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In the present research, a series of double-stage hot compression tests were conducted in the temperature
range of 950-1150 °C, strain rates in the range of 0.01-1 s~!, strain in the range of 0.1-0.3, and inter-pass
time range of 3-100 s to evaluate the kinetics of the post-deformation recrystallization in AISI 321 austenitic
stainless steel. An Avrami-type kinetics equation has been determined based on the obtained experimental
data. Results show that the extent of post-deformation recrystallization increases with increase in inter-pass
time, deformation temperature, pre-strain, and strain rate. The calculated activation energy for recrys-
tallization (174 kJ/mol) is lower than the activation energy for static recrystallization of austenitic stainless
steels. It is concluded that the both static and metadynamic recrystallization occurred during the inter-pass
period. Also, the predicted softening fraction using the proposed kinetics equation agreed well with those

obtained from experimental results.

Keywords AISI 321 steel, hot compression, kinetics equation,
post-deformation recrystallization

1. Introduction

The grain size of metals and alloys, which is obtained by
applying different types of thermomechanical processing
including hot rolling, can be controlled by the occurrence of
some well-known microstructural phenomena. The main
microstructural evolution mechanisms occurring during hot
deformation are dynamic recovery (DRV) (Ref 1), and dynamic
recrystallization (DRX) (Ref 2). During the inter-pass period in
hot rolling, microstructure is affected by other softening
mechanisms which are generally called static softening pro-
cesses (Ref 3). These mechanisms are static recovery (SRV)
(Ref 4), static recrystallization (SRX) (Ref 5), and metady-
namic recrystallization (MDRX) (Ref 6). During thermome-
chanical processing, different deformation parameters such as
deformation temperature, strain, strain rate, and inter-pass time
must be controlled precisely to achieve optimum combination
of strength and toughness (Ref 7). In the case of austenite
phase, the static recovery occurs at the early stages of the inter-
pass period and only the 10-20 percent of static softening is
related to occurrence of static recovery. But the occurrence of
static and metadynamic recrystallization depends on the extent
of the applied strain in the previous deformation pass (Ref 8). If
the imposed strain is lower than the critical strain for initiation
of dynamic recrystallization (e.), the static recovery is accom-
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panied by the occurrence of static recrystallization (Ref 9),
whereas the metadynamic recrystallization occurs when the
applied strain is higher than the critical strain (&) (Ref 10).
Metadynamic recrystallization occurs as a result of the
continued growth of the nuclei of dynamic recrystallization
formed during the previous deformation stage (Ref 11). When
metadynamic recrystallization is the prevailing static softening
phenomenon (&> &), the static recovery and static recrystal-
lization occur concurrently in the deformed austenite matrix.
Therefore, the combination of static and metadynamic recrys-
tallization is named as post-deformation recrystallization (Ref
12). By inspection of the available literature, it is revealed that
the numerous studies were focused on the dynamic recrystal-
lization behavior of austenitic stainless steels. For example,
Dehghan-Manshadi et al. (Ref 13) showed that while dynamic
recrystallization of AISI 304 austenitic stainless steel starts at a
strain as low as 60 percent of the peak strain, a fully
recrystallized microstructure needs a high strain of almost 4.5
times the initiation strain. Nkhoma et al. (Ref 14) compared the
hot workability of AISI 304 and AISI 321 steel through the
execution of single pass hot deformation in the temperature
range of 800-1200 °C. They showed that the AISI 321 steel is
slightly softer than the AISI 304 steel and their deformation
activation energies were calculated to be 465 and 446 kJ/mol,
respectively. Guo et al. (Ref 15) studied the hot deformation
behavior of AISI 316LN steel in the temperature range of 900-
1200 °C and strain rates in the range of 0.001-10 s~'. Their
results showed that the peak stress decreases with increase in
the deformation temperature and decrease in strain rate and the
initial austenitic grain size has little influence on the peak stress.
Furthermore, there is little information on the post-deformation
softening behavior of austenitic stainless steels. Dehghan-
Manshadi et al. (Ref 16) studied the metadynamic recrystal-
lization behavior of AISI 304 steel through the double-stage hot
torsion testing. Their results indicated that the time for 50%
recrystallization changes from strain dependent to strain
independent at a transition strain. Miao et al. (Ref 17)
investigated the static recrystallization behavior of 316LN steel
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and showed that deformation temperature has significant
influence on static recrystallization and the volume fraction of
recrystallization could easily reach 100% at higher deformation
temperatures. Their results indicated that the activation energy
for static recrystallization is about 317 kJ/mol. Although the
dynamic recovery (Ref 18) and dynamic recrystallization (Ref
19, 20) behaviors of AISI 321 austenitic stainless steel have
been studied by current authors, there is not any information
regarding the post-deformation recrystallization behavior of this
grade of austenitic stainless steels. Therefore, in the present
work, the kinetics of the post-deformation recrystallization of
AIST 321 steel was evaluated using the double-stage hot
compression deformation. The results of this study can be used
in the optimization of the process parameters during multi-step
hot rolling to control the extent of the static softening during the
holding period of different rolling stages.

2. Material and Experimental Procedure

Chemical composition of the AISI 321 austenitic stainless
steel used in the present investigation is shown in Table 1. As
can be seen, the 0.32 wt.% titanium was added to this grade of
stainless steel to reduce the grain boundary sensitization which
is the common corrosion phenomenon in other un-stabilized
grades such as AISI 304 and 316 steels (Ref 21, 22).
Cylindrical samples with 15 mm height and 10 mm diameter
were machined from as received rod. As the raw material was
received in the form of the cold deformed rod, the initial
microstructure consisted of cold deformed austenite phase with
deformation twins and also strain-induced martensite (Fig. 1a).
In order to achieve uniform microstructure with equiaxed
austenite grains and elimination of the deformation-induced
martensite just before double-stage deformation, samples were
annealed at 1200 °C for 10 min. The short heating time of
10 min was selected to prevent intensive austenite grain
growth. Figure 1(b) shows the annealed microstructure of
samples just before thermomechanical processing. It is seen
that the annealed microstructure consisted of equiaxed austenite
grains in conjunction with annealing twins and TiN inclusions.
The double-stage hot compression tests were then performed on
cylindrical samples using Zwick—Roell Z250 testing machine.
The schematic representation of the thermomechanical proce-
dure used in the present study is illustrated in Fig. 2. As shown
in Fig. 2, samples were heated at the rate of 10 °C/s to the
specified deformation temperature and held for 5 min to
achieve uniform temperature distribution inside sample. Then,
the first step of compression test was performed at the constant
strain rate up to the predefined strain. After the holding time,
the second stage of deformation was conducted at the same
temperature and strain rate of the first stage up to the
accumulated strain of 0.7. Samples were quenched in water
after the second deformation stage. To evaluate the effects of
deformation temperature, pre-strain and strain rate on the extent

of post-deformation softening, hot compression tests were
performed in the temperature range of 950-1150 °C, pre-strain
in the range of 0.1-0.3, and strain rates in the range of 0.01-
1 s~'. Force—displacement curves obtained from double-stage
hot deformations were converted to true stress—true strain
curves, and the extent of post-deformation softening was
evaluated using the 0.2% offset stress method (Ref 23).

3. Results and Discussion

3.1 Double-Stage Hot Compression Curves

The variations of the flow stress of AISI 321 austenitic steel
during the first and second stages of hot compression defor-
mation are shown in Fig. 3. Also, the effects of deformation
parameters on double-stage hot compression curves are
depicted. The effect of inter-pass time can be elucidated from
Fig. 3(a). As it is evident, the level of flow stresses during first
stage of deformation is the same in all tests due to the identical
deformation parameters. However, it is seen that the flow stress
in the second stage is decreased with increase in inter-pass time.
This is attributed to the thermally activated microstructural
evolutions occurring during the delay time between these two
passes. The main softening mechanisms leading to the lower
flow stress in the second stage of deformation are static
recovery, static and metadynamic recrystallization (Ref 8).
Figure 3(b) indicates that the flow stress in both first and
second stages increases with decrease in deformation temper-
ature. Therefore, it can be deduced that the microstructural
evolutions during hot deformation are also based on thermally
activated mechanisms. It is well understood that the flow
behaviors of materials during hot deformation are controlled
mainly by work hardening and the occurrence of dynamic
recovery and recrystallization (Ref 24). Therefore, increasing
deformation temperature provides more activation energy for
dynamic recovery and recrystallization and these results in
lower flow stress levels. It is also apparent in Fig. 3(a) that the
flow curve in the second stage of deformation at the temper-
ature of 1150 °C shows a peak stress which is the main
indication of the occurrence of dynamic recrystallization. The
effects of strain rate on flow curves at a constant deformation
temperature of 1050 °C are shown in Fig. 3(c). It can be
observed that the flow stress level in both first and second stage
of hot compression increases with increase in strain rate.

3.2 Calculation of Softening Fraction

The amount of softening due to the occurrence of static
recovery, metadynamic and static recrystallization can be
calculated using the flow stress levels of first and second
stages of hot compression deformation. Four different methods
were proposed to relate the difference of the flow stress in the
first and second stage to the amount of static softening. These
methods include offset stress method, strain recovery method,

Table 1 The chemical composition of the AISI 321 steel used in the present work (wt.%)

C Cr Ni Mo Ti

Mn Si S P N Fe

0.04 18.16 10.52 0.24 0.32

1.87 0.36 0.018 0.026 0.001 Bal.
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Fig. 1 Microstructures of AISI 321 austenitic stainless steel: (a) as received and (b) after annealing for 10 min at 1200 °C
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Fig. 2 Schematic of the thermomechanical procedure used in the
present research

back extrapolation method, and average stress method (Ref 25).
In the present investigation, the 0.2% offset yield stress method
was used for determination of the amount of softening. The
schematic representation of the offset yield stress method is
shown in Fig. 4. According to this method, the amount of static
softening is determined using the following equation (Ref 26):
(Eq 1)

SF=In—%
Om — 01
where g, is the flow stress level at the end of the first step, g
and o, are the 0.2% offset stress of the first and second stages,
respectively (Fig. 4). The variations of static softening per-
centage with inter-pass delay times under different deformation
conditions (strain rate, temperature, and strain) are shown in
Fig. 5. It is obvious that the softening percentage increases with
increase in deformation temperature and inter-pass delay time
(Fig. 5(a)) because the static softening mechanisms, including
recovery and recrystallization, are thermal activated. The
maximum softening percentages after 100 s inter-pass delay
at temperatures of 950, 1050, and 1150 °C are 32.6, 62.5, and
89.4%, respectively. Therefore, it can be concluded that the
post-deformation recrystallization is partial after 100 s delay at
all the investigated temperatures. It is also seen that the
softening percentage increases slowly at the early stage of inter-
pass period and the softening rate increases rapidly with the
further increase in the delay time. Figure 5(b) shows the
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variations of softening percentage with inter-pass delay time at
different strain rates. It is clear that the amount of static
softening increases with increase in strain rate. Therefore, the
higher amount of softening occurs at the strain rate of 1 s~
compared with other strain rates. This is due to the fact that the
extent of dynamic recovery during first stage of deformation is
reduced with increase in strain rate as a result of the lower time
available for cross slip and climb of dislocations. So, the higher
dislocation density obtained just after the first step of double-
stage compression test increases the driving force for post-
deformation recovery and recrystallization during the inter-pass
period. Figure 5(c) illustrates the effect of pre-strain on the
softening percentage. For this purpose, the strains of the first
deformation stage were selected to be 0.1, 0.2, and 0.3 and the
double-stage deformations were performed at the temperature
of 1050 °C and strain rate of 0.1 s™". It is clear that the amount
of static softening including recovery and recrystallization is
increased with pre-strain. This is mainly due to the generation
of more dislocation densities at higher strains, which provides a
driving force for static softening mechanisms. For further
confirmation of the results of static softening percentage
obtained by double-stage compression, the microstructures of
AISI 321 austenitic stainless steel after deformation with
different pre-strains are represented in Fig. 6. Optical
microstructure of AISI 321 steel after 100 s inter-pass period
with the pre-strain of 0.1 is shown in Fig. 6(a). As can be seen,
the entire microstructure consisted of slightly deformed austen-
ite grains. The fine austenite grains resulting from recrystal-
lization are not observed in this micrograph. From Fig. 5(c), the
softening percentage at this condition is about 17% which is in
accordance with the observed microstructure. It has been
mentioned in the literature that the 10-20% of inter-pass
softening during double-stage deformation can be attributed to
the occurrence of static recovery (Ref 27). Figure 6(b) shows
the microstructure of AISI 321 steel after 100 s inter-pass
period which was deformed with the pre-strain of 0.2. In this
micrograph, both deformed and fine equiaxed austenite grains
are observable. The calculated softening percentage at this
condition is about 62% (Fig. 5¢) and seems reasonable when
compared with the obtained microstructure. Microstructure
obtained after 100 s inter-pass period and pre-strain of 0.3
consisted mainly of fine equiaxed and some elongated austenite
grains (Fig. 6¢). The softening percentage is about 93%
considering the results represented in Fig. 5(c). These equiaxed
austenite grains are expected to be formed as a result of the
occurrence of metadynamic recrystallization because the
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Fig. 3 The effect of different deformation parameters on double-stage hot compression curves: (a) inter-pass time, (b) deformation temperature,

and (c) strain rate
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Fig. 4 Determination of softening fraction using 0.2% yield stress

applied pre-strain is higher than the critical strain for the
occurrence of dynamic recrystallization during first deformation
stage (Ref 20).

3.3 Kinetics of Post-deformation Recrystallization

For determination of the kinetics of post-deformation
recrystallization, it was assumed that the 10% of the softening
during an inter-pass period is due to the static recovery.
Therefore, the post-deformation recrystallization fraction
(Xpprx) can be obtained using the following equation (Ref 27):

3570—Volume 28(6) June 2019

SF — 0.1

) (Eq 2)

Xpprx =
where the SF is the softening fraction calculated directly from
double-stage hot compression tests (Fig. 4). The kinetics of
post-deformation recrystallization can be expressed using the
Avrami-type equation in the following form (Ref 16):

n
XPDRX =1- eXp |:—0693 (L> :|

; (Eq 3)
0.5

where ¢ is time, n is Avrami exponent, and fy5 is the time
required for 50% static recrystallization. The following expres-
sion is obtained by taking logarithm on both sides of Eq 3:

In (m <ﬁ> > — In(—0.693) + nln(r) — nIn(tys)
(Eq 4)

According to Eq 4, the value of the Avrami exponent () can
be calculated from the slope of the
In(In m 5 versus In(¢) curves. Figure 7 represents these
curves which” Wwere obtained by substituting the Xpprx and ¢
values in Eq 4. The Avrami exponent was then determined
from the average slope of these curves (n = 0.775).

The applied pre-strain in the present investigation is in the
range of 0.1-0.3. It should be noted that the strain of 0.1 is
lower than critical strain for initiation of dynamic recrystal-
lization. Therefore, static recrystallization occurs during the
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Fig. 5 The effect of deformation parameters on the amount of static softening percentage during inter-pass time: (a) deformation temperature,
(b) strain rate, and (c) strain

Fig. 6 Effect of pre-strain on the microstructure of AISI 321 austenitic stainless steel subjected to double-stage compression deformation with
strain rate of 0.1 s-1, deformation temperature of 1050 °C and inter-pass time of 100 s: (a) ¢ = 0.1, (b) ¢ = 0.2 and (c) ¢ = 0.3
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(b) strain rate, and (c) strain

holding period, whereas the applied strain of 0.3 is higher than
the critical strain so that the metadynamic recrystallization
occurs under these conditions. It is concluded that the post-
deformation softening is due to the occurrence of the both of
static and metadynamic recrystallization. Therefore, the time
for 50% post-deformation softening was found to vary with
strain and strain rate. So, the following expression was used to
express the time required for 50% softening (Ref 17):

tos = A& el exp <QPDRX>

T (Eq 5)
where A4, p, and g are material constants, Qppgrx is the activation
energy of post-deformation softening, R is universal gas
constant, 7 is absolute deformation temperature, & is strain
rate, and € is applied strain. Following expression is obtained
by taking logarithm on both sides of the above equation:

Ln(tys) = InA + pIn(é) + ¢ In(e) + QZDTRX (Eq 6)

The values of #, 5 were obtained under different deformation
conditjons from the intercept of the
In{In <1—lem{x21 versus In(#) curves. After determination of
the value of the time required for 50% recrystallization (# ),
the In(#p5) versus Iné, In(#p5) versus In(e) and

In(#p5) versus % curves were plotted and the values of p, ¢,

and Qpprx were obtained from the slope of these curves,
respectively (Fig. 8). Also, the value of In 4 in Eq 6 was
determined from the intercept of the In(tos) versus £ curves.
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Finally, the kinetics equations for post-deformation recrystal-
lization of AISI 321 austenitic stainless steel in the temperature
range of 950-1150 °C were determined as given below:

NGRS
Xpprx = 1 —exp {—0.693 (—) ]
fos

174000
RT

tos = 3.24 x 107957 0-6819,73.8256 exp< (Eq 7)

The activation energy for post-deformation recrystallization
of AISI 321 austenitic stainless steel in the present investigation
is calculated to be 174 kJ/mol which is lower than the
activation energy for static recrystallization of austenitic
stainless steels. For example, Miao et al. (Ref 17) studied the
hot deformation behavior of 316LN steel and their investigation
showed that the activation energy of static recrystallization is
about 317 kJ/mol. Also, in another study conducted by Cho
et al. (Ref 28) the activation energy of metadynamic recrys-
tallization in austenitic stainless steel was determined to be
about 230 kJ/mol. It is seen that the activation energy of post-
deformation recrystallization in AISI 321 steel is near the
activation energy of metadynamic recrystallization of austenitic
stainless steels. Therefore, it is concluded that most of the
softening occurs due to the metadynamic recrystallization. But,
it must be noted that the pre-strains in the first deformation step
(e =0.1, 0.2, and 0.3) are in the range for the occurrence of
both static and metadynamic recrystallization. In another work

Journal of Materials Engineering and Performance
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conducted by authors (Ref 20), the critical strains for the onset
of dynamic recrystallization in AISI 321 steel were calculated
at different deformation conditions. Comparing the pre-strain
values in the first step of hot deformation with critical strains
determined at the specified conditions shows that the strain of
0.1 is lower than the critical strain for the onset of dynamic
recrystallization. So, it is deduced that the static recrystalliza-
tion is the prevailing softening mechanism, whereas the pre-
strain of 0.3 is higher than the critical strain for the onset of
dynamic recrystallization. Therefore, the metadynamic recrys-
tallization is expected to occur during the inter-pass period. The
lower activation energy obtained in the present study can be
attributed to the subtraction of the effect of static recovery from
the values of softening fraction. Also, the lower activation
energy results from the differences in the chemical composition
of AISI 321 steel with other grades of austenitic stainless steels.
The investigated steel has about 0.32 wt.% titanium, which is a
strong carbonitride forming element. It has been demonstrated
that dynamic recovery and dynamic recrystallization of austen-
ite phase are retarded by titanium addition (Ref 29). This results
in the higher dislocation density in the microstructure of
austenite just after the first step and before inter-pass initiation.
Higher dislocation density provides more driving force for
static restoration processes and reduces the amount of activa-
tion energy required for the occurrence of recrystallization
during the inter-pass period.

3.4 Comparing the Predicted and Experimental Results

Figure 9 represents the variations of the predicted values of
the post-deformation softening percentage with inter-pass time
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at a constant temperature, strain rate, and strain. As can be seen,
the variations of the softening percentage show a trend similar
to the Avrami-type behavior. Also, the experimental amounts of
the softening percentage are shown as dotted values for
comparison propose. It is seen that the predicted values are in
good agreement with the experimental result. Therefore, the
proposed kinetic equation can be used for estimation of the
post-deformation softening fraction during the hot deformation
of AISI 321 austenitic stainless steel.

4. Conclusions

In the present investigation, the effect of hot deformation
parameters, namely the pre-strain, strain rate, and temperature
on the kinetics of post-deformation softening in AISI 321
austenitic stainless steel, was investigated using the double-
stage hot compression test in the temperature range of 950-
1150 °C. The main results are as given below:

1. The flow stress of AISI 321 steel during first and second
stages of hot deformation is affected by processing
parameters. The flow stress increases with decrease in
deformation temperature and increase in strain rate and
decrease in inter-pass time.

The experimental results show that the extent of inter-
pass softening increased with increase in deformation
temperature, strain rate, and pre-strain. This indicates that
softening occurred through the thermal activated
microstructural evolution.
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Fig. 9 Comparing the predicted static softening percentage using the obtained kinetic equation and experimental values: (a) effect of
deformation temperature, (b) effect of strain rate, and (c) effect of pre-strain

The kinetics of post-deformation recrystallization was
evaluated using the Avrami-type equation. The following
expressions were obtained to express the variations of the
recrystallization fraction during the inter-pass period:

0.775
XPDRX =1- exXp *0693( )
fo.s

174000
fos = 3.24 x 10707 0-6819,=3:8256 oy (T)

The activation energy for post-deformation recrystalliza-
tion of AISI 321 steel was calculated to be 174 kJ/mol
and is lower than the activation energy for static recrys-
tallization of other grades of austenitic stainless steels
and also near the activation energy of metadynamic
recrystallization. This shows that the metadynamic
recrystallization is the predominant softening phe-
nomenon for the deformation conditions used in the pre-
sent study.

The time required for 50% softening of AISI 321 steel
during the inter-pass period is dependent on strain rate
and pre-strain. This indicates that both static and metady-
namic recrystallization occurred during the inter-pass per-
iod.

Comparing the predicted and experimental results, it is
concluded that the proposed kinetic equation predicts the

3574—Volume 28(6) June 2019

post-deformation softening fraction of the AISI 321 steel
accurately.
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