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Static restoration mechanism during hot interrupted deformation of 304 stainless steel was
studied in the temperature range from 900 to 1100◦C, various strain rate from 0.05 to 5/sec
and pass strain of 0.25–3 times peak strain. It was clarified that the static recrystallization
was happened after 3–10 seconds at first deformation. The static restoration was depended
on the pass strain, deformation temperature and strain rate and fractional softening (FS)
values increased with increasing strain rate, deformation temperature and pass strain.
Recystallization kinetics was explained with Avrami equation and Avrami constant was
1.113. This value was independent of deformation variables significantly. The time of 5, 50,
95% recrystallization was evaluated using such equations: t0.05 = 2.9 × 10−12

ε−1.17ε̇−0.94D exp(222000 J/mol/RT ), t0.5 = 2.0 × 10−10 ε−1.56ε̇−0.81D exp(197000 J/mol/RT ),
t0.95 = 1.9 × 10−8ε−1.63ε̇−0.76D exp(173000 J/mol/RT ). The predicted values by use of upper
equations had a good agreement with a measurement.
C© 2001 Kluwer Academic Publishers

1. Introduction
Hot rolling normally involves multi pass deformation
process that repeats dynamic and static states. Most
studies about hot workability have, however focused
on dynamic states like predicting the deformation re-
sistance, microstructure evolution or stress-strain curve
modeling and neglected on the static states [1–3]. The
materials have to have a static restoration after defor-
mation, because of thermodynamically unstable. Then,
static restoration kinetics is depended on the given tem-
perature and strain and recovery, recrystallization or
metadynamic recrystallization processes control this
kinetics [4, 5]. Such a static restoration is one of the
most important processes to determine the material’s
properties during multipass deformation, which re-
peated the dynamic and static states like hot rolling. The
precise prediction of time for softening and kinetics is
therefore related with increment of material’s mechan-
ical properties. As austenitic stainless steels especially
have higher critical strain for dynamic recrystallization
(DRX) and deformation resistance than those of normal
carbon steels, thus it’s more effective to use the static
softening for improving the mechanical properties than
dynamic softening.

The static restoration kinetics depends on deforma-
tion conditions like pass strain, strain rate, temperature
and initial grain size etc., and the softening fraction ac-
cording to time changes normally shows sigmoid shape
and can be expressed by Avrami equation [6]. The stud-

ies on static softening about normal carbon steel are
preferentially reported that the thermodynamic and mi-
crostructure effects on kinetics, the various deformation
variables effects and the time for 50% softening (t0.5)
[7–10]. However there’re only few studies about stain-
less steel. In this study, we investigated the effects of
temperature, strain rate and pass strain on static soften-
ing and explained by Avrami equation. The times for
5, 50 and 95% softening were also determined.

2. Experimental procedure
AISI 304 stainless steel of nominal composition Fe-
18.25 wt% Cr-8.16 wt% Ni was produced by vacuum
induction melting (Table I) and hot rolled as 20 mm
thickness. Torsion test specimens with a gauge section
of 20 mm length and 5 mm radius were machined from
the hot rolled steels. Interrupted torsion tests were then
conducted over the temperature range 1100–900◦C,
strain rate range 5.0 × 10−2–5.0 × 100/sec, interpass
time range 0.5–100 seconds, and pass strain range 1/4–
3 times the peak strain (Table II). This was done so as
to evaluate the effects of the deformation variables on
metadynamic softening.

The measured torque � and twist θ were converted
to von Mises effective stress (σ ) and strain (ε) using the
following equations [11]:

σ = 3.3
√

3�

2π R3
, ε = θ R√

3L
(1)
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T ABL E I The chemical composition of 304 stainless steel used, wt%

C Si Mn P Cr Ni Cu

0.045 0.45 1.03 0.025 18.21 8.16 0.16

T ABL E I I Summary of multistage deformation process

Interrupted Temperature (◦C) 900, 1000, 1100
Deformation ε̇ (/sec) 0.05 0.5 5

tI (sec) 0.5, 1, 3, 10, 50, 100
Pass strain εI = 0.25, 0.5, 1 and 3εp

Here, R and L are the gauge radius and length of the
specimen, respectively. In order to determine the time
for 50% recrystallization, the value of the torque as-
sociated with yielding was defined using a 0.2% offset
method in the multiple twisted torsion tests. The amount
of static softening during each pass can be calculated
as follows by the following equation:

FS = σm − σy1

σm − σy2
(2)

where σm is the maximum stress at the end of the first
pass, σy1 is the yield stress at the first pass and σy2 is
the yield stress at second pass. Note that Li et al. found
that the fractional softening calculated using an offset of
0.2% is approximately the same as that determined from
the mean flow stress method [12]. By contrast, the soft-
ening measured using the present 2% offset approach
is consistently lower than that calculated using either
the 0.2% offset or the mean flow stress technique. Thus
they concluded that the 2% offset method is particularly
well suited for following the progress of recrystalliza-
tion alone (while neglecting the softening attributable
to recovery). In practice, the 2% offset method avoids
the noise that sometimes appears in the early part of ex-
perimental high temperature flow curves. In this way,
it makes the calculations of fractional softening more
relaible.

3. Results
3.1. Hot interrupted flow curves
Fig. 1 shows the flow curve of 304 stainless steel ob-
tained for a temperature of 1000◦C, a constant strain
rate of 0.5/sec and interpass time of 0.5–100 seconds.
And a pass strain was a half of peak strain at that time,

Figure 1 Double-twist flow curves obtained from interrupted torsion
tests.

because of excluding of dynamic recrystallization. As
it is known, the critical strain for dynamic recrystalliza-
tion is normally 0.6–0.8 times of peak strain and once,
the given strain is over the critical strain, dynamic re-
crystallization will be dominant softening mechanism.
As the interruption time increased, the shapes of second
flow curves were different. It’s known that the static
softening might happen after 3 seconds interruption
time from this Fig. 1. After 10 seconds interruption
time, the second flow curve indicates that some amount
of softening are happened with similar slope of the first
flow curve’s, rather than work hardening. It exhibits
that grain size can be decreased by recrystallization and
many amounts of dislocations can also be annihilated.
It can be find the same appearance at the different de-
formation variables like temperature and strain rate; as
the strain rate or temperature increases, the flow curve
is similar to the first one. Although, the examination
of flow curves can’t indicate the precise recrystalliza-
tion starting time or amount of softening, but can show
what the outbreak of softening is impossible to state.
The effects of pass strain, temperature and interruption
time on the next deformation can be presumed from the
interrupted flow curves like Fig. 1.

3.2. Fractional softening, FS
Figs 2–4 show the fractional softening as a function
of time in each deformation variables calculated by
Equation 2. All softening curves present the typical ‘s’

Figure 2 Effect of temperature on the rate of softening.

Figure 3 Effect of strain rate on the rate of softening.
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Figure 4 Effect of pass strain on the rate of softening.

shape and it means that the static softening depends on
time. Fig. 2 exhibits the effect of deformation tempera-
ture; the softening kinetics increases, as the temperature
increases from 900 to 1000◦C, because recrystallized
grain boundary’s mobility increases, as deformation
temperature increases. Fig. 3 presents the effect of strain
rate; as the strain rate increases from 0.05 to 5/sec, the
much amounts of softening are happened. The effect of
pass strain is also presented in Fig. 4; the time for 50%
recrystallization decreases about 100 seconds, as the
pass strain increases from 1/4 to 3 times of peak strain.

3.3. Recrystallization kinetics
Figs 2–4 display the typical sigmoid shape and the such
a recrystallization kinetics can be described by the usual
Avrami equation:

XSRX = 1 − exp

[
− 0.693

(
t

t50 for SRX

)n]
(3)

Here,

t50 for SRX = Aε̇ pεq D0 exp

(
Q

RT

)
(4)

Where n is Avrami time constant, t50 for SRX is the time
for 50% recrystallization, ε̇ is strain rate, ε is pass strain,
D0 is initial grain size and A, p and q are constants.

Fig. 5 present ln(ln(1/(1 − X )) as a function of
ln(time) to calculate the Avrami constant, n. All the

Figure 5 Dependence of ln ln[1/(1 − X )] on ln t under different condi-
tions of pass strain, temperature and strain rate.

Figure 6 Plot of t0.5 against the reciprocal of the temperature.

deformation conditions like deformation temperature,
strain rate and pass strain are showed at the same time
in this figure and they shows almost same slope. The
Avrami constant can be determined as 1.02 and it is
reported that these values of most materials which hap-
pened static recrystallization are 1–2 and the deforma-
tion variables normally make no difference at that time
[13]. Some studies however report this n value can be
affected by temperature and initial grain size; as the
grain size increases or temperature decreases, n value
decreases from 2 to 1 [14]. If grain size is especially
very fine less than 50 µm, the n value is going to be
fixed as 1 having no connection with deformation vari-
ables or chemical composition [15]. However, these are
still not well researched about different value of n.

Fig. 6 shows the relationship between t0.5 and tem-
perature to determine the activation energy for static
softening. The activation energy can be calculated as
197 kJ/mol and this value is very smaller than that of
dynamic softening (380 kJ/mol) [16]. It means that the
dependency of temperature for static softening is lower
than that of dynamic softening.

The time for static softening related with all variables
like temperature, pass strain and strain rate, therefore
it is needed for the relations; t0.5 ∝ ε̇ p, ∝ εq , to ana-
lyze t0.5. In this experiment, the value of p and q are
determined as −1.56 and −0.81. Fig. 7 predicts the
time change according to the amount of softening and

Figure 7 Comparison of experimental and calculated t0.5.

4275



Figure 8 Comparison between the measured and predicted recrystal-
lization values for various deformation temperature.

the calculated fraction values are well matched with
the experimental values. Fig. 8 shows the t0.5 as a soft-
ening function according to temperature changes. It is
found that the time for 50% recrystallization decreases
up to 10 seconds, as temperature increases. The starting
and ending point can be easily distinguished in soften-
ing curves by adding the straight lines but it is also
known by determining the time for 5, 50, 95% dis-
tinctly like Equation 4. The t0.05 and t0.95 can be also
determined. The relationship between t0.05 and defor-
mation variables could be expressed by the following
power relation; t0.05 ∝ ε−1.17. Also, the dependencies
of and t0.95 on temperature, strain rate and pass strain
were obtained by the above method and the t0.05, t0.5
and t0.95 were shown at Table III. The calculated time
for 5, 50, 95% softening also compared to experimental
values in Table IV. There were a little difference at the
condition of high strain rate and low temperature (high
Zener-Hollomon parameter value [17]) but the calcu-

T ABL E I I I Strain, strain rate and temperature dependencies of time
for 5, 50 and 95% recrystallization for 304 stainless steel

Conditions Equations

X5% t0.05 = 2.9 × 10−12ε−1.17ε̇−0.94 D exp(222000 J/mol/RT )
X50% t0.5 = 2.0 × 10−10ε−.156ε̇−0.81 D exp(197000 J/mol/RT )
X95% t0.95 = 1.9 × 10−8ε−1.63ε̇−0.76 D exp(173000 J/mol/RT )

T ABL E IV Comparison between experimental and calculated recrystallization time

Recrystallization time (s) Recrystallization time (s)

Temp. (K) ε ε̇ (/sec) t0.05 t0.5 t0.95 t0.05
∗ t0.5

∗ t0.95
∗

1273 0.34 0.05 8 25 921 12 51 1065
1273 0.34 0.5 3 15 300 2 22 230
1273 0.34 5 0.1 0.5 21 0.2 3 40
1273 0.17 0.5 6 140 900 5 152 713
1273 0.68 0.5 1 7 28 1 7 74
1273 2.04 0.5 0.5 2 20 0.3 1 12
1373 0.34 0.5 0.7 7 82 0.6 7 70
1173 0.34 0.5 18 120 1000 19 109 928

t0.05, t0.5, t0.95: experimental.
t0.05

∗, t0.5
∗, t0.95

∗: calculated.

Figure 9 Prediction of time for 5, 50, 95% softening with varying pass
strain.

Figure 10 Prediction of time for 5, 50, 95% softening with varying strain
rate.

lated values were well matched with the experimental
values at most conditions.

Figs 9–11 presented the time for whole softening
fraction in each deformation variables based on upper
equations (Table III). Fig. 9 indicated the effect of pass
strain on static softening at the condition of 1100◦C and
0.5/sec; all the time for starting (5%), 50% and ending
(95%) point were decreased exponentially, as the pass
strain increased. Fig. 10 showed the effect of strain rate
at 1100◦C and 1/2 times of peak strain and the effect of
strain rate was presented in Fig. 11 at 0.5/sec and 1/2
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Figure 11 Prediction of time for 5, 50, 95% softening with varying tem-
perature.

times of peak strain. It was confirmed that the time for
a certain fraction was decreased, as the strain rate and
temperature decreased in each figure but there was lit-
tle difference, if the deformation temperature increased
above 1100◦C.

4. Discussion
The amount of softening can be approximately pre-
dicted in interrupted flow curve like Fig. 1. The shape
of second curve will be different according to the inter-
ruption time; if the interpass time is too short, the inter-
rupted flow curve will be same with continuous curve,
however the interruption time is longer than 10 seconds,
the second curve including some dislocations will be
same with the first work hardening curve, because these
time is enough to release the accumulated dislocation
at the high temperature. During interruption time, static
recovery and static recrystallization can be happened,
and these two mechanisms are raised competitively by
driving force obtained from deformation energy dur-
ing first deformation. Static recovery has normally no
incubation time and the recovered grain rearranges to
reduced dislocation density. The subgrain boundaries
changes to be sharp and these subgrain boundaries di-
minishes finally and a nucleation of new grain which
has no dislocation is created. Theses nucleus are
growing during static recrystallization and make the
material soft.

As shown in Figs 2–4, the primary softening kinet-
ics are very slow. The first stage’s kinetics depends on
the static recovery or the nucleation rate for new grain
etc. in this time. Some studies report the softening frac-
tion of recrystallization is 20–30% [17] but we apply
the stating point of recrystallization as the time for 5%
recrystallization in this experiment (Fig. 8). Generally,
the fractional softening, FS can be divided by three dif-
ferent regions. If only dynamic recovery has occurred,
the low degree of FS (<30%) is mainly due to the static
recovery. High degree of FS (30 < FS < 100%) is usu-
ally associated with the partial to complete static recrys-
tallization. The 100% FS indicates the perfect recrys-
tallization and grain growth [14, 15]. If the softening
curves of Figs 1 and 2–4 are therefore assembled, it
might be good that the time for 5% softening is deter-
mined as starting point of recrystallization.

Figure 12 Pass strain dependence of the time for 5 � � 80% softening.

It can be known that the softening kinetics depends on
the various deformation conditions in Figs 2–8 and the
dependency of pass strain is again presented in Fig. 12.
Fig. 12 shows the time for 5, 20, 50 and 80% softening
as a function of pass strain. In Fig. 12, a very small
change in the softening kinetics was observed when
the pass strain was increased after critical strain for
dynamic recrystallization (indicated as arrow). On the
other hand, a significant increase in kinetics was ob-
served when the pass strain was raised before the criti-
cal strain. These curves indicate that the metadynamic
softening was happened during the interpass time, when
the pass strain was over the critical strain and also that
the effect of pass strain for metadynamic softening was
negligible. Metadynamic recrystallization occurs by the
continued growth of nuclei formed as a result of the oc-
currence of dynamic recrystallization during prestrain-
ing [14]. This softening can be therefore happened at
the material, which has dynamic recrystallization as
hot deformation mechanism and also has enough pre-
strain, over critical strain (ε > εc). Hence the operation
of MDRX does not require an incubation time and such
a rapid interpass softening can increase the mechani-
cal properties, even though not long pass strain and
interpass time, especially for materials with relatively
large deformation resistance such as austenitic stainless
steel. This is also important to improve the mechani-
cal properties and can make very fine grains during the
very short interpass time. Therefore, this fast softening
can reduce the interpass time and pass strain, since can
accelerate the recrystallization during short interpass
time. Also, we can obtain the same results considering
the softening kinetics. In Fig. 12, the strain accumu-
lation can be balanced with the strain annihilation af-
ter critical strain, because of dynamic recrystallization,
and the retained strain, which can be driving force for
softening, is going to be constant.

Static recrystallization is one of the thermally acti-
vated processes, so the activation energy can be ob-
tained from Fig. 6. Time for 50% softening has a linear
relationship with temperature and the slope is Q/R. In
case of stainless steel, there is very few studies about
static softening kinetics and it is known the activation
energy for static softening of 240 kJ/mol in case of
microalloyed steel [18].
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The softening starting time and the amount of soft-
ening can be determined by equations at Table I. Many
researchers proposed these types of equations little dif-
ferently. In this experiment, all process variables were
considered and the calculated values by these relations
showed good agreement with experiments.

The relationship between the time for softening and
temperature in Fig. 8 can also explain the relation-
ship between grain size and static softening. The soak-
ing temperature or reheating velocity etc. normally af-
fect all softening mechanism like dynamic and static
states, since the microstructures depends on the reheat-
ing temperature history. It can be found that the t0.5
is reached at almost 0 second, as the temperature in-
creases in Fig. 8. Because as the temperature increases,
the subgrain coarsening ratio also increases and grain
size will be bigger finally, the thermally activated dislo-
cation density also increases and the grain boundaries
can easily move. Other variables like strain rate, strain
can affect the static softening and it’s because of change
of dislocation density, grain boundary’s diffusivity or
mobility by changing the deformation conditions.

5. Conclusion
The kinetics of static recrystallization behaviors of
austenitic stainless steel during hot deformation was de-
scribed and changes in softening were analyzed. From
the analysis of softening behavior, the following con-
clusions can be drawn:

It’s known that the static softening might took place
after 3 seconds during interruption from interrupted
flow curves and fractional softening and it depended
on process variables like strain, temperature and strain
rate. Static recrystallization kinetics can be described
by Avrami equation and the Avrami constant was de-
termined as 1.02. The deformation variables normally
make no difference at this time.

The time for static softening related with all vari-
ables like temperature, pass strain and strain rate and
the following power relations could express these rela-
tionships.

t0.05 = 2.9 × 10−12ε−1.17ε̇−0.94

× D exp(222000 J/mol/RT )

t0.5 = 2.0 × 10−10ε−1.56ε̇−0.81

× D exp(197000 J/mol/RT )

t0.95 = 1.9 × 10−8ε−1.63ε̇−0.76

× D exp(173000 J/mol/RT )
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