystallization [23]. The misorienta-
tion distributions further corroborate this evolution of SRX, showing that a higher
first-pass strain induces a greater extent of SRX and promotes a more pronounced transi-
tion from low—angle to high-angle grain boundaries. When the first—pass strain is 0.05,
the stored deformation energy is relatively low, and static recovery dominates during the
inter—pass interval, resulting in a limited extent of SRX. Consequently, grain growth is
more likely to occur during the high—-temperature inter-pass holding period, leading to a
relatively coarse grain structure. As the first-pass strain increases to 0.10, the stored de-
formation energy increases, promoting more extensive nucleation and growth of SRX,
which results in a more equiaxed and homogeneous grain structure. Correspondingly, the
misorientation distribution exhibits a decrease in the fraction of LAGBs (from 90.7% to
83.2%) and an increase in HAGBs (from 9.3% to 16.8%). With a further increase in the
first-pass strain to 0.15, the driving force for SRX is further enhanced, leading to a more
complete recrystallization process and a continued shift of the misorientation distribution
toward higher angles, with a higher proportion of HAGBs. In other words, the evolution
shifts from an SRX-dominated stage to a post-recrystallization grain-growth-dominated
stage at €1=0.15. Notably, the grain size under this condition is larger than that at a strain
of 0.10, suggesting that SRX is completed earlier during the inter—pass interval, thereby
allowing grain growth to occur in the later stage and resulting in a certain degree of grain
coarsening. Similar findings were also reported by Xu et al. [13] in their study on the dou-
ble—stage hot deformation of 7Mo super—austenitic stainless steel, where the deformation
temperature, first-stage strain, and strain rate were shown to strongly influence SRX be-
havior. More importantly, their work emphasized the important roles of stored defor-
mation energy, grain boundary evolution, and recrystallization nucleation mechanisms
during inter-pass holding, which is consistent with the LAGB-to-HAGB transition ob-
served in the present study.

4. Conclusions
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In this study, double—pass hot compression tests were conducted to systematically
investigate the SRX behavior and microstructural evolution of SA-508M Gr.3 steel under
varying deformation temperatures (950, 1050, and 1150 °C), strain rates (0.01, 0.1, and 1
s7), and the first-pass strains (0.05, 0.10, and 0.15). The main conclusions are summarized
as follows:

1. With increasing deformation temperature, the flow stress decreases and inter—pass
static softening becomes more pronounced, making the occurrence of stress drops in the
second pass more evident. As the strain rate increases, the flow stress rises due to the rapid
accumulation of dislocations and the associated increase in stored energy, while stress
drops are likewise observed in the second pass. With increasing first—pass strain, the stress
drop in the second pass becomes progressively more pronounced. When the first—pass
strain is 0.05, almost no obvious stress drop is observed in the second—pass flow curve,
suggesting that the stored deformation energy is insufficient to induce appreciable SRX
and that static recovery dominates the inter-pass softening under the present conditions.
At first—pass strains of 0.10 and 0.15, distinct stress drops appear, indicating the progres-
sive development of SRX with increasing first—pass strain.

2. Based on the stress—strain data obtained from the flow curves, the SRX kinetics of
SA-508M Gr.3 steel were described using the Avrami model. The activation energy for
SRX during double-pass hot compression was determined to be 81,452 J-mol-. Accord-
ingly, the SRX kinetic model for SA-508M Gr.3 steel can be expressed as follows:

0.5

¢ 0.5742
Xy =1—exp| —0.69 (—J

t045 =(.00073] 7091 03528 exp [ 81452)

RT

The SRX kinetic parameters established under isothermal conditions (T1="Tz) provide
a benchmark description of SRX behavior within the investigated range, and the classical
JMA equation was adopted due to its robust fit to the measured Xskx—t data. However, as
a macroscopic fitting approach, the present model does not explicitly account for non-iso-
thermal temperature histories, impingement, or site—saturation effects, and its applicabil-
ity is therefore limited to the current experimental conditions. Future work will extend
the model to industrial forging via temperature-time path integration and/or thermome-
chanical coupled simulations with more mechanistic refinements.

3. The EBSD results are consistent with the aforementioned findings. With increasing
deformation temperature, the misorientation angle distribution shifts toward high-angle
grain boundaries (HAGBs), indicating an enhanced degree of SRX approaching complete
softening; however, intensified grain boundary migration at elevated temperatures also
promotes recrystallized grain growth, leading to an increase in grain size. As the strain
rate increases, the higher stored energy facilitates SRX nucleation and growth, resulting
in a higher fraction of HAGBs. When increasing the first-pass strain from 0.05 to 0.10, the
extent of SRX increases and the microstructure becomes more equiaxed and homogene-
ous, whereas an excessive first-pass strain (0.15) leads to the premature completion of
SRX and subsequently accelerates grain growth.

It should also be noted that the present work focuses on hot-deformation-induced
static recrystallization under laboratory double—pass compression conditions. During ac-
tual service, reactor pressure vessel steels are also subjected to long—term neutron irradi-
ation, which may significantly alter their microstructure and mechanical properties. Irra-
diation effects are beyond the scope of the present study, and future work combining
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hot-deformation microstructure control with irradiation-induced degradation would be
valuable for a more comprehensive assessment of SA-508M Gr.3 steel.
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