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Abstract: Single- and two-step hot compression experiments were carried out on 16Cr25Ni6Mo superaustenitic stainless steel in the temper-
ature range from 950 to 1150°C and at a strain rate of 0.1 s−1. In the two-step tests, the first pass was interrupted at a strain of 0.2; after an in-
terpass time of 5, 20, 40, 60, or 80 s, the test was resumed. The progress of dynamic recrystallization at the interruption strain was less than 
10%. The static softening in the interpass period increased with increasing deformation temperature and increasing interpass time. The static 
recrystallization was found to be responsible for fast static softening in the temperature range from 950 to 1050°C. However, the gentle static 
softening at 1100 and 1150C was attributed to the combination of static and metadynamic recrystallizations. The correlation between calcu-
lated fractional softening and microstructural observations showed that approximately 30% of interpass softening could be attributed to the 
static recovery. The microstructural observations illustrated the formation of fine recrystallized grains at the grain boundaries at longer inter-
pass time. The Avrami kinetics equation was used to establish a relationship between the fractional softening and the interpass period. The 
activation energy for static softening was determined as 276 kJ/mol. 

Keywords: superaustenitic stainless steel; dynamic recrystallization; static softening; metadynamic recrystallization; microstructural evolu-
tion; Avrami kinetics equation 

 

 

 

1. Introduction 

Microstructural evolutions during and after hot working 
of metallic materials strongly affect the final properties of 
the products. Dynamic recovery (DRV), dynamic recrystal-
lization (DRX), static recovery (SRV), static recrystalliza-
tion (SRX), and post-dynamic or metadynamic recrystalliza-
tion (MDRX) are the most ubiquitous phenomena that can 
change the microstructure of metallic materials in a hot de-
formation process. These dynamic and static softening 
processes profoundly affect the microstructural evolution of 
metallic materials [1–2]. In low-stacking-fault-energy met-
als such as superaustenitic stainless steels, fine grains with 
very low dislocation density usually appear during deforma-
tion [3]. In this mechanism, primary grain boundaries elon-
gate along the direction of applied stress. Afterwards, the 
grain boundaries bulge outward and form the primary vo-

lumes ready to crystallize. Recrystallization of new grains is 
activated when strain reaches a critical value defined as εc. 
This critical condition is often accompanied by the sub-
grains reaching a critical size [4]. The critical 
strain/condition is a function of the deformation condition as 
well as the primary microstructure. After this step, DRX 
proceeds via the occupation of prior grain boundaries by the 
new grains, forming what is referred to as a necklace struc-
ture [3,5]. The necklace microstructure has been observed in 
various materials deformed at small strains at elevated tem-
peratures [6]. Temperature and strain rate have been re-
ported to remarkably influence the necklace microstructure 
and the size of DRX grains [7–8]. By contrast, the effect of 
primary grain size has been negligible [9–10]. Despite nu-
merous investigations devoted to this topic, no accurate 
mechanism that accounts for the formation of these types of 
grains, particularly the second layer of the necklace structure 
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has been proposed. 
The presence of a massive density of dislocations in par-

tially dynamic recrystallized microstructures results in a 
tendency toward post-deformation softening during the in-
terpass period of a multistep hot working operation. When 
the pass strain is below the DRX critical strain, static re-
crystallization (SRX) is the major static softening process; 
when the pass strain is well above the critical strain, MDRX 
is the dominant static softening process [11–12]. 

The sensitivity of static restoration mechanisms to de-
formation parameters depends on the type of process [13]. 
When MDRX is the dominant interpass softening mechan-
ism, softening kinetics are highly dependent on the strain 
rate, temperature, and the chemical composition of the me-
tallic material [14]. In this condition, the pass strain and 
the initial grain size are not considered as effective fac-
tors [15–18]. By contrast, SRX is the most significant me-
chanism after low-pass strains; its kinetics is directly related 
to temperature, pass strain, and initial grain size, whereas it 
is weakly dependent on strain rate [13,19]. Therefore, a 
transition strain (ε*) is defined as the strain point where sof-
tening behavior of the materials changes from a 
strain-dependent state at low strains to a strain-independent 
state at high strains. The transition strain is intermediate 

between the peak and the steady-state strains [20–21]. 
Despite numerous studies related to SRX and  

MDRX [22–26], the softening mechanisms in superauste-
nitic stainless steels remain poorly understood. Some inter-
esting issues in this field are grain size changes during 
MDRX, the relation of these changes to the extent of sof-
tening, and the relationship between the fractions of DRX 
and MDRX. 

In this study, single and two-step hot compression tests 
were performed on 16Cr25Ni6Mo superaustenitic stainless 
steel in the temperature range from 950 to 1150°C and at a 
strain rate of 0.1 s−1. Mechanical and microstructural ex-
aminations were used to investigate the static softening be-
havior of the material during the interpass period. 

2. Experimental 

The chemical composition of the superaustenitic stainless 
steel 16Cr25Ni6Mo used in this study is presented in Table 1. 
The initial microstructure of the material exhibited in Fig. 1 
shows a fully recrystallized structure of equiaxed grains 
with an average grain size of 150 μm. The average grain 
size was determined by the intercept method described in 
standard ASTM E112. 

Table 1.  Chemical composition of the 16Cr25Ni6Mo steel (Fe balance) used in this work              wt% 

C Si Mn Cr Mo Ni Nb Al Cu Co V W N 

0.052 0.48 1.472 18.91 6.23 23.78 0.044 0.23 0.15 0.103 0.7 0.239 0.571

 

 

Fig. 1.  Initial microstructure of the used material. 

Hot compression tests were performed using a 
Zwick-Roell 250 universal testing machine. A resistance 
furnace was used to control the deformation temperature 
with a precision of ±5°C. Samples with a diameter and a 
height of 8 and 12 mm, respectively, were prepared accord-
ing to standard ASTM E209. 

Schematics of the single- and double-hit compression 
tests adopted in this work are shown in Fig. 2. Before each 
test, a specimen was heated at 10°C/s to 1200°C and main-
tained at this temperature for 5 min. The reheated samples 
were cooled to the deformation temperature, where they 
were maintained for 3 min to eliminate any temperature 
gradient, and were then subjected to hot compression. 

To investigate the flow curves, the single-hit hot com-
pression tests were carried out in the temperature range from 
950 to 1150°C at intervals of 50°C and with a constant 
strain rate of 0.1 s−1. With regard to the critical and peak 
strains, a strain of 0.2 was selected as the interrupting strain 
of the first pass in the double-hit tests. The kinetics of static 
softening mechanisms was investigated within various in-
terpass times of 5, 20, 40, 60, and 80 s. After a total strain of 
0.7, the deformed samples were quenched in water to am-
bient temperature. To study the microstructures after the in-
terpass period, some samples were deformed in the first pass, 
held for different interpass times of 5, 20, 40, 60, and 80 s, 
and then quenched to room temperature. Optical microscopy 
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observations were carried out to determine the extent of 
static softening during the interpass period. 

 

 

Fig. 2.  Schematic of the thermomechanical processes applied 
to the samples: (a) one-step deformation; (b) two-step defor-
mation. 

3. Results and discussion 

3.1. Single-hit flow curves and microstructures 

The true stress–strain curves of the material in the tem-
perature range from 950 to 1150°C and corresponding to a 
strain rate of 0.1 s−1 are shown in Fig. 3. All the curves exhi-
bit a peak that indicates the occurrence of DRX. According-
ly, the values of both the peak strain and the peak stress in-
crease with decreasing temperature. 

The critical and peak strains (εc and εp) and the critical 
and peak stresses (c and p) are often determined from a 
plot of the work-hardening rate () vs. the flow stress. In this 
method [27–28], p is identified as the point where the 
work-hardening slope reaches zero. As evident in Fig. 4, 
three inflections are observed in the – plots; these inflec-
tions correspond to the substructure formation, the critical 
point, and the peak point. The values of εc, εp, c, and p de-
termined by the aforementioned method are summarized in 
Table 2. 

Similarly, the points corresponding to the highest rate of 
DRX and the onset of the steady-state condition are easily 

distinguished in a plot of  vs. true strain. As shown in Fig. 
5,  becomes negative in the DRX region and reaches a 
minimum at  = * = 50%, which refers to the highest rate of 
DRX. The  then increases again and reaches zero at  = ss, 
which is known as the onset of the steady-state region. Table 
3 summarizes the * and ss values at different temperatures. 

 

Fig. 3.  Stress–strain curves at different temperatures and a 
final strain of 0.7. 

 

Fig. 4.  Work-hardening rate versus true stress at various de-
formation temperatures. The points corresponding to the for-
mation of substructure, initiation of DRX (critical point), and 
the peak are highlighted at 1000°C. 

Table 2.  Peak and critical stress and strain at different de-
formation temperatures 

εc c / MPaεp p / MPa Temperature / °C 

0.140 258 0.218 274 950 
0.093 205 0.215 220 1000 

0.080 145 0.176 154 1050 
0.031 93 0.165 130 1100 

0.028 89 0.160 128 1150 
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Fig. 5.  Work-hardening rate versus true strain at various de-
formation temperatures. The points corresponding to 50% 
DRX ( = * = 50%) and the onset of the steady-state region (ss) 
are highlighted at 1000C. 

Table 3.  Values of strain corresponding to 50% DRX and on-
set of the steady-state region at various deformation tempera-
tures 

ss 50% (*) Temperature / °C 

0.63 0.42 950 

0.60 0.38 1000 

0.55 0.33 1050 

0.50 0.30 1100 

0.45 0.28 1150 
 

The results in Tables 2 and 3 show that, under all of the 
studied deformation conditions, DRX starts at strains of ap-
proximately 0.2. The progression of DRX at the peak is of-
ten limited to approximately 10%; the rest of the micro-

structure remains in the deformed condition [29]. This result 
is clearly comprehended from the εp/ε50% ratio, which is less 
than 0.5. Therefore, if the deformation is interrupted at a 
strain of 0.2, the microstructure mainly consists of deformed 
grains ready to be statically recrystallized by heating in the 
interpass period. In the interpass period, the work-hardened 
part of the structure is softened by SRX. However, conco-
mitant with the SRX in the work-hardened grains, MDRX 
occurs in the small regions that had experienced DRX in the 
first pass. That is, SRX is prevalent at approximately 90% of 
the microstructure, whereas MDRX occurs in the other 10% 
of the microstructure. The micrographs in Fig. 6 confirm 
that, at the peak, DRX has progressed only slightly, espe-
cially at temperatures below 1100C, and is enclosed in the 
formation of bulges and a few small grains along the grain 
boundaries. The elongated grains contain a large amount of 
stored deformation energy, which enables them to undergo 
SRX in the interpass period. During the interpass period, 
fine SRX grains are formed in the deformed regions, rapidly 
consuming the stored energy. However, the low energy con-
tent of small DRX grains leads to limited softening by 
MDRX. On this basis, SRX is the major static softening 
mechanism for a material deformed to a strain of 0.2 in the 
first pass. 

3.2. Double-hit flow curves and microstructures 

Fig. 7 presents the flow curves corresponding to 
double-hit compression tests carried out at various tempera 
tures with different interpass times of 5, 20, 40, 60, and 80 s. 
The flow stress level in the second pass decreases, especially  

   

  

Fig. 6.  Micrographs of the samples deformed up to the peak at 950°C (a), 1000°C (b), 1050°C (c), 1100°C (d), and 1150°C (e).
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after longer interpass times. As previously mentioned, the 
interpass softening is attributable to SRX in the deformed 
grains and MDRX in the dynamically recrystallized parts of 
the structure. 

The interpass softening is evaluated using the following 
equation [30]: 

m 2

m 1

X
 
 





 (1) 

where X is the static fractional softening, which varies be-
tween 0 and 1, σm is the flow stress at the end of the first 
pass (interrupted stress), and σ1 and σ2 refer to the yield 

stresses of the first and second passes, respectively. With 
longer interpass times and greater progression of interpass 
softening, σ2 decreases, leading to an increase of X. That is, 
with increasing interpass time, σm − σ2 increases and X 
therefore increases between 0 and 1. Fig. 8 shows the varia-
tion of X with the interpass time at various deformation 
temperatures. As clearly shown, the fractional softening in-
creases from approximately 0.27 after 5 s of holding at 
950C to nearly 1 after an interpass time of 80 s at 1150C. 
The increase of X at higher temperatures is associated with 
the promotion of SRX and MDRX. Notably, the distance 

Fig. 7.  Double-hit compression tests carried out to 
study the influence of interpass times on static sof-
tening; the tests were conducted at different de-
formation temperatures: (a) 950C; (b) 1000°C; 
(c) 1050°C; (d) 1100°C; (e) 1150°C. 
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between curves in Fig. 8 decreases with increasing temper-
ature. Thus, at a given interpass time, an increase in temper-
ature within the range from 950 to 1050°C results in a more 
remarkable increase in the value of X compared with its in-
crease in the higher-temperature range from 1100 to 1150°C. 
This result suggests different static softening mechanisms at 
temperatures greater than and less than 1050°C. According 
to Fig. 6, at the end of the first pass in the temperature range 
from 950 to 1050°C, no DRX grains were observed in the 
microstructure. However, at 1100 and 1150°C, small DRX 
grains were observed near the prior grain boundaries. 
Therefore, although the static softening at 950–1050°C in-
volves only SRX in the deformed grains, at 1100 and 
1150°C, it involves SRX in the deformed areas and MDRX 
in the small DRX grains. Notably, when partial DRX occurs 
during the first pass, it consumes some of the strain energy 
and therefore decelerates the kinetics of subsequent static 
softening. 

 

Fig. 8.  Fractional softening (X) as a function of interpass time, 
calculated at various temperatures using Eq. (1). 

Fig. 7 shows that the apparent features of the flow curves 
vary with the change in the interpass period. At all tempera-
tures, the flow curve of the second pass is characterized by a 
distinct peak and remarkable flow softening after the inter-
pass time of 5 s. However, after the holding times of 20 and 
40 s, a weak peak is observed, followed by weak flow sof-
tening. A further increase in holding time to 60 and 80 s 
leads to a faint peak, after which a steady-state flow behavior 
is observed. Fig. 9 indicates that the p for the second pass in-
creases with increasing interpass time. All of these results 
imply that longer holding times degrade the tendency toward 
DRX in the second pass. When the interpass time is short, e.g., 
5 s, SRX does not progress considerably and the dominant 
softening mechanism is SRV; consequently, the strain energy 
of the first pass remains after the interpass period and accu-

mulates with the strain energy of the second pass. This accu-
mulation, in turn, helps the material attain the critical condi-
tion for DRX at a lower p. Less likely, after longer interpass 
times, SRX progresses, consumes the accumulated strain of 
the first pass, and shifts the p toward larger strains. 

 

Fig. 9.  Variation of the peak strain for the second pass with 
the interpass time. 

Fig. 10 shows the representative micrographs of the sam-
ples after different interpass times. Fig. 10(a) shows that a 
5-s holding time at 950°C is insufficient to initiate SRX in 
the elongated grains and that SRV is the only interpass sof-
tening mechanism. Therefore, the strain of the first pass is 
almost entirely accumulated and leads to fast DRX during 
the second pass. On the basis of the fractional softening re-
sults in Fig. 8, we deduced that SRV is responsible for ap-
proximately 0% of the static softening. This finding is con-
sistent with the results of previous reports [24]. When the 
holding time is increased to 20 s (Fig. 10(b)), primary nuclei 
of SRX (indicated by arrows) nucleate around the grain 
boundaries and then grow during longer holding times such 
as 80 s (Fig. 10(c)). 

At 1050°C, SRX initiates after 5 s (Fig. 10(d)) and occu-
pies the prior austenite grain boundaries after 20 s (Fig. 
10(e)). According to Fig. 8, the holding time of 80 s at 
1050°C results in increased fractional softening to approx-
imately 0.8, which is equal to 50% SRX, as shown in Fig. 
10(e). When the deformation temperature is increased to 
1150°C, the rate of static softening increases, leading to an 
increase in fractional softening to approximately 1 after the 
interpass time of 80 s. The grain size measurements summa-
rized in Fig. 11 indicate that SRX substantially refines the 
final grain size. The results also indicate that increasing the 
temperature to 1050°C promotes SRX and leads to grain re-
finement. However, further temperature increases to 1100 
and 1150°C result in fast grain growth. Therefore, the tem-
perature of 1050°C is the optimum temperature to obtain the 
finest grain structure in the hot deformed material. 
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Fig. 10.  Micrographs of the witness samples that conveyed the first pass of deformation up to a strain of 0.2 and at various inter-
pass times: (a) 950°C, 5 s; (b) 950°C, 20 s; (c) 950°C, 80 s; (d) 1050°C, 5 s; (e) 1050°C, 20 s; (f) 1050°C, 80 s; (g) 1150°C, 5 s; (h) 
1150°C, 20 s; (i) 1150°C, 80 s. 

 

Fig. 11.  Average grain size as a function of deformation tem-
perature and interpass time. 

The results also show that, at temperatures greater than 
1050°C, an increase in the interpass time leads to an in-
crease in the average grain size because of grain growth. 
However, at 950°C, a lower grain growth rate and a delay in 
the start of SRX lead to grain refinement at longer holding 
times. 

3.3. Static softening kinetics 

The kinetics of static softening after hot working is often 
described by the Avrami equation, given by [31]  

f

1 exp

n
t

X B
t

  
    

   
 (2) 

where X is the softening fraction, t and tf are the interpass 
time and the interpass time for a specific value of softening 
equal to f, respectively, and n denotes the Avrami exponen-
tial constant. Parameter B is defined as 

ln(1 )B f   (3) 

Generally, f is considered to be equal to 0.5. Hence, tf would 
be equal to t0.5 and B is determined to be 0.693. By substitut-
ing these values into Eq. (2), we obtain the following equation: 

0.5

1 exp 0.693

n
t

X
t

  
    

   
 (4) 

Taking the logarithm of both sides of Eq. (4) gives 

0.5
1

ln ln ln0.693 ln ln
1

n t n t
X

         
 (5) 
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In the plot of ln{ln[1/(1 − X)]} vs. lnt, which should be a 
linear curve, the slope is equal to n and the intercept gives 
ln0.693 − nlnt0.5. As shown in Fig. 12, by plotting the expe-
rimental values according to Eq. (5), the average value of n 
is determined as 0.38. This value is smaller than those re-
ported for other types of steels, which range from 0.8 to 
1.3 [23]. This discrepancy is attributable to the low strain 
value adopted in this research. The rate of static softening 
and the value of n directly depend on the strain applied in 
the first pass of deformation. Therefore, the value of n 
would increase if larger strain was applied. 

 
Fig. 12.  Variation of fractional softening with interpass time 
in the framework of the Avrami kinetics equation (Eq. (5)). 

The value of t0.5 is an index of the rate of SRX and, ac-
cording to the following equation, depends on the processing 
variables such as strain, temperature, and strain rate [31]: 

s
0.5 expp q Q

t A
RT

     
 

  (6) 

where A, p, and q are constants; T is the absolute tempera-
ture; Qs is the activation energy for static softening (J/mol); 
and R is the universal gas constant (R = 8.314 J/(mol·K)). 

Because the value of Qs is an index to the easiness of 
static softening in a given material, it can be used to identify 
the rate-controlling sub-mechanism in static softening. On 
the basis of Eq. (6), the value of Qs/R can be calculated by 
plotting the experimental data of t0.5 versus the reciprocal of 
temperature on a logarithmic scale. According to the linear 
regression of experimental data in Fig. 13, the Qs value is 
obtained as 276 kJ/mol. This value is in agreement with the 
values reported for SRX in other stainless steels [32–33] and 
reflects that the kinetics of static softening in this material is 
highly temperature sensitive [34]. 

4. Conclusions 

Dynamic and static softening behaviors in 16Cr25Ni6Mo 

superaustenitic stainless steel were investigated through hot 
compression experiments in the temperature range from 950 
to 1150°C and at a strain rate of 0.1 s−1. The major achieve-
ments of this research are summarized as follows. 

 

Fig. 13.  Variation of ln t0.5 with the reciprocal of temperature. 
The slope is equal to Qs/R according to Eq. (6). 

(1) Single-peak hot compression tests showed that, at 
temperatures from 950 to 1100°C, dynamic recrystallization 
exhibits no remarkable progress up to the peak point of the 
flow curves ( = 0.2). At 1150°C, approximately 10% 
progress of dynamic recrystallization was observed in the 
form of new small grains at grain boundaries. 

(2) The static softening ratio increased with increasing 
deformation temperature and interpass time. The fractional 
softening, which was approximately 0.27 after an interpass 
time of 5 s at 950C, increased to approximately 1 at 
1150C and an interpass time of 80 s. 

(3) At a given interpass time, the fractional softening in-
creased with increasing temperature. The increase in fraction-
al softening was remarkable up to 1050°C and gentle at 1100 
and 1150°C. These results were attributed to the static soften-
ing at lower temperatures and to a combination of static and 
metadynamic recrystallizations at higher temperatures. 

(4) The fractional softening and microstructural observa-
tions showed that approximately 30% of softening could be 
attributed to the static recovery. 

(5) The Avrami kinetics equation was used to establish 
the relationship between the static fractional softening and 
the interpass period. The Avrami exponent and the acti-
vation energy for static softening were determined as 
0.38 and 276 kJ/mol, respectively. 
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