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Abstract: Flexible rolling with variable deformation states has brought new challenges to dynamic recrystallization
(DRX) theory based on conventional constant deformation state. Modeling and characterization of DRX are
investigated, inspired by the successful application of constitutive models and EBSD technique in the field of
characterizing the recrystallization of metallic materials, combined with the characteristics of flow stress. Two
constitutive models for constant and transient deformation states were considered. The dynamic recovery effect was
integrated into the model for predicting the flow stress and DRX volume fraction. A hot processing map was established
to predict the instability region. Various DRX synergistic regulation mechanisms and crystallographic orientation
distribution under a transient deformation state were explored. The results suggest that DRX is the main softening
characteristic under various deformation states. The predicted flow stress of the constant and transient models are in
good agreement with the experimental values. The regulation mechanism of DRX transforms from continuous DRX
to discontinuous DRX when the strain rate dynamic decreases. DRX grains display a random orientation distribution,
and the crystallographic orientation is toward the (111) fiber parallel to the normal direction of the compression axis
when the DRX volume fraction is high. These findings provide insight into the DRX constitutive description and
microstructure evolution under variable deformation states.
Keywords: Dynamic recrystallization; Microstructure evolution; Hot workability; Variable deformation states
1 Introduction

The development of advanced forming and manufacturing technology (e.g., flexible rolling, ring rolling, and
multidirectional forging) has posed new challenges in the investigation of dynamic recrystallization (DRX) of
conventional metallic materials. For instance, in the flexible rolling inline work-roll change process, worn rolls are
withdrawn and new rolls are launched into the rolling process, rolling speed and deformation temperature regulation
of the process is needed among the mills. This causes strain rate and deformation temperature variation during the strip
deformation process, and this will break the constant deformation process (i.e., at a constant strain rate or deformation
temperature), causing the rolling process to change from a constant to a transient deformation state (i.e., at a dynamic
strain rate or deformation temperature). Resulting in more complex softening behavior compared to the conventional
DRX constant deformation state regulating procedure [1-3]. DRX is an important microstructure evolution behavior
of metallic materials for thermomechanical processing, which determines the microstructure morphology and
properties of the products. Therefore, it is crucial to investigate the DRX behavior under variable deformation states
[4]. In recent years, many scholars have conducted studies on the recrystallization and thermomechanical processing
of metallic materials. Li et al. physically simulated the DRX behavior and hot workability of 300M steel using the
Gleeble 3500 physical simulation system. The result shows that the deformation speed and temperature are key
variables impacting DRX behavior. The mechanism for the investigation of the coupling regulation of recrystallization
and hot workability is established through the observation of the correlation between the power dissipation efficiency
(PDE) and DRX behavior in the hot processing map (HPM) [5]. Zhao et al. developed power dissipation and instability
maps to optimize the hot workability of 300M. The findings show that flow instability and PDE are strongly related,
and PDE is susceptible to flow instability at the rate of less than 25% [6]. Zhang et al. explored the DRX behavior of
aluminum alloys and analyzed the mechanism at various deformation temperatures. The result shows that two principal



DRX regulation mechanisms of aluminum alloys during hot deformation are discontinuous dynamic recrystallization
(DDRX) and continuous dynamic recrystallization (CDRX) [7]. Xiao et al. evaluated the stress—strain characteristics
and hot workability of titanium alloys during high-temperature plastic deformation, and the development of HPM at
various deformation degrees. The results show that the factors important in regulating flow stress behavior are
deformation temperature and strain rate [8].

Since DRX is the main softening mechanism during high-temperature plastic deformation process. Various kinetic
models have been developed to quantify the DRX volume fraction under different deformation parameters. Sellars et
al. conducted a pioneering investigation on the DRX behavior of metallic materials based on the Gleeble
thermomechanical technique, and developed a time-dependent DRX kinetic model according to the Avrami function
[9, 10]. On this basis, Yada et al. developed a strain-dependent DRX kinetic model [11]. When the strain rate is constant,
the time function is the same as the strain function. Therefore, Sellars’s model and Yada’s model are the same in nature.
However, since Yada’s model uses the strain function, it can be applied in the nonlinear numerical simulation of metal
plastic deformation. Thus, numerical simulation software generally uses Yada’s model in the form of predicting
metallic material recrystallization behavior. Kim et al. developed a new DRX kinetic model based on Yada’s model
and applied the DRX maximum rate instead of the state corresponding to the DRX volume fraction of 50% in the
original equation [12, 13]. As the DRX velocity is slowly increasing from zero, and reaches the maximum DRX
velocity corresponding to the 50% volume fraction of DRX. After reaching the maximum velocity of DRX gradually
decreases. Therefore, both Kim’s model and Yada’s model have the same physical meaning regarding the DRX velocity.
Liu et al. optimized the form of exponential functions of previous models and developed a new DRX kinetic model
[14]. Jonas et al. conducted extensive studies on DRX and DRV critical strain determination, the microstructure
transformation mechanisms, and established DRX kinetic models applicable to different steel materials [15, 16].
Nowadays, Jonas’s model is widely used to analyze the variation of DRX volume fraction of different materials.

In tandem with transient deformation states, limited prior research have been conducted on the flow behavior of
metals. Frommert and Graetz et al. studied DRX behavior under strain rate transient variation state. The findings reveal
that the flow characteristics and recrystallization vary considerably in the process of strain rate transient variation.
DRX behavior will fluctuate between the dynamic equilibrium stages under the transient variation state. However, the
mechanism and regulation of DRX during strain rate transient variation are not understood [17, 18]. Based on previous
studies, Chen et al. used the EBSD technique to reveal the microstructure evolution of the Ni-30%Fe alloy under strain
rate transient variation state. The findings indicate that the DRX volume fraction for strain rate transient variations is
between the maximum and minimum values at a constant strain rate state [19]. Wang et al. employed a kinetic model
to explore the transient thermomechanical processing state induced by the strain rate transient jump. The
microstructure evolution and deformation temperature transient variation are not studied [20]. In summary, recent
studies mainly investigate DRX behavior and hot workability, respectively, or consider the effects of DRX behavior
and hot workability at a specific deformation degree. However, the studies do not consider the coupled regulation of
DRX behavior and HPM of materials during variable deformation states. The exploration of deformation speed and
temperature transient variation is still relatively scarce, and the mechanism of the above two critical variables’ transient
variation process on the microstructure evolution and crystallographic orientation is still unclear. The work aims to
investigate the DRX behavior and hot workability under variable deformation states to reveal the recrystallization
mechanism, hot workability and coupling regulation of critical variables. These findings can provide an important
theoretical basis for the regulation of DRX behavior of advanced forming and manufacturing technologies under
variable deformation states.

2. Global experimental procedure

In this section, DRX behavior and hot workability experimental procedure of materials under variable
deformation states are introduced. First, experimental steps and cautions for physical simulation under constant state
and transient deformation states, the methodologies and techniques for analyzing the microstructure evolution are
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described in Section 2.1. Then, the basis for the selection of metallic materials, its chemical composition, original

microstructure are introduced in Section 2.2. Details of the experimental procedure will be explained next.
2.1. Experimental detail

The Gleeble 3800-GTC system is used to simulate various deformation states. The specimen is a cylindrical shape
with a length of 12 mm and a diameter of 8 mm. The physical simulation was performed using uniaxial compression
under argon gas protection. The test system automatically recorded the critical factors related to thermal deformation,
such as stress, strain, and temperature during the single-pass hot compression experiment. Molybdenum disulfide
lubricant, tantalum foil and graphite were applied between the sample and the indenter before the experiment to reduce
friction and restrain sticking, promote stability and homogeneity during the compression test, maintain a consistent
temperature along the length of the specimen. The K-type thermocouple was welded to the length center of the

specimen to record temperature variations. Fig. 1(a) illustrates the global experimental procedure.

The first experimental scheme is a constant deformation state in which the samples were deformed at a constant
deformation parameter in a single-pass hot compression test. Samples were heated to 1150°C at a rate of 10°C/s,
holding for 240s to homogenize the austenite phase, then cooled to the corresponding deformation temperature at a
rate of 5°C/s, holding for 60s to reduce the temperature fluctuations, then compressed to a strain of 0.9 using the
specific experimental parameters illustrated in Fig. 1(b).

The second experimental scheme is a transient deformation state in which the samples were compressed at
deformation temperature or strain rate transient variation in a single-pass hot compression test. The samples were
heated to 1150°C at a rate of 10°C/s, holding for 240s to homogenize the austenite phase, then cooled to 1000°C or
1100°C at a rate of 5°C/s, holding for 60s to reduce the temperature fluctuations. The strain rate transient variation was
divided into two parts, as shown in Fig. 1(c). In the first part, the specimen was first deformed to a strain of 0.4 before
the strain rate dynamic increased, compressing the specimen to a strain of 0.5 and 0.9. In the second part, the specimen
was first compressed to a strain of 0.4 before the strain rate dynamic decreased, compressing the specimen to a strain
of 0.5 and 0.9. Likewise, the deformation temperature transient variation was divided into two parts, as illustrated in
Fig. 1(d). In the first part, the specimen was first compressed to a strain of 0.4 at a deformation temperature of 1000°C,
then the temperature transient jumps to 1100°C at a rate of 10°C/s, compressing the specimen to a strain of 0.5 and
0.9. In the second part, the specimen was first compressed to a strain of 0.4 at a deformation temperature of 1100°C,
then the temperature transient jumps to 1000°C at a rate of 10°C/s, compressing the specimen to a strain of 0.5 and
0.9.

To freeze the high-temperature microstructure morphology of samples after a single-pass hot compression test,
water quenching process was used to cool the samples after variable deformations. The Micracut 202 cutting machine
was used to precisely split the quenched specimen along the axial direction of the contact surface with the indenter.
The microstructure characterization was performed in the center of the cut specimen, concerning the normal direction
(ND) and the extension direction (ED). Since the material used in this paper had lower stacking fault energies (SFE),
the substructure did not form as readily during hot deformation as the higher SFE, which makes it difficult to
statistically evaluate the substructure evolution using TEM [21]. Large area measurements were performed using the
EBSD technique to quantify the microstructure evolution under variable deformation states. After mounting, grinding
and mechanical polishing, the specimen was electrolytically polished with 6% perchloric acid and 94% acetic acid,
with an electropolishing time of 15-20s, a current of 0.2-0.7A and an electropolishing temperature of 22°C. The EBSD
technique was applied with a step size of 0.3-1.0 pm depending on the grain size and data quality of the sample under
variable deformation states. Oxford AZtec and HKL Channel 5 were applied for data acquisition and processing,
respectively. Grains with different misorientation angles are defined as low-angle grain boundaries (LAGBs) of 2° -
5°, medium-angle grain boundaries (MAGBs) of 5° - 15°, and high-angle grain boundaries (HAGBs) of higher than
15°. The three aforementioned boundaries are marked in green, blue and black solid lines in the grain boundary (GB)
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map, respectively.

Fig. 1. Schematic of physical simulation of constant and transient deformation states: (a) temperature versus time for
constant and transient deformation states, (b) constant strain rate and constant deformation temperature for constant
deformation state, (c) constant deformation temperature and strain rate variation for transient deformation state, (d)
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constant strain rate and deformation temperature variation for transient deformation state.

2.2. Experimental materials

Since prior austenite morphology in ASTM-316L can be kept stable at room temperature during
thermomechanical processing. It can prevent phase transformation during the carbon steel quenching process from
disturbing the prior austenite microstructure characterization, which facilitates the in-depth study of recrystallization
under variable deformation states [22]. It is perfectly applicable to this paper to study the advanced forming technology
under various deformation states and to observe the microstructure evolution behavior of prior austenite. Therefore, a
commercially ASTM-316L plate was chosen to study the DRX behavior and hot workability under variable
deformation states. Table 1 displays the composition of the experimental steel. Fig. 2(a) shows the original
microstructure consisting of approximately equiaxed recrystallized grains and annealed twins. The average grain size
was measured to be 26 um. As the nucleation and homogenous development of recrystallized grains are characterized
by random orientation at grain boundaries during heat treatment [23], the pole figures in Fig. 2(b) shows a weak
microtexture before single-pass compression test.

Table 1. Composition of ASTM-316L (wt.%).
C Si Cr Mn P S Ni Mo N Fe

0.022 0.58 16.64 1.49 0.026 0.001 10.08 2.09 0.036 Bal.

Fig. 2. Initial microstructure of specimen: (a) EBSD IPF color maps. (b) {111}, {110} and {100} pole figures
concerning the normal direction (ND) and the extension direction (ED).

3. Results and discussion

This section presents the results and related discussions about DRX behavior and hot workability under constant
and transient deformation states. Firstly, the flow stress curves of metallic materials at constant and transient
deformation states is concerned. On this basis, the material constitutive model and DRX kinetic model are developed
under a constant deformation state. By analyzing the special modeling methods for the flow stress and DRX kinetics
in contrast to the traditional modeling methods for the constant deformation state, an appropriate constitutive model
and DRX kinetic model for the transient deformation state are derived. Then, the hot workability of the material under
current deformation conditions is evaluated, and the relationship between hot workability and microstructure evolution
is established. Finally, the microstructure evolution and crystallographic orientation of the material under transient
deformation state are analyzed.
3.1. Evolution of flow stress curves
3.1.1. Constant deformation state

Fig. 3 depicts the flow stress curves of 316L deformed at a constant deformation state. All curves’ raw data were
smoothed using MATLAB software. When the specimen deformed at a lower deformation temperature under a
constant strain rate, the flow stress curves exhibited a DRV type and transferred to a DRX type as the temperature
increased [24]. The maximum value of the flow stress changed with the deformation parameters. It decreased with

rising temperature when the strain rate was constant. The flow stress curves exhibited a smoothing character close to



the maximum stress value at a higher temperature or lower strain rate. This smoothing characteristic correlated with
the coordinated competitive timing between work hardening (WH) and dynamic softening (DS). The faster
deformation at a higher strain rate and the slower GB migration rate at a lower temperature inhibited the DRX rate.
Correspondingly, a longer time is needed to reach balance between WH and DS. Thus, a distinct flattening
characteristic appeared close to the peak stress [25]. Fig. 3 also depicts that the steady stress increased slightly near
the end of deformation as the increased contact zone between the sample and the indenter during the single-pass
compression test induces increased friction [26].

Fig. 3. True stress-strain curves at constant deformation temperature and constant strain rates of (a) 0.001s™, (b)
0.01s}, (c) 0.1s7!, (d) 1s™".

3.1.2. Strain rate transient variation state

Fig. 4 depicts the flow stress curves of the samples deformed at 1000°C with strain rate transient variation. The
solid line is the strain rate transient variation flow stress curves, while the dashed line is the flow stress deformed under
a constant strain rate. Fig. 4(a) illustrates that the flow stress increased quickly owing to the WH at a strain rate of
0.01s!, then slowly decreased after achieving the maximum value. The flow stress curves were the same with the
constant state at the first deformation stage before a strain of 0.4. However, the flow stress increased again at a strain
of 0.4. Following an intermediate transition mutation adjustment with a strain interval of 0.5, the stress gradually
approached the constant deformation state with a strain rate of 0.1s™!. Since the dislocation multiplication induced by
the increase in strain rate transient variation was unable to be equalized by DRX induced dislocation annihilation, this
resulted in a sharp increase in stress. When the dislocation multiplication and annihilation were balanced again by



coordinated competitive timing, the flow stress gradually flattened out [27]. Fig. 4(a) also shows that from the onset
of the dynamic increase (a strain of 0.4) to the end of compression (a strain of 0.9), there was sufficient time for WH
and DS to coordinate competitive timing to reach equilibrium (a strain of 0.5). As a result, the stress was near the
constant strain rate state at the end of deformation with the strain rate dynamic increase from 0.01s™ to 0.1s™'. Notably,
the stress was slightly lower than the constant strain rate deformation state. This is attribute to the distortion energy
stored before the transient variation facilitated the development of DRX. In particular, it was also demonstrated that
the critical strain for the occurrence of DRX at a constant strain rate was larger than that in the strain rate dynamic
increase state.

Fig. 4(b) shows that the flow stress curves were the same at the first deformation stage before a strain of 0.4. The
stress decreased rapidly and gradually approached a constant deformation state after an intermediate transition
mutation adjustment with a strain interval of 0.1. It is noteworthy that the stress decreased rapidly after the strain rate
dynamic decreased. Since the DRX is more likely to occur at a lower strain rate, the increasing DS effect is
strengthened as the deformation proceeds. Furthermore, the thermal stress decreased with decreasing strain rate. The
accumulated stored distortion energy was larger at 0.1s™! initial high strain rate than that at 0.01s™' constant strain rate.
It was fully released after the dynamic change of strain rate, which significantly promoted the DS of the specimen,
leading to a rapid reduction of flow stress. Some studies have also discovered that network dislocation density has a
crucial impact on the flow stress evolution of SFE materials, resulting in a faster adaptation of the substructure to new
deformation conditions, and rapidly reaching constant strain rate levels during dynamic change of strain rate [4].
However, this paper does not exhibit an abrupt decrease or sharp jump in flow stress during the dynamic decrease of
strain rate reported in the literature [28]. As there was no unloading and reloading shift process during the strain rate

transition mutation of the equipment used in this paper.

Fig. 4. True stress-strain curves at constant deformation temperature and transient strain rates of (a) 0.01s™! to 0.1s™,
(b) 0.1s" t0 0.01s7!.

3.1.3. Deformation temperature transient variation state

Fig. 5 shows the flow stress curves of specimens deformed to various strains at a strain rate of 0.01 s™' with
temperature transient variation. Fig. 5(a) displays that the stress gradually decreasing at a strain of 0.4 before the
deformation temperature dynamic increases, which gradually flattened out after reaching a strain of 0.5. This is because
the transient variation temperature changed at a 10°C/s state, and the increase from 1000°C to 1100°C required
completion in the strain 0.1 interval. The flow stress after the deformation temperature dynamic increase was lower
than that at a stable deformation temperature of 1100°C. This is explained by the dislocation motion before the
deformation temperature transient variation contributes to the DRX behavior. With the deformation temperature
dynamic increasing, the dislocation motion ability was further enhanced. The thermal activation energy increased,
which promoted the GB migration ability, and the DRX softening ability was further strengthened, providing a stronger



softening effect during the deformation temperature dynamic increase.

Fig. 5(b) depicts the flow stress increased rapidly with the temperature lowered at a strain of 0.4 and increased
slowly after reaching the strain of 0.5. The same is the case for the deformation temperature dynamic decrease, which
was also completed in the strain 0.1 interval. The DS behavior was stronger due to the higher deformation temperature
in the first stage (1100°C) at a strain of 0.4, which reached the steady stress stage. With the deformation temperature
dynamic decreasing, the dislocation motion gradually decreased. The thermal activation energy decreased, which
weakens the DRX behavior. The WH increased continuously, leading to a dramatic increase in flow stress in the
transition zone. When the deformation temperature dynamic decreased to 1000°C, the flow stress slowly increased and
continuously approached the constant deformation temperature state of 1000°C. This indicates that the WH and DS
require a longer strain interval to reach a new equilibrium state under the deformation temperature dynamic decrease
state. On the other hand, it is also possible that the presence of friction during the experimental process lead to an
increase in flow stress after the temperature dynamic decreased. It is worth noting that comparing the strain rate with
the deformation temperature variation shows that the flow stress after the transient variation is not completely
consistent with the constant deformation state, which may also be related to the microscopic substructural changes

during the transient variation deformation state.

Fig. 5. True stress-strain curves at constant strain rate and transient deformation temperatures of (a) 1000°C to
1100°C, (b) 1100°C to 1000°C.
3.2. Kinetics analysis for constant deformation state
3.2.1. Critical state for dynamic recrystallization

Normally, the DRX critical strain is obtained using the following two methods: metallographic observation of the
quenched specimen microstructure and the mathematical deduction of the flow stress curves [29, 30]. The Jonas and
Mirzadeh methodology was applied to calculate the key factors, as expressed in Eq. (1) [31-33]. Accordingly, the DRX
critical values can be obtained at different deformation states.

do
o % 1)
0 =a0%+a,0%+aso+a,
where a,, a,, as,and a, are values at a constant deformation state. o and ¢ are stress and strain, respectively. 6
is the WH rate, which can be used to determine the DRX threshold. When 926 /d0? = 0, the critical stress g, can
be calculated.

The critical stress o, critical strain ¢, peak stress gy, and peak strain &, under constant deformation states
can be obtained through mathematical analysis, as illustrated in Fig. 6. The critical and peak characteristics dropped
with the decrease in strain rate and the increase of deformation temperature. This pattern reinforces the theory that low
strain rates and high deformation temperatures enhance DRX behavior. Thus, the macroscopic flow stress exhibited



the above variation process. Fig. 7 depicts the link between the key parameters, i.e., 0. = 0.9010, and & = 0.352¢,,.

Fig. 6. Relationship between deformation temperature and strain rate versus state parameters of (a) &., (b) a;, (c)
&p, (d) o, under constant deformation conditions.

Fig. 7. Relationship between critical strain versus peak strain, and critical stress versus peak stress.
3.2.2. Arrhenius constitutive model

This work applied Sellars hyperbolic sin Arrhenius model to develop the coupling correlation between



temperature, stress, and strain rate [34-36], as shown in Eq. (2).

A o™exp (— RQ—T) (ao < 0.8, low stress level)

& =1 Ayexp(Bo)exp (—RQ—T) (ao > 1.2, high stress level) 2

Alsinh(ao)]"exp (— R%) (all condition)
where A;, A4,, A, ny, n, B are material coefficients. a is the stress compensation coefficient (¢ = /n;), which
works to keep a linear relationship between Iné and In[sini(ac)] within the deformation temperature. € is the
strain rate. @ is the hot deformation activation energy (kJ/mol). R is the gas constant (8.314 J/mol). T is the
deformation temperature (K). o isreplaced by peak stress a,,. Some studies emphasized the importance of peak stress

0, in the actual production of steels [37]. The link between strain rate and deformation temperature is illustrated in
Eq. (3) [38].

Z = éexp (RQ—T) = A[sinh(ao)]" 3)

The physical meaning of the Zener—Hollomon factor is a dimensionless factor of strain rate based on temperature
compensation. Using the logarithms on each side of Eq. (2) and linearly fitting [né and Ino,, Iné and o,. The
average value of the slopes of n; and B were obtained, respectively. Thus, a can be calculated as 0.0075.
Subsequently, through the linear fitting of Iné€ and ln[sinh(aap)], ln[sinh(aap)] and 1/T. The average values
of the slopes were n and Q, which is 4.626 and 425.106 kJ/mol, respectively. Thus, A value can be determined as
4.73X10". In this study, the value of n was 4.626, revealing that the glide and climb of dislocations in the climb
regulated the regime [39]. The samples’ chemical composition, which is related to higher solute levels, was consistent
with the hot deformation activation energy Q that was determined [40]. Finally, the following equation may be used
to express Eq. (2) and (3).

£ = 473 x 10%3[sinh(0.00750)]*¢?exp - ) @)
Z = éexp (*£12) = 4.73 x 10'5[sinh(0.00750)] %S 5)

3.2.3. kinetic model of DRX

There are several methodologies to establish the DRX kinetics model [12, 41-43]. The DRX volume fraction in
this work was evaluated using the method considering the DRV effect [44]. As shown in Eq. (6). The above section
indicates that DRX happens at the critical strain. However, there are some studies in the construction of kinetic models
that substitute the saturation stress og4, for peak stress g, [45-47]. The gap between 0,4, and oy, was utilized to

determine the DRX volume fraction.

g, -0
X — YDRV

DRX  0gqi—0gs Q)

Osat—0Oss
where Xprx is the DRX volume fraction calculated based on the experimental data (flow stress curves). gpgy is the

DRV stress. 05,; and oy is the saturation stress and steady stress, respectively. ¢ and g, can be determined
directly from the flow stress curves, and gpgp, can be estimated based on the Eq. (7).

Opry = \/Gs‘zat - (Uszat - Uiz) exp(—re) (7

where o; denotes the stress before the critical stress. r is the DRV factor. Since only DRV and WH occurred before
DRX, Eq. (7) was derived as shown in Eq (8), then the r value could be calculated.

2 2
02,.—0;
re = In (271 ) ®)
Osat—9DRV

The DRX volume fraction can be determined using the aforementioned methodology according to experimental
data. The Avrami formula was used to create the DRX prediction kinetic model, as shown in Eq. (9) [33].
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X ox =1—exp <—b (S;:C)k> 9)

where b and k are factors linked to the element composition and deformation states of the samples, respectively. Eq.
(6) and (9) were integrated to obtain the average values of the slope and intercept, for which b and k values were
1.315 and 2.321, respectively. The developed DRX kinetic model is illustrated in Eq. (10).
X oy =1—exp <—1.315 (5;—56)2'321> (10)
Fig. 8 compares experimental and predicted Xprx values. The predicted and experimental values followed well
under all deformation conditions. The Xprx decreased with decreasing deformation temperature or increasing strain
rate, shows that DRX is inhibited at a higher Z value. The above results also proved the findings obtained from the
flow stress analysis, e.g., the flow stress reached a peak at a strain rate of 0.001s"! and deformation temperature of
950°C, then decreased, indicating the strong softening effect of DRX. However, when the DRX did not occur
sufficiently at a higher strain rate of 1s! and the same deformation temperature, the flow stress did not tend to decrease
significantly.

Fig. 8. Comparison of experimental and predicted values of DRX volume fraction at constant deformation
temperature and constant strain rates of (a) 0.001s™, (b) 0.01s™!, (¢) 0.1s, (d) 1s7'.
Based on the DRX kinetic model, a flow stress prediction model considering the DRV effect is developed in this
paper, as shown in Eq. (11).

Oprv = \/aszat — (04 — 0f) exp(—re¢) (e <é&)
0= oo\ 2321 (11)
Oprx = Oprv — (Osar — Oss) {1 — exp [_1-315 (?C) ]} (e = &)

Fig. 9 depicts the comparison of flow stress at a constant deformation state, from which it can be seen that the
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experimental and predicted values match well during the deformation range, and the established model can be used to

reveal the flow behavior of the experimental steel during high-temperature plastic deformation process.

Fig. 9. Comparison of experimental and predicted values of true stress-strain curves at constant deformation
temperature and constant strain rates of (a) 0.001s™, (b) 0.01s™, () 0.1s!, (d)1s™.
3.3. Kinetics analysis for transient deformation state

The analysis in the above section allows for predicting the flow stress and DRX volume fraction of the specimen
under a constant deformation state. It is characterized by correlating the deformation temperature and strain rate with
the flow stress. The total strain applied to the specimen can be expressed in two different types. Firstly, for the
description of the work hardening at the beginning of plastic deformation. Secondly, the Avrami equation for the
computation of DRX volume fraction [48]. However, the deficiency of this model is that it cannot update the transient
variation of deformation temperature and strain rate, which is not applicable to describe the flow stress and DRX
volume fraction of the specimen under the transient deformation state [49]. Therefore, it is necessary to develop a new
constitutive model based on effective state parameters, which further reflects the flow stress independent of the applied
total strain. Moreover, it can also describe the work hardening and softening process of the flow stress under a transient
deformation state.

Based on the conventional constitutive model and DRX kinetic model established by Egs. (2)-(11) for the constant
deformation state. In this paper, the conventional model is extended by using numerical integration to implement the
updating of strain rate and deformation temperature after each strain increment throughout the deformation schedule
[50].

As derived from Eq. (11). if opgy < 0., the flow stress of the material, ¢ is determined by opgy,. Otherwise,
the flow stress and DRX volume fraction should be computed from the numerical integration of the following new

differential equation here proposed:
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do _ 1(0Z;—0¢)exp(-re)
e (E < SC) (12)

Jouc+ (0 =oZa)exp(-re)

s v R _o\t-1
do _ _ r(ofar—ad)exp(-1e) E(O'sat — 6, )exp <—k (%) )(—k (s ec) >(£ > ¢.) (13)

de & &
JotuH(Gh-cta)exp(-re) P v

we=tpon(+(5))(H(5) Je=e "

It is assumed that the value of the constant n in Eq (2) come out as temperature independent [51]. The

correspondence between &, &,, 0., 0y, Op, Osqt, Oss, T and Z values is calculated using the form of Arrhenius

power law, as shown in Fig. 10.
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Fig. 10. Relationship between InZ and state parameters of &., &, 0¢, 0p, Oy, Osqt, Oss, T.(a) InZ versus &,
d¢, (b) InZ versus €,, 0,, (¢c) InZ versus &, Osq¢, Oss, (d) InZ versus r.

Taking the state variables into Eq. (12) and (13) allows the prediction of flow stress under a transient deformation
state. Fig. 11(a) and (b) show the predicted flow stress curves of the specimen deformed at 1000°C with strain rate
transient variation. Fig. 11(c) and (d) show the predicted flow stress curves of the specimen deformed to various strains
at a strain rate of 0.01 s™' with temperature transient variation. It can be seen from Fig. 11 that the strain rate or
deformation temperature undergoes a transient mutation when the strain reached 0.4. The flow stress changes
instantaneously to the second-stage flow stress at the mutation site, but does not approach the second-stage flow stress
as slowly as the experiment, which may be related to the relationship between the state parameters and Z value. It is
worth noting that the buckling behavior of the flow stress cannot be predicted under a transient deformation state,

which may be related to the experimental equipment and the grain size of the material [27].

Fig. 11. Comparison of experimental and predicted values of true stress-strain curves at constant deformation
temperature and transient strain rates of (a) 0.01s™ to 0.1s™!, (b) 0.1s! to 0.01s™!. Comparison of experimental and

predicted values of true stress-strain curves at constant strain rate and transient deformation temperatures of (c)
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1000°C to 1100°C, (d) 1100°C to 1000°C.

The prediction of the DRX volume fraction of the specimen under a transient deformation state can be achieved
by implementing the state variables into Eq. (14), as shown in Fig. 12. It can be seen from Fig. 12 that the DRX volume
fraction changes with transient variations of the deformation parameters, e.g., Fig. 12 shows that the lower strain rate
in the first stage facilitates the occurrence of DRX in the strain rate transient mutation state. With the transient increase
in strain rate, the DRX behavior is inhibited and the velocity of the DRX volume fraction is slow. Although a fully
recrystallized state occurred in both deformation temperature transient mutation states, the higher deformation
temperature in the first stage can promote the DRX behavior. It is not possible to predict the variation of DRX volume

fraction with time (strain) for transient variations, this reason can also derive from the above analysis.

Fig. 12. Comparison of experimental and predicted values of DRX volume fraction at transient deformation
temperatures of 1000°C to 1100°C, 1100°C to 1000°C, and transient strain rates of 0.01s! to 0.1s!, (b) 0.1s! to
0.01s™".
3.4. Assessment of hot workability
3.4.1. Power dissipation efficiency and instability factor
Following the dynamic material model theory [6], the total input energy can be expressed as Eq. (23)

P=0é=G+]
G = fosads' (23)
J =] édo

where P is the input energy. G is the energy related to deformation, which is mostly dissipated by heat during
deformation and stored as distortion energy within the deformed material. J isthe power dissipated by microstructural
development, such as DRV or DRX, during hot deformation. The proportion of G and J in P is described using the
strain rate sensitivity index m, as expressed in Eq. (24) [52].

__Ologa
- dlogé (24)

It is noteworthy that the value of m varied nonlinearly when the deformation factor changed [53]. The power
dissipation potential of the sample was assessed by introducing a dimensionless factor of PDE 7 [54], as expressed
in Eq. (25).

2m

p=2n 25)

m+1
The PDE allowed an initial assessment of the influence of deformation states on the microstructure development
of alloys such as DRV, DRX, microcracking, macroscopic shear band, local flow, and superplastic deformation [55,
56]. Nevertheless, a higher PDE can be acquired in certain conditions, such as edge cracks and pore instabilities. As a
result, the PDE value 7 is insufficient to define the optimal hot workability region, which should be combined with
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an instability criterion, as shown in Eq. (26) [57].

§) = 5ot 4 6)

&(€) is a dimensionless instability factor, and the flow instability occurs when &(€) < 0. The types of instability
include local flow, the adiabatic shear band (ASB) and wedge cracking.
3.4.2. 3D power dissipation map and 3D instability map

The combined logarithm of strain rate and deformation temperature on the x and y axis, respectively, and PDE
contour maps at different strains on the z-axis. 3D PDE maps and instability maps can be created, as depicted in Fig.
13(a). The maximum PDE value was 43.6%, corresponding to a strain of 0.4, strain rate of 0.001s" and a deformation
temperature of 1020°C. At strains of 0.2 and 0.6, PDE decreased with the decreasing strain rate and deformation
temperature. A higher PDE value can be obtained at a high strain rate and deformation temperature. The maximum
value of PDE gradually reduced with increasing strain, but the maximum value of PDE remained in the higher strain
rate condition.

Fig. 13(b) depicts the 3D instability maps of the samples deformed to various strains under different parameters.
The green color on the map reflects the stable region, while the yellow color reflects the instability region. It had a
region of instability throughout the strain range. The instability area had a higher deformation temperature and strain
rate at a strain of 0.2. The instability area shifts toward lower temperatures with increasing strain.

Fig. 13. The variation of: (a) power dissipation efficiency at the strain rates of 0.001-1s™!, deformation temperatures
of 900-1100 °C, and true strains of 0.2-0.8, (b) instability region at the strain rates of 0.001-1s™', deformation
temperatures of 900-1100 °C, and true strains of 0.2-0.8.

3.4.3. Hot processing map and microstructure characterization

Fig. 14 illustrates the HPM of the samples deformed under variable deformation parameters. The instability zone
is shown by the shaded area and the green dotted lines. When the strain was 0.2, the maximum PDE value was located
at higher strain rates and deformation temperatures, whereas the instability area appeared in the opposite direction.
The instability region began to move toward the higher deformation temperature with the increase of strain from 0.2
to 0.4. When the strain was 0.6 and 0.8, the instability region varied less with the strain increase and was mostly
localized at the range of 1080°C to1100°C and 0.21s™! to 1s™!. Fig. 14 shows that instability tended to occur when the
PDE was lower. Specifically, instability occurred when the PDE was lower than 28%, implying that the PDE of 28%

may be a critical value that leads to the instability occur of the material.
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Fig. 14. Hot processing maps of 316L at the strain rates of 0.001-1s!, deformation temperatures of 900-1100 °C, and
true strains of (a) 0.2, (b) 0.4, (c) 0.6, (d) 0.8. The shaded region and the green dotted lines represent the instability
region.

The microstructure development in response to the current deformation parameters is indicated by the PDE and
instability area in the HPM [58-60]. To evaluate the accuracy of the developed HPM, there is a need to further
investigate the microstructure evolution under specific process parameters [61]. In this paper, four areas (including
stable and instability areas) were chosen from the HPM, and the corresponding samples were analyzed. The selected
area was deformed to a strain of 0.9 under all constant deformation states, as depicted in Fig. 15. Area A is the instability
region deformed at 913°C-1008°C and 0.16s'-1s'. The PDE value was 17% - 28%. The deformation state exhibited
local flow behavior. The shear direction and compression direction axes formed a 30° angle. Based on their specific
location in the ASB, all grains in the ASB area underwent various degrees of deformation. These grains experienced
the greatest deformations in the center of the ASB line. Furthermore, there was a small and inhomogeneous transition
zone between the ASB center and the matrix. The steel was in a non-uniform deformation state with low hot workability.
This combination of working parameters must be avoided during thermomechanical processing. Area B is the stable
region deformed at 1050°C-1090°C and 0.1s!-1s™". The PDE was 38% - 43%. The DRX volume fraction and the PDE
increased with increasing deformation temperature. This may be due to the effect of the higher strain rate state
promoting DRX behavior coupled with the effect of higher deformation temperature and heat generated during plastic
deformation. Fig. 15 shows that the microstructure underwent a significant DRX, with the GB bulging to form
recrystallization nuclei. The original deformed grains were surrounded by the newly generated DRX grains.
Furthermore, the diffusion and migration of dislocations were strengthened, and the GB migration duration was
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shortened at a high deformation temperature and strain rate. This state promotes DRX nucleation. Area C is the
instability region deformed at 1050°C-1100°C and 0.003s-0.01s™!. This area was undergone a higher deformation
temperature and lower strain rate with a PDE value of 10% - 20%. The instability factor was below zero. The
microstructure was coarse and non-uniformly distributed in comparison to area B, which may be destabilized during
hot deformation. Area D is the stable region deformed at 900°C-930°C and 0.001s7'-0.01s™'. The PDE in this area was
22% - 26%. Most of the microstructure in area D was made up of deformed grains. The primary mechanism of
microstructure development is DRV, with a small fraction of DRX grains and relatively few interior defects. It should
be noted that in area D the deformation temperature and strain rate were lower, indicating that DRX at a lower

temperature also needs to be accompanied by a lower deformation rate.

Fig. 15. Microstructure of different regions of the hot processing map at the strain rates of 0.001-1s™!, deformation
temperatures of 900-1100 °C, and true strain of 0.9. The shaded region and the green dotted lines represent the
instability region.

3.5 Microstructure in transient variation deformation state
3.5.1 Strain rate dynamic increase

Fig. 16(a) - (i) show the three characteristic sites a, b, and ¢ of the flow stress curve marked in Fig. 4(a), which
are used to study the microstructure development regulation mechanism before and after the strain rate dynamic
increase. Fig. 16(a), (d) and (g) show that the LAGBs transformed into MAGBs, and HAGBs accelerated as the
deformation proceeded. Many fine DRX grains can be seen to be defined partially by LAGBs and HAGBs. The
appearance of incomplete HAGBs indicates the gradual transformation of the substructure towards general GB during
deformation. Generally, the point to origin (cumulative) and point to point (local) misorientations along the GB or
within the grain can trace the regulation mechanism of distortion energy. Especially when the cumulative
misorientation is less than 15°, this represents the occurrence of substructure caused by dislocation motion, When the
substructure is transformed into newly generated grains, the misorientation angle will exceed 15° [25]. Fig. 16(b), (e)
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and (h) show the local misorientation (LocMis) map of the samples at the characteristic sites. Fig. 16(c), (f) and (i)
show the local and cumulative misorientation angles along or within the grain. Fig. 16(b), (c) shows that the LocMis
angle was low before the increase in strain rate. The cumulative misorientation angle along the GB or within the grain
was less than 15°. This indicates that the deformation degree was low at a strain of 0.4, some of the grains exhibited
nucleation through GB bulging. The recrystallized grains grew with the long-term migration of HAGBs, which is
compatible with the nucleation mechanism of DDRX. When the strain rate transient variation jumped from 0.01s™! to
0.1s!, the LocMis angle gradually increased as depicted in Fig. 16(e), (f). The cumulative misorientation angle of the
grain edge and interior exceeded 15°, which indicated that the material’s internal dislocation movement is intense, and
LAGB: at the edges or within the grain was transformed into MAGBs and HAGBs. This transformation is compatible
with the nucleation mechanism of CDRX [62]. Moreover, the cumulative misorientation angle at GB was higher than
that within the grain, revealing that DRX behavior is more likely to occur near the GB. When the sample deformed to
the end after the strain rate dynamic increase, as shown in Fig. 16(h), (i), more recrystallized grains were formed and
the newly generated recrystallized grains had a lower LocMis angle, replacing the deformed matrix grains gradually.
The cumulative misorientation angle within the deformed grains was lower than 15°, and most areas of the edge
cumulative misorientation angle were lower than 15°. This reveals that the stored distortion energy increases as
deformation proceeds, which promotes DRX behavior and provides the motivation for dislocation rearrangement to
prevent the development of the high intragranular misorientation gradient. Fig. 16 shows that the density and
misorientations of the strain-induced substructure regulated the development of DRX in the interiors of the initial
grains. The dislocations were rearranged to generate a microscopic substructure of LAGBs during deformation. Some
grains appeared to be protruding and gradually changed from LAGBs to MAGBs and HAGBs with the jump in strain
rate, new grains developed within the deformed grains. As a result, the recrystallization mechanism underwent a
transformation from DDRX to CDRX during the strain rate dynamic increase, which differs from the constant
deformation state [63, 64].
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Fig. 16. Microstructure evolution at constant deformation temperature and strain rate dynamic increase from 0.01 s!

to 0.1 s™'. (a) Grain boundary map at strain of 0.4, (b) Local misorientation map of (a), (c) Changes in misorientation
angle along the lines highlighted in (b), (d) Grain boundary map at strain of 0.5, (e) Local misorientation map of (d),
(f) changes in misorientation angle along the lines highlighted in (e), (g) Grain boundary map at strain of 0.9, (h)
Local misorientation map of (g), (i) Changes in misorientation angle along the lines highlighted in (h). There, A1,
B1, C1 lines represent along the grain, A2, B2, C2 lines represent within the grain. The green, blue, and black lines
represent LAGBs, MAGBs, HAGBSs, respectively.
3.5.2 Strain rate dynamic decrease
Fig. 17 shows the microstructure at three characteristic sites from strain rate dynamic decrease to a, b and ¢ in
Fig. 4(b). Fig. 17(a), (d) and (g) show the GB map. More LAGBs and MAGBs appeared inside the grain before the
strain rate dynamic decreased, as displayed in Fig. 17(a). The original deformed grains were transformed into the
microscopic substructure and generated new recrystallized grains. The recrystallized grains without LAGBs and
MAGBS inside grew as the strain rate dynamic decreased, as illustrated in Fig. 17(d) and (g). Fig. 17(b), (e), (h) show
the LocMis map and Fig. 17(c), (f), (i) show the local and cumulative misorientation angle along the GB or within the
grain. Fig. 17(b) and (c) illustrate that the cumulative misorientation angle along the GB and within most of the internal
areas of the grains was higher than 15° at a strain of 0.4, indicating that the misorientation spanned a wide range from
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the edge to the internal areas of the grains. Many LAGBs transformed into MAGBs and HAGBs, which corresponds
to the characteristics of the CDRX mechanism. The LocMis angle changed alternately, indicating that the dislocation
movement caused by the recovery process is intense at the moment. When the strain rate dynamic decreases to a strain
of 0.5, as depicted in Fig. 17(e) and (f). The local and cumulative misorientation angle along or within the grain was
lower than 15°, showing that the accumulated stored distortion energy before the transient variation was released after
the strain rate dynamic decreased. The accumulated distortion energy and long-term migration of HAGBs were
combined to enhance the DRX behavior. As a result, the volume fraction of DRX was higher at a strain of 0.5. The
deformation reached its end at a decreased strain rate of 0.01s™!, as shown in Fig. 17(h) and (i). In most areas of the
grains, the LocMis angle varied less, and the cumulative misorientation angle was less than 15°. Many recrystallized
grains were generated by the long-term migration of HAGBs, and the dynamically recrystallized grains were nucleated
by deformed GB bulging (nucleation mechanism of DDRX). There was less substructure inside the recrystallized
grain, and the deformation period generated under a lower strain rate state was enough to enhance the dynamics
participating in substructure development and dislocation rearrangement, preventing the establishment of the strong
intragranular LocMis gradient. Thus, the DRX mechanism shifts from CDRX to DDRX during the strain rate dynamic
decrease.
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Fig. 17. Microstructure evolution at constant deformation temperature and strain rate dynamic decreased from 0.1 s™!

to 0.01 s”!. (a) Grain boundary map at strain of 0.4, (b) Local misorientation map of (a), (c) Changes in
misorientation angle along the lines highlighted in (b), (d) Grain boundary map at strain of 0.5, (e) Local

misorientation map of (d), (f) Changes in misorientation angle along the lines highlighted in (e), (g) Grain boundary

map at strain of 0.9, (h) Local misorientation map of (g), (i) Changes in misorientation angle along the lines
highlighted in (h). There, A1, B1, C1 lines represent along the grain, A2, B2, C2 lines represent within the grain. The

green, blue, and black lines represent LAGBs, MAGBs, HAGBs, respectively.

3.5.3 Deformation temperature dynamic increase

Three characteristic sites a, b, and ¢ in Fig. 5(a) were selected to study the microstructure development regulation
mechanism during the deformation temperature dynamic increase. Fig. 18(a), (d), (g), and (b), (e), (h) show the GB
maps and LocMis maps, respectively. Fig. 18(c), (f) and (i) show the corresponding misorientation angles along or
within the grain. Fig. 18 depicts that the microstructure changed significantly with the deformation temperature
dynamic increase. Fig. 18(a), (b) and (c) depict the position (strain of 0.4) before the deformation temperature dynamic
increase. The original GB transitioned from the initial smooth GB state to the serrated state. There was a large number
of LAGBs and MAGBs in the grain. Some newly generated DRX grains were nucleated by the grain boundary bulging
mechanism of DDRX. The local and cumulative misorientation angle was less than 15°. The deformation temperature
dynamic increased to 1100°C, as depicted in Fig. 18(d), (¢) and (f). The number of LAGBs and MAGBs decreased and
the DRX behavior was enhanced. The local and cumulative misorientation angle was less than 10°. This is because as
the deformation continued, it increased the stored distortion energy and promoted the occurrence of DRX. In addition,
with the deformation temperature dynamic increase, it enhanced the dislocation motion and promoted the migration
of HAGBs. The DRX grains were still formed by the DDRX mechanism, and the newly generated DRX grains had
less substructure with deformation proceeds at the deformation temperature of 1100°C to a strain of 0.9, as depicted in
Fig. 18(g), (h) and (i). The grain size became larger, and the local and cumulative misorientation angle was less than
5°. This suggests continuous deformation after the deformation temperature dynamic increase, which promotes the
DRX and grain growth behavior with the coupled effect of stored distortion energy and thermal activation energy.
Meanwhile, the increased deformation temperature increased the dislocation motion and lattice rotation and reduced
cumulative misorientation [65]. Moreover, some LAGBs and MAGBs within the grains were still visible, indicating
that a new cycle of DRX behavior was induced as the deformation proceed.
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Fig. 18. Microstructure evolution at constant strain rate and deformation temperature dynamic increase from 1000°C
to 1100°C. (a) Grain boundary map at strain of 0.4, (b) Local misorientation map of (a), (¢) Changes in
misorientation angle along the lines highlighted in (b), (d) Grain boundary map at strain of 0.5, (e) Local
misorientation map of (d), (f) Changes in misorientation angle along the lines highlighted in (e), (g) Grain boundary
map at strain of 0.9, (h) Local misorientation map of (g), (i) Changes in misorientation angle along the lines
highlighted in (h). There, A1, B1, C1 lines represent along the grain, A2, B2, C2 lines represent within the grain. The
green, blue, and black lines represent LAGBs, MAGBs, HAGBs, respectively.

3.5.4 Deformation temperature dynamic decrease

Three characteristic sites, a, b, and ¢ in Fig. 5(b) were selected to study the microstructure development regulation
mechanism during the deformation temperature dynamic decrease. Fig. 19(a), (d) and (g) show the GB maps. Fig.
19(b), (e) and (h) show the LocMis maps. Fig. 19(c), (f) and (i) show the misorientation angles along or within the
grain. Fig. 19 illustrates that the microstructure changed less with the deformation temperature dynamic decrease. The
position (strain of 0.4) before the deformation temperature dynamic decrease is shown in Fig. 19(a), (b) and (c). Owing
to the samples deformed at a relatively high deformation temperature before the dynamic decrease state, the HAGBs
migrated more easily and did not appear as relatively smooth GB as in the initial microstructure, but were distributed
in a bulging mechanism of nucleation state, with fewer LAGBs and MAGBs inside the grain compared to the first
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stage of deformation temperature dynamic increase state. As a result, the high temperature accelerated the dislocation
rearrangement process, showing a low local and cumulative misorientation angle of less than 15°. As the deformation
temperature dynamic decreased to 1000°C (strain of 0.5), as depicted in Fig. 19(d), (e) and (f), the number of LAGBs
and MAGBs increased. The reduced dislocation motion ability with the temperature dynamic decrease inhibited the
migration of HAGBs. Although DRX nucleation was promoted as deformation continued, the deformation temperature
dynamic decrease had an inhibiting effect on DRX grain growth, resulting in internal microscopic substructure
evolution and without further grain growth. The local and cumulative misorientation angle was less than 15°, and the
DRX was still nucleated by the mechanism of GB bulging. After the deformation temperature dynamic decreased
deformed the sample to a strain of 0.9, as depicted in Fig. 19(g), (h) and (i). The volume fraction of DRX grains with
smaller sizes increased, but the lower deformation temperature in the second stage suppressed the migration of GBs,
resulting in smaller DRX grain sizes and a cumulative misorientation angle higher than 15°. It is worth noting that
during the temperature dynamic decrease, the grain size did not increase compared to the deformation temperature
dynamic increase state, but evolved in relatively uniform grain size. The number of LAGBs and MAGBs increased
further, indicating that the lower deformation temperature promoted the emergence of the complicated and partially
arranged substructures derived from dislocation walls.

24



Fig. 19. Microstructure evolution at constant strain rate and deformation temperature dynamic decreased from
1100°C to 1000°C. (a) Grain boundary map at strain of 0.4, (b) Local misorientation map of (a), (c) Changes in
misorientation angle along the lines highlighted in (b), (d) Grain boundary map at strain of 0.5, (e) Local
misorientation map of (d), (f) Changes in misorientation angle along the lines highlighted in (e), (g) Grain boundary
map at strain of 0.9, (h) Local misorientation map of (g), (i) Changes in misorientation angle along the lines
highlighted in (h). There, A1, B1, C1 lines represent along the grain, A2, B2, C2 lines represent within the grain. The
green, blue, and black lines represent LAGBs, MAGBs, HAGBs, respectively.

3.6 Crystallographic orientation

Fig. 20 shows the inverse pole figure (IPF) and crystallographic orientation parallel to the ND of the strain rate
transient variation deformed to different strains. It is evident from the figure that the microstructure, crystallographic
orientation and pole density varied at different strains. The critical strains of DRX occurring at 1000°C with the two
strain rates were 0.12 and 0.18 as indicated in Fig. 7. This illustrates that the samples underwent DRX behavior prior
to the strain rate transient variation, and the DRX volume fraction increased as the deformation proceeded. Furthermore,
Fig. 20(a) shows that there was no obvious crystallographic orientation of the fiber along ND at a strain of 0.4. As the
deformation process is a relatively unstable state, which is accompanied by GB migration, the distortion energy
increased after the deformation. HAGBs had sufficient time to migrate at low initial strain rates, and DRX grains
nucleated by the DDRX mechanism exhibited distinct rotational orientations, causing the GB to bulge and become
more prominent in the high distortion region, mainly nucleated at serrated HAGBs by GB bulging and growing by GB
migration. Therefore, with the DDRX mechanism, it is easier to obtain randomized crystallographic orientation, which
is also consistent with the relevant literature [66]. When the strain rate dynamic increased to a strain of 0.5, the (101)
fiber appeared. Since a certain number of primary deformed grains still existed in the microstructure at a strain of 0.5,
resulting in a compression direction close to (101) fiber, the appearance of the (101) fiber at a strain of 0.5 is attributed
to the existence of numerous strain-hardened grains in the matrix [67]. The (111) fiber appeared when the specimen
deformed to the end. Although the aforementioned research indicates that the dislocation-free DRX grains have a
randomized crystallographic orientation distribution, when the microstructure was incorporated into DRX grains, the
fiber orientation rotated from (101) to (111) with deformation to a strain of 0.9. This means that the (111) fiber is a
crystallographic orientation caused by the DRX grains. Interestingly, with the strain rate dynamic increase, the DRX
grains were nucleated by the CDRX mechanism, and the dislocations of the CDRX process were rearranged to form
new recrystallized grains, which inherit the parent orientation [68, 69]. The pole density was further increased
compared to the strain of 0.4. Thus, it can be seen that the DDRX mechanism facilitated the randomness of
crystallographic orientation. In addition, the trend of the pole density variation in Fig. 20(a) first increases then
decreases. This is due to the deformation at the state of 0.01s™!, where the higher volume fraction of deformed grains
that existed in the matrix was affected by strain hardening during hot deformation [70], resulting in an increasing pole
density with strain increase. Meanwhile, the pole density near the (101) fiber is treated as a compression microtexture
increased with strain, as described in other materials [71]. Hence, the crystallographic orientation parallel to ND
favored the formation of the (101) fiber, which was caused by deformed grains in the matrix, while the crystallographic
orientation driven by DRX grains tended to develop (111) fiber. In contrast, by comparing the two states of strain rate
dynamic increase at a strain of 0.4 and 0.5. It was found that the pole density of 0.1 s was higher than 0.01 s™! state
at a strain of 0.5, which is similar to fcc materials [72, 73]. Since the lower strain rate facilitated the occurrence of
DRX, this exhibited a better random crystallographic orientation and weakened the pole density. Fig. 20(b) shows that
the content of DRX after the strain rate dynamic decrease was larger before the transient variation initial state. A high
strain rate before the transient variation accumulated a larger dislocation density for new grain nucleation, then the
process of strain rate dynamic decrease provided sufficient duration for the development of new grains. Moreover, in
both strain rate transient variation parts, numerous strain-hardened deformed grains in the matrix showed a

crystallographic orientation close to the (101) fiber in the microstructure at a strain of 0.5. With deformation further
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increased, the number of DRX grains increased and the (101) fiber pole density decreased. The strain of 0.4 showed a
large pole density decrease before the strain rate dynamic decreased, as depicted in Fig. 20(b). From the prior section,
it is clear that under the deformation condition, DRX was nucleated by the CDRX mechanism, which is not beneficial
to form the random crystallographic orientation of the grains. The recrystallization mechanism shifted from CDRX to
DDRX with the decrease in strain rate, which is more favorable to obtaining randomly crystallographic orientation
grains.

Fig. 20. Crystallographic orientation expressed by IPF at constant deformation temperature and transient strain rates
of (a)0.01s't0 0.1, (b)0.15't00.015!

Fig. 21 depicts the IPF and crystallographic orientation parallel to the ND of the deformation temperature transient
variation deformed to different strains. Since the deformation conditions of the samples at 0.01s"' and deformation
temperatures varied from 1000°C to 1100°C, the samples underwent different degrees of DRX before the temperature
transient variation. It is evident from Fig. 21(a) that there was no significant crystallographic orientation of the sample
before the deformation temperature dynamic increased (a strain of 0.4). With the temperature dynamic increased to
1100°C and deformed to a strain of 0.5 and 0.9, the thermal activation energy increased. Moreover, the stored distortion
energy increased, and the DRX behavior intensified as the deformation continued. The sample underwent a significant
DRX and grain growth. As discussed in the previous section, the (111) fiber was the DRX dominant crystallographic
orientation. Therefore, the maximum pole density was in the (111) direction with deformation to a strain of 0.9. As
illustrated in Fig. 21(b), the sample deformed to a strain of 0.4 before the deformation temperature dynamic decreased.
The HAGBs migration behavior was stronger due to the initial deformation temperature of 1100°C in the first stage,
which was higher than 1000°C in the first stage of Fig. 21(a), thus exhibiting a lower pole density. As the deformation
temperature dynamic decreased to 1000°C, the sample deformed to a strain of 0.5. The DRX volume fraction in the
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deformation temperature decreased state was higher than that in the increased state. Consequently, the (111) fiber
representing the dominant DRX crystallographic orientation intensified when the sample deformed to a strain of 0.5.
The pole density was also higher than the value of the dynamic increase in deformation temperature. It is noteworthy
that the deformation temperature dynamic decreased to a strain of 0.9, showing that the crystallographic orientation of
the strain-hardened grains (101) fiber was sharpened. This is attributed to the possible induction of a new round of
recrystallization behavior as the deformation proceeded during the deformation temperature dynamic decrease.
Therefore, the presence of deformed (strain-hardened) grains in the matrix is beneficial to form crystallographic
orientation in the (101) fiber.

Fig. 21. Crystallographic orientations at the deformation temperature of (a) 1000°C to 1100°C, (b) 1100°C to
1000°C.

4. Conclusions

The flow stress and hot workability of the experimental steel at constant and transient deformation states were
studied based on systematic experimental data. The strain rate transient deformation state takes a different strain
interval for the flow stress curves to evolve to a state that deforms to the same accumulated deformation level at a
constant strain rate and the flow stress rapidly adjusts and then gradually reaches a new stress level under a transient
deformation state. DRX is the primary softening behavior among all deformation states, and the critical stress under a
constant deformation state can be determined using the WH rate and flow stress curves. Considering the effect of DRV,
a DRX kinetic model was developed that can predict DRX volume fraction and flow stress more accurately under
constant and transient deformation states. The 3D HPM was established with different deformation parameters for the
studied steel. The microstructure evolution mechanism confirms the accuracy of the established HPM stable and
instability areas.

In addition, the microstructure and crystallographic orientation caused by the transient deformation state were
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investigated. The microstructure development is controlled by two principal DRX mechanisms during the strain rate
transient variation state: the strain rate dynamic increase will cause the DRX mechanism to shift from DDRX to CDRX;
conversely, the DRX mechanism will shift from CDRX to DDRX when the strain rate dynamic decreases. The
deformation temperature dynamic decrease is beneficial to obtaining uniform grain size. The (101) fiber and (111)
fiber are compressed and have a recrystallized crystal orientation parallel to ND. The DDRX recrystallization
mechanism lead to the random orientation of the grains under strain rate dynamic change state.
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