
1. Introduction

Ultra-refinement of grain structure exhibits a remarkable
increase in its yield strength. The austenite to ferrite phase
transformation can be utilized to obtain the ultrafine grain
structure for ferritic steels but not for austenitic stainless
steels. Hence recrystallization from heavily deformed
austenite is an alternative method for the refinement of the
austenitic steels.

The dynamic recrystallization that spontaneously occurs
during the deformation at elevated temperatures appears to
be a more suitable method from the engineering viewpoints
than the static recrystallization that occurs during the heat-
ing at a higher temperature after the heavy deformation at
an ambient temperature. This is because the flow stress re-
quired for the static recrystallization is higher with a more
complicated processing route. Hence, the aim of the present
study is to acquire an ultrafine grain structure for the Type
304L stainless steel through dynamic recrystallization.

Dynamic recrystallization (DRX) is a softening process.
The phenomenon has been investigated in a large number
of metals and alloys and for various deformation process-
es.1–3) The stress–strain (s /e) curve is believed to have a
characteristic shape under the DRX. When the material 
is strain-hardened, the strain-hardening rate is positive
throughout the deformation. However with the DRX, the
strain-hardening rate diminishes markedly after a critical
strain (e c), and the stress decreases gradually to a steady
state value. In other words, the s /e curve shows a stress
peak at an early stage of the deformation. The curve is gen-
erally a single-peak type at the higher strain rates and of a

multiple-peak type at the lower strain rates.
The equivalent effect of decreasing the strain rate and in-

creasing the temperature on the DRX flow curve has been
recognized under the high temperature deformation with a
temperature corrected strain rate, Zener–Hollomon or Z–H
parameter:4)

Z�ė exp(Q/RT) ..............................(1)

where ė is the strain rate, T is the absolute temperature, and
R is the gas constant. Q denotes the apparent activation en-
ergy for softening during deformation and has the value of
410 kJ/mol for the 304 stainless steel.5)

The DRX starts to occur at a strain e c that is lower than
the peak strain (ep). e c is usually between 60% and 80% ep

and is called the critical strain analogous to the static re-
crystallization. e c depends on the material parameters
(chemical composition, initial grain size) and the deforma-
tion conditions (strain path, deformation temperature, and
strain rate), and it becomes larger with an increase in the
initial grain size or the Z–H parameter.

The equilibrium grain size Ds depends only on the Z–H
parameter, Z. In general, Ds is a power-law function of the
steady-state flow stress s s.

6) The relationship can be inter-
preted empirically as follows: 

s s�kDs
�a ..................................(2)

where k is a constant and a is the coefficient between 0.66
and 0.8. Using the relation of s s�AZm, Ds can be expressed
in the following form:

Ds�k�Z�b ...................................(3)
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where k� is a constant and b (�m/a) is between 0.12 and
0.3.6) This equation essentially states that the size of the
new grains in the DRX is only controlled by the Z–H para-
meter. 

Therefore, following aspects should be considered in the
design of a deformation path for developing an ultrafine
grain structure: 
(a) A relatively large Z is required according to Eq. (3). It

is necessary to consider increasing the strain rate or de-
creasing the deformation temperature.

(b) Since a higher strain rate corresponds to a higher sp, a
comparatively lower strain rate is preferred from the
engineering aspects.

(c) Low deformation temperature and high strain rate re-
sults in a large e c. Therefore, a much heavier deforma-
tion is needed to promote dynamic recrystallization.

Accordingly, the processing conditions with various
combinations of deformation temperatures and strain rates
accompanying the higher strain were investigated under the
plain strain condition in the present study.

2. Experimental Procedures

A Type 304 austenitic stainless steel (0.017% C, 0.58%
Si, 1.05% Mn, 9.72% Ni, 18.47% Cr) that was hot rolled
and annealed in the industrial mill was used for the present
study. Samples were machined into rectangular shapes
whose dimensions were 20 mm along the transverse direc-
tion, 18 mm along the rolling direction and 12 mm along
the normal direction, as shown in Fig. 1.

A compression perpendicular to the rolling direction was
performed on the samples using a plain strain compression
machine (DSI, Gleeble 2000). Anvils with a width of 5 mm
were made of tungsten carbide. Lubricants were not used at
the contact surfaces between the anvils and the specimen so
that a larger plastic strain could be introduced. It was possi-
ble to keep the specimen temperature and the strain rate
constant during the compression test.7)

Twenty different thermo-mechanical paths, consisting of
compressions at various temperatures and various strain
rates, were prepared. The deformation temperatures were
873 K, 1 023 K, 1 173 K, 1 273 K and 1 373 K, and the nom-
inal strain rates were 0.01/s, 0.1/s, 1/s and 10/s. The nomi-
nal reduction for each sample was 75%, i.e. samples of 12
mm thickness were compressed to 3 mm one. Thermo-me-
chanical cycles consisted of heating to a deformation tem-

perature at 5 K/s, holding for 60 s before compression at the
temperature, compressing at a given nominal strain rate and
eventually cooling by water. The as-received material had a
mean grain size of approximately 32 mm. When the materi-
al was soaked for 60 s at various temperatures, grain growth
was observed above 1 173 K and the grain size was 42�5,
70�5 and 106�5 mm at 1 173 K, 1 273 K and 1 373 K, re-
spectively.

The metallographic analyses were carried out using opti-
cal and SEM microscopy, and an image analyzer was used
to measure the grain size distribution. The grain size was
measured by the intercept method.8)

3. Results

3.1. Stress–Strain Curves

Compression tests for the cylindrical samples were per-
formed to understand the true stress–true strain behavior
within a strain range of less than 0.8. Figure 2 shows the
true stress–true strain curves at the temperatures adopted in
the present study at the strain rate of 0.01/s. Work harden-
ing remained as the dominant process at 873 K, and the
softening mechanism was not present within the tested
strain range. At the temperatures of 1 023 K and higher, the
softening mechanism was present, and the curve showed a
typical shape for DRX. The peak stress decreased with an
increase in temperature.

3.2. Compressive Strain Distribution inside the Sample

The strain in the compressed samples has a distribution
with a maximum at the center of the sample.7) The FE-
analysis was used to evaluate the compressive strain distri-
bution inside the samples introduced by the deformation.
The contact condition between the anvils and the sample
was adopted from the Coulomb odel with a friction coeffi-
cient of 0.3. Then the friction coefficient of 0.3 was deter-
mined by comparing the numerical result with the experi-
mental measurement obtained from the sample with the
screw.7) Figure 3 shows the calculated compressive strain
distributions inside 75% compressed samples at various
combinations of deformation temperatures and the nominal
strain rates. The compressive strain distribution was mainly
governed by the nominal reduction and was not affected
much by the other parameters.

3.3. Microstructural Change by Compressive Strain

A compressed sample contains a wide range of strain
distribution as shown in Fig. 3. Hence, the microstructural
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Fig. 1. Initial sample size and schematic drawing of the anvil
compression.

Fig. 2. True strees–true strain curves at different deformation
temperatures when the strain rate is 0.01/s.



change along the centerline in the compressed samples has
been analyzed with an optical microscope from one edge to
the other with an interval of 100 mm.

Figure 4(a) represents the compressive strain and the
strain rate distributions along the centerline for the 75%

compressed sample at 1 173 K at a nominal strain rate of
0.1/s, and Figs. 4(b)–4(e) show the grain size distribution
and the microstructures for the three sites. Since the strain
has a distribution inside the samples, the strain rate also has
a distribution. The local strain rate inside sample was deter-
mined as follows.

.....................................(4)

where e is the compressive strain and t is the deformation
time. For example, in Fig. 4(a) the strain rate at the center
of the specimen is about 0.22/s because e is 3.1 and t is
13.86 s. The microstructures can be divided into three re-
gions as shown in Fig. 4(b); a region with only initial grains
(No DRX) near the sample surface (shown in Fig. 4(c)), a
transition region consisting of some DRX ones together
with the old grains (Partial DRX) (Fig. 4(d)), and a fully re-
crystallized region (Complete DRX) near the center of the
sample (Fig. 4(e)). Furthermore, Fig. 4(b) shows that the
DRX grain size becomes minimum at the center of the
sample where the maximum strain and the strain rate were
introduced.

ε̇
ε

�
t
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Fig. 3. Distribution of the compressive strain inside the sample,
obtained by FE-analysis after a nominal reduction of
75%, where ė n denotes the nominal strain rate.

Fig. 4. (a), (b) Variations of the compressive strain, the strain rate and the grain size with distance from the sample edge,
after a nominal reduction of 75% at a deformation temperature of 1 173 K and a nominal strain rate of 0.1/s.
Microstructures when the distance from center is (c) �1.5, (d) �0.8 and (e) 0.



3.4. Effect of Deformation Temperature and Strain
Rate

To investigate the effect of the deformation temperature
and the strain rate on the DRX behavior in the high com-
pressive strain regime, the microstructure was observed and
compared at the center of the samples compressed under
various conditions. The largest compressive strain obtained
was about 3.1 at the center of each sample.

Figure 5 maps the recrystallization state at the center of
each sample where the largest strain was obtained under
various deformation temperatures and strain rates, and
shows microstructures for three conditions; (T, ė )�(873 K,
2.2/s), (1 023 K, 22/s) and (1 023 K, 0.022/s). According to
the map in Fig. 5(a) the DRX tends to occur at a higher de-
formation temperature or at a lower strain rate. Note that
the complete DRX occurs even at low deformation temper-
atures when the strain rate is low (see the point of T�
1 023 K and ė �0.022/s). Figure 6 is a TEM image of the
new grains that appeared at the center of the compressed
sample at T�1 023 K and ė �0.022/s. Although the misori-
entation was not determined, many crystallographic orienta-
tions appear in the narrow area with a large number of new
grains and the dislocation density is not high in the interior,
hence the new grains are believed to be the DRX grains

Figure 7 illustrates the grain size at various deformation

temperatures and strain rates only for the complete DRX
samples. The DRX grain size decreases with a decrease in
the deformation temperature or with an increase in the
strain rate. The smallest grain size obtained in the present
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Fig. 5. (a) Mapping of DRX. (b) Microstructure (No DRX) at deformation temperature T�873 K and strain rate
ė �2.2/s. (c) Microstructure (Partial DRX) at T�1 023 K and ė �22/s. (d) Microstructure (Complete DRX) at
T�1 023 K and ė �0.022/s.

Fig. 6. TEM image of the newly formed small grains after DRX.



study is about 2.5 mm when the strain rate is 0.022/s, and
the deformation temperature is 1 023 K. It is interesting that
at 1 023 K, the complete DRX occurred only at the lowest
strain rate.

As a result, it is possible to make a fine grained structure
for the Type 304 at a low deformation temperature and at a
low strain rate in a heavy strain regime.

4. Discussion

4.1. Controlling Factor of DRX Grain Size 

As mentioned earlier, the main factor controlling the
DRX grain size, Ds, is believed to be the Z–H parameter.
The initial grain size, Do, does not have much significance.
Hence, we compare the present data with the data provided
by Maki et al.10) Their Do was between 76 and 250 mm and
ours was about 30 mm. Figure 8 rearranges the Ds data as a
function of the Z–H parameter. The open squares represent
the data from the present study, and the solid circles from
that of Maki et al. All the data lie on the same line which
can be described in the form of Eq. (3). Here the exponent
b is 0.28, which is within the range reported in the litera-
ture.6)

This analysis suggests that the DRX in the ultrafine grain
range might be based on the same DRX phenomenon with
that of conventional grain size. 

Furthermore, Fig. 8 shows that the smallest DRX grain
size (2.5 mm) that was obtained at the lowest strain rate
(0.022/s) at the lowest deformation temperature (1 023 K)

within the scope of the present study is reasonable. From
this aspect, a more essential issue is to understand why the
DRX did not occur at the higher strain rates at that defor-
mation temperature.

4.2. Strain Required for DRX

Figure 9 shows the strains required for the initiation (e c)
and the 99% completion (e99%) of the DRX as a function of
the Z–H parameter. Here, the plotted data were measured
for the Z–H parameter from the relation between the strain
distribution and the microstructural change along the cen-
terline in the compressed samples that are shown in Figs.
4(a) and 4(b). Some data by Maki et al. were also plotted in
Fig. 9.

In Fig. 9, the equation of e99% as a function of Z obtained
by fitting all the data is shown. The equation is believed to
be equivalent to the relationship between the recrystallized
grain size and the Hollomon parameter (Sakui 1977).11)

e99%�AZs
g ..................................(5)

Here the exponent g is 0.24, which is comparable to the ex-
ponent b (0.284) in Eq. (3).

It should be noted that heavier strain is required to initi-
ate or complete DRX when Z–H parameter become higher.

4.3. Deformation Temperature–Strain Rate Map for
DRX

Equations (3) and (5) can be combined into Eq. (6):

e99%�BDs
h .................................(6)

Here the exponent h is �0.86, and this relation is shown in
Fig. 10. Equation (6) gives the smallest strain to the com-
plete DRX with a given DRX grain size in the one-pass
compression. A coarser grain size that is larger than 5 mm
needs a strain that is smaller than 2. However, a finer grain
size that is smaller than 1 mm needs a heavy strain that is
larger than 8.

The processing factors of the deformation temperature
and the strain rate for the complete DRX can also be
mapped according to the equations obtained in the present
study as shown in Figs. 11 and 12. Figures 11(a) and 11(b)
show the boundary of the complete DRX region for the
given strain 3.1 in the present study and for other values of
strains, respectively. We can obtain the complete DRX by
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Fig. 7. Grain size versus deformation temperature and strain rate
measured at the center of the sample where the strain is
3.1.

Fig. 8. DRX grain size versus the Zener–Hollomon parameter.

Fig. 9. Relation between the critical strain and the Zener–
Hollomon parameter.



using the conditions under the curve for a given strain.
Figure 12 shows the curve for a given DRX grain size when
the complete DRX can be obtained. Therefore, we can fig-
ure out the obtainable DRX grain sizes, and the corre-
sponding deformation temperature–strain rate conditions
using these figures. For example, when the strain is 3.1, Fig.
12(b) shows the region where the DRX grain sizes that are
larger than 2.5 mm can be obtained, and gives the combina-
tion of the deformation temperature and the strain rate. At a
given deformation temperature, the higher strain rates pro-
duces a finer DRX grain size. At a given strain rate, the
lower deformation temperature produces a finer DRX grain
size. However, the strain rate range that achieves the DRX
shifts to a lower band or the maximum strain rate decreases

with a lower deformation temperature.

5. Conclusions

Ultrafine grain structure in the Type 304 stainless steel
has been pursued through dynamic recrystallization under a
plain strain condition. The processing conditions with a
lower deformation temperature and a lower strain rate in the
strain range up to 3.1 were investigated.

(1) A grain size of 2.5 mm was obtained with the condi-
tion of a low deformation temperature and a low strain rate
when the strain was 3.1.

(2) The grain size as well as the critical strain that was
necessary for completing the dynamic recrystallization was
determined as a function of the Z–H parameter.

(3) Processing parameter maps were proposed for the
complete dynamic recrystallization.
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