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ABSTRACT

An appropriate fraction of a second phase for controlling the dynamic grain growth of the fine-grained microstructure
during hot deformation can be easily achieved for the high and ultrahigh carbon steels as well as the duplex stainless
steels (dual-phase ferritic-austenitic steels), which leads to good superplastic forming behaviors. However, the
austenitic stainless steels are typically single-phase alloys at elevated temperatures, which might limit their tensile
ductility, and hence, inducing superplastic ductility in these ferrous alloys needs special considerations. In the present
review article, firstly, the methods for the grain refinement of austenitic stainless steels are summarized, which
includes the formation of deformation-induced martensite during cold deformation and its reversion to austenite
at elevated temperatures, severe plastic deformation (SPD) techniques, and thermomechanical processing routes
that utilize the dynamic recrystallization (DRX). These methods are used to process fine-grained microstructures that
are suitable for activating the grain boundary sliding (GBS) with strain rate sensitivity index (m) of ~0.5 at elevated
temperatures. Afterward, the reported works on the superplasticity of austenitic stainless steels are critically discussed.
It is revealed that the methods such as nitrogen addition, incorporating the carbonitride forming elements such as
vanadium, increasing the carbon content of the material for the formation of carbides, and the incomplete reversion
treatment for the retention of a small volume fraction of martensite can be used to increase the thermal stability of
the ultrafine grained (UFG) microstructure against grain coarsening during superplastic deformation. Finally, some
distinct suggestions for future works are introduced.

Keywords: Advanced high-strength steels; Superplasticity; Transformation-induced plasticity effect; Thermomechanical processing;
Severe plastic deformation,; Grain growth.

1. Introduction the experiments on coarse-grained Al-Mg alloys,

Superplasticity is the ability of a polycrystalline
material to exhibit very high elongations prior to
failure in a generally isotropic manner, in which
the primary deformation mechanism is the grain
boundary sliding (GBS) with strain rate sensitivity
index (m) of ~0.5 [1,2] and the total elongation of
at least 200% [3], 300% [4], or 400% [5] is usually
expected. As discussed by Langdon [6], the value
of 400% can be considered as the most reasonable
one for the minimum elongation. This is based on

which showed that the elongations to failure may
be up to and slightly exceeding 300% in flow
controlled by viscous glide; whereas much higher
elongations are attained in a true superplastic
condition [6].

In this process, grains slide over each other
with the displacement occurring at or very close
to their mutual interface. Accordingly, high tensile
ductility can be achieved by increasing the number
of grains along the tensile axis without the problem
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of strain hardening and grain pancaking [6,7]. As
shown in Figure la, a grain size (d) finer than the
projected subgrain size (A, which inversely depends
on the applied stress) is required, for which the
stress concentration at the triple junctions can be
effectively revealed via the intragranular movement
of dislocations in the blocking grain, and then,
these intragranular dislocations pile up at the
opposing grain boundary and are subsequently
removed by a climb into the boundary to enable
further GBS [6]. However, for d>\, dislocations
pile up and climb into the subgrain boundaries,
and superplasticity cannot be achieved. Therefore,
a fine-grained microstructure is required for
achieving superplasticity (typically a grain size less
than 10 um is required). In this respect, as shown in
Figure 1b, a finer grain size leads to the possibility
of achieving superplasticity at higher strain rates
(¢) for faster forming operations [8], where £>10-2
s7! is considered as high strain rate superplasticity
[9]. Finer grain sizes normally lead to higher
elongations due to the shorter time available for
cavitation [10].

Deformation at elevated temperatures (T >0.5T
where T is the absolute melting temperature) is
required to activate GBS [11]. Therefore, according
to the requirement of d<\, the thermal stability of
the microstructure should be high to inhibit grain
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Fig. 1- (a) Unified model for GBS [6] and (b) effect of grain sizes

on the plot of total elongation vs. strain rate for a superplastic
material [8].
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coarsening [12,13]. Consequently, superplastic
materials are normally microduplex alloys or
pseudo single-phase alloys (having dispersoids as
pinning particles) [14]. The microstructure and
phase composition of steels are strongly dependent
on the content of carbon and other elements as well
as the thermomechanical processing conditions.
Accordingly, the microstructures might contain
austenite (y), ferrite (a), carbides, and intermetallics
[15,16].

A major group of superplastic ferrous
materials are the steels with carbon content
ranging from 0.4% to the eutectoid point of 0.8%
(proeutectoid or high carbon steels) and steels
with carbon content above 0.8% (eutectoid or
ultrahigh carbon steels) [17]. The superplastic
microstructure (normally the spheroidized Fe C
particles dispersed in a fine-grained a matrix)
is usually achieved by the combination of cold/
warm/hot working, austenitization/quenching/
tempering, and thermal cycling [17-21]. For
instance, austenitization of ultrahigh carbon steels
in the y+Fe,C region, followed by quenching and
tempering at a temperature below A, leads to an
a+Fe,C microduplex structure with high-angle
a boundaries through the recovery of the fine
lath martensite+Fe,C mixture during tempering,
which exhibits better superplasticity than that
formed by heavy warm rolling or cold rolling and
annealing of pearlite that contains higher fraction
of low angle boundaries [18]. The superplastic
deformation temperature can be above or below
the A, temperature (~727 °C) in the y+Fe,C or
a+Fe C regions, respectively. Tensile deformation
in the y+Fe C region normally leads to lower total
elongations, which is related to the more rapid
grain growth as a result of the reduced number
of cementite particles due to the larger carbon
solubility in the y phase. The optimum carbon
content for superplasticity has been reported to
be in the range of 1.6 wt% to 1.8 wt% [17]. For
steels with lower carbon contents, the amount
of Fe,C particles is lower, leading to relatively
more rapid grain growth and loss of superplastic
microstructure; while for steels with very high
carbon content, the undissolved coarse cementite
particles might act as nucleation sites for void
formation and a corresponding reduction in the
total elongation. It has also been indicated that the
addition of cementite-forming elements such as
chromium improves superplasticity through the
stabilization of the cementite particles [17,22,23].
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It is noteworthy that the low carbon steels can
also be processed to exhibit superplasticity. For
instance, grain refinement can be attained by
austenitization and quenching, followed by cold
rolling and heating at temperatures above the A,
point. Afterward, superplastic elongations can be
achieved at temperatures corresponding to the y+a
phase field via formation of a y+a microduplex
structure in the intercritical temperature range
[17,24]. Similar grain refinement routes of low
carbon steels have also been proposed, including
the tempering of cold rolled martensite to produce
ultrafine grained (UFG) ferrite+carbide aggregate
[25-27] and intercritical annealing of cold rolled
martensite to process UFG or fine-grained dual
phase (DP) steels [28-30].

Duplex stainless steels are the other major
group of superplastic steels, showing remarkable
superplastic behaviors [31-33]. For obtaining the
microduplex structure to induce superplasticity, the
sequence of solution treatment at high temperatures
(the presence of small amount of the y phase can
suppress the grain coarsening), quenching to obtain
a supersaturated ferrite phase at room temperature,
and heavy cold rolling is used, which can be followed
by annealing at a temperature corresponding to 40-
50 vol% vy [17,18,34]. Moreover, as shown in Figure
2, besides the usual peak point for elongation at a
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Fig. 2- JMatPro phase predictions and the plot of total

elongation vs. deformation temperature for Fe-25Cr-3Mo-

6.5Ni-0.14N duplex stainless steel deformed at 4x10° s* (data
from [35]).
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deformation temperature in the conventional two-
phase region, another peak point for superplastic
elongation might appear at lower temperatures
where the intermetallics (such as the o phase)
precipitate dynamically at favorable strain rates in
the early stages of deformation [35].

The high and ultrahigh carbon steels as well as
the duplex stainless steels have a fraction of a second
phase, which can control the dynamic grain growth
during superplastic forming. This is an important
advantage, which governs their good superplastic
behavior during straining at elevated temperatures.
However, the austenitic stainless steels are typically
single-phase alloys at elevated temperatures,
which might limit their tensile ductility. Moreover,
contrary to the above mentioned alloys, the
austenitic stainless steels do not exhibit any major
phase transformation during thermal treatment,
and hence, grain refinement needs to be achieved by
other techniques. Accordingly, the superplasticity
of austenitic stainless steels should be evaluated
with the focus on the recent advances on the subject,
which is the aim of the present review paper. The
superplastic stainless steels might find application
in the complicated engineering parts that require
fine details. Moreover, the flow stress during
superplastic deformation is quite low, which is
advantageous. Furthermore, the formed parts have
an equiaxed microstructure (due to the operation
of GBS as he main deformation mechanism),
which is a fine-grained one with good mechanical
properties. Therefore, in the following sections,
the methods for the grain refinement of austenitic
stainless steels are reviewed, and then, the reports
on the superplasticity of austenitic stainless steels
are summarized.

2. Grain refinement of austenitic stainless steels

Cold deformation and annealing is a viable
approach for grain refinement of austenitic
stainless steels, which might be considered as the
conventional recrystallization annealing of the cold
worked structure [36]. However, it is much more
complicated. While the austenitic stainless steels
do not exhibit any major phase transformation
during thermal treatment, cold deformation of
metastable grades might lead to the formation
of a significant amount of deformation-induced
martensite [37-41]. In fact, while the martensite
start temperature (Ms) for these steels is usually
less than 0 °C, the martensitic transformation is
still possible via subjecting the material to sufficient
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plastic deformation at low temperatures, where the
formation of energetically favorable martensite
nucleation sites such as the intersections of shear
bands is responsible for this phase transformation
[42]. The deformation-induced martensitic
transformation depends on many factors such as
the chemical composition [43-45], deformation
temperature [46-48], grain size [49-52], and
strain rate [53-55]. For instance, by consideration
of the ASTM grain size number (Gs), the effect
of chemical composition (wt%) can be judged
based on the concept of M, . temperature
(the deformation temperature at which 50 vol%
deformation-induced martensite forms by true
tensile strain of 0.3) [56]:

Mgz0/50(°C) = 551 — 462(C + N) — 9.2Si —
8.1Mn — 13.7Cr — 29(Ni + Cu) — 18.5Mo —
68Nb — 1.42(Gs — 8) 1)
A lower M, . temperature implies higher
austenite stability, and hence, increasing the
amount of the majority of alloying elements
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enhances the stability of the austenite phase with
suppressing the deformation-induced martensitic
transformation, as shown in Figure 3 for a number
of important grades [57-60]. It can be seen that a
high amount of martensite forms in AISI 301 alloy
at low reductions in thickness during rolling, but
this is not the case for the AISI 316 alloy. In fact,
due to the presence of lower amounts of alloying
elements, the deformation-induced martensitic
transformation is prevalent in the AISI 301 and
304 alloys, but the AISI 316 alloy is much more
resistant to this transformation [61,62]. Equation
1 also reveal that the substitution of Ni with Mn
increases the M, temperature, and hence, the
austenite phase in alloys such as AISI 201 alloy (16-
18 wt% Cr - 3.5-5.5 wt% Ni - 5.5-7.5 wt% Mn) [63]
is less stable compared to that of AISI 304L alloy, as
shown in Figure 3.

During annealing of cold deformed austenitic
stainless steels, the processes of reversion of
martensite to austenite [64-68] and recrystallization
of the retained austenite [69-71] happen.
Accordingly, the complete austenitic structure
with equiaxed UFG grains can be easily obtained
via controlling the annealing process, where the
annealing time should be optimized to inhibit
grain growth after reversion/recrystallization.
Similar methods have also been applied for grain
refinement of the low carbon and DP steels [72-
75]. Accordingly, the transformation of austenite
to deformation-induced martensite during cold
deformation is a temporary stage for the grain
refinement of metastable austenitic stainless steels,
where an example is shown in Figure 4 [76].
According to Tomimura et al. [62], the metastable
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Cold Rolled (70%) and Annealed (850 °C)
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Fig. 4- Formation and reversion of deformation-induced martensite for grain refinement of an austenitic stainless steel [76].
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austenite should be almost completely transformed
to martensite during the cold rolling stage. In this
regard, the Ni equivalent (Ni + 0.35Cr) of less than
16 wt% might lead to the transformation of more
than 90% of austenite to martensite during 90%
cold rolling at room temperature. Moreover, most
of the martensite phase must revert to austenite
at relatively low temperatures where grain growth
is difficult to occur (a small amount of martensite
phase might be retained). Furthermore, The Ms
temperature of the reversed austenite should be
below room temperature to stabilize the austenite
phase during cooling to room temperature. In
this way, a fine-grained and equiaxed austenitic
microstructure can be achieved, which might
be suitable for superplastic forming, as will be
discussed in future sections.

The repetition of the cold rolling and annealing
can be used for further grain refinement [77-83].
Moreover, a multi-step annealing approach might
be applied for this purpose [84,85]. It should also be
mentioned that the situation might become more
complicated. For instance, it has been reported
that cold rolling of 316L stainless steel has led to
the formation of a heterogeneous lamella structure,
characterized by coarse grains sandwiched between
domains consisting of nano-grains and nano-
twins. Upon annealing, a microstructure consisting
of nano-grains, nano-twins, lamellar coarse grains,
and recrystallized grains was obtained, exhibiting
excellent strength-ductility balance [86-89].

Extreme grain refinement can also be achieved
by severe plastic deformation (SPD) methods
[90-92]. Regarding austenitic stainless steels,
the significance of high-pressure torsion (HPT)
[93,94], equal-channel angular pressing (ECAP)
[95], friction stir processing (FSP) [96], surface
mechanical attrition treatment (SMAT) [97,98],
multi-directional forging (MDF) [99], and
constrained groove pressing (CGP) [100] has been
indicated. The mechanism of grain refinement is
based on the well-known influence of large plastic
deformation on the evolution of microstructure of
metallic materials. For instance, the mechanism of

grain refinement of SLM AISI 316L stainless steel
via SMAT has been explained, as schematically
shown in Figure 5 [98]. SMAT introduces a high
density of dislocations, which retards the mobility
of dislocations and thereby expedites the initiation
of deformation twins and stacking faults. Afterward,
dislocation arrays accumulate inside these twins
and thereby activate another set of mechanical
twins to accommodate plastic deformation. More
dislocation loop/tangles arise at twin boundaries
across which small misorientations are induced,
and subdivision into dislocation cells or low-
angle disoriented blocks leads to the formation
of low-angle boundaries. Through the formation
of dense dislocation walls/dislocation tangles,
the misorientation angles gradually increases,
transforming into subgrain boundaries. The
subgrains further subdivide through a similar
mechanism and finally yield grains of nanometer
size [98].

Another common method for grain refinement
of austenitic stainless steels is the elevated-
temperature  thermomechanical  processing,
where dynamic recrystallization (DRX) is a main
restoration mechanism [101-103]. Since the
stacking fault energy of the austenite phase in
austenitic stainless steels is relatively low, the rate of
dynamic recovery (DRV) is rather low, and hence,
work-hardening can not be balanced only by DRV.
Accordingly, the dislocation density gradually
increases with strain, and finally the recrystallization
starts to occur during deformation upon reaching
a critical strain (e_) [104-106]. The DRX fraction
increases with increasing strain, and the full DRX
microstructure is eventually obtained (at ;) [107-
109]. As a result, under the condition of single peak
flow behavior, a remarkable grain refinement can be
achieved by the well-known necklace mechanism
[105,106,110]. The dynamically recrystallized
grain size (d_ ) is essentially dependent on the
deformation temperature and strain rate, which can
be represented by the equation of dppyx = AZ7P
where A and p are constants, Z = £ exp(Q/RT) is
the Zener-Hollomon parameter, and Q is

/Twin -L_Dislocation
& Subgrain

Q@ Grain

Fig. 5- Schematic representation of the mechanism for nanocrystallization of SLM 316L stainless steel during SMAT [98].
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the deformation activation energy [106,110].
Accordingly, in the case of occurrence of DRX,
increasing Z leads to a finer d .. However, the
values of &_ and ef also increase with increasing Z,
and hence, higher strains are required to obtain a
fully recrystallized microstructure. These aspects
are summarized in the form of DRX map in Figure
6 [110]. For instance, it can be seen that a fine grain
size of 5 um can be obtained at Z value of 10 s’
and ¢ of 3.5 during hot torsion of AISI 304 stainless
steel.

3. Superplasticity of austenitic stainless steels
According to the work of Mineura and Tanaka
[111], the ultra-high nitrogen stainless steel
(UHNSS) with the chemical composition of Fe-
20Cr-10Ni-0.7N  (wt%) can be subjected to a
repeated cold rolling and annealing treatment
to induce superplastic behavior at elevated
temperatures [111]. Nitrogen is a potent austenite
stabilizer and improves the strength at elevated
temperatures, but it usually lowers the elongation.
However, the precipitation of Cr,N particles is an
important aspect, which might accentuate the
superplastic behavior by suppressing the structural
coarsening of the fine-grained material. As can be
seen in Figure 7a [111], the UHNSS alloy shows
higher ductility compared to the low nitrogen alloy,
which can be explained based on the presence of
Cr,N particles in the former. The importance
of the Cr)N particles can be better evaluated by
consideration of Figure 7b [111], in which the
optimum deformation temperatures for large
superplastic ductility (i.e. ~ 800 °C) are related to
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Fig. 6- Hot torsion DRX map of AISI 304 austenitic stainless
steel, where the values on dotted lines show the DRX grain size
at given Z (redrawn based on [110]).
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the presence of high amount of Cr,N phase, and
the ductility drops sharply at higher temperatures
due to the decline in the amount of the Cr,N phase.
The deformation temperatures lower than 800 °C
are not appropriate for the activation of the GBS
process, leading to low elongations. Accordingly,
the superplasticity in the UHNSS alloy largely
depends on the presence of fine Cr2N particles, and
hence, the addition of nitrogen by raising the N, gas
pressure during melting had been a key processing
step [17,111].

The amount of Cr,N phase rapidly decreases at
temperatures higher than 800 °C. Accordingly, for
obtaining high superplastic elongation of ~900% at
higher temperature of 950 °C, Astafurovaetal. [112]
subjected the vanadium-added Fe-19Cr-22Mn-
1.5V-0.3C-0.6N (wt%) austenitic stainless steel to
a repeated cold rolling and annealing treatment.
Afterward, during superplastic deformation, the
grain coarsening was suppressed by the more stable
V-containing carbonitride precipitates (produced
by cold rolling and annealing treatment) as well
as precipitate nucleation and growth during
high-temperature deformation. The results are
summarized in the form of a contour plot of total
elongation versus deformation temperature and
strain rate in Figure 8, which reveals that high
values of tensile ductility can be achieved for low
strain rates at ~950 °C.

As discussed for Figure 7, the fine Cr,N
particles are important microstructural features for
obtaining the superplastic ductility in UHNSS alloy.
However, the commercial austenitic stainless steels
are based on Fe-Cr-Ni system with an austenitic
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Fig. 7- (a) Tensile stress-strain curves of Fe-20Cr-10Ni-0.7N

UHNSS and a low nitrogen grade, (b) the elongation plot of

UHNSS alloy and the JMatPro output for the amount of Cr,N
phase (redrawn based on [111].
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microstructure, and hence, the austenite grains
abruptly grow during the superplastic deformation,
and this prevents further superplastic deformation
[113]. For these alloys, the dynamic grain growth
of the fine-grained structure during superplastic
flow can be controlled by the co-presence of a
small amount of the retained deformation-induced
martensite at moderate temperatures (such as ~650
°C) [113], for which the kinetics of the reversion
of deformation-induced martensite to austenite is
slow. The reversion kinetics can be evaluated by
consideration of Figure 9 [114], which reveals that
a fraction of the deformation-induced martensite
remains in the microstructure at temperature of
~650 °C up to reasonable holding times.

The application of this approach for inducing
superplasticity in the austenitic stainless steels has
been shown by Tsuchiyama et al. [113] for the 18Cr-
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Fig. 8- Contour plot of total elongation versus deformation
temperature and strain rate for the Fe-19Cr-22Mn-1.5V-0.3C-
0.6N austenitic stainless steel [112].
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9Ni stainless steel at 650 °C, Katoh and Torisaka
[115,116] for the AISI 304 stainless steel at 700 °C,
and Sun et al. [117] for the AISI 304 stainless steel
at 650 °C. As shown in Figure 10a, Tsuchiyama
et al. [113] showed that the total elongation of
18Cr-9Ni stainless steel at 650 °C is increased with
increasing the initial volume fraction of martensite.
However, the increase in elongation is leveled off
in the range above 15 vol% martensite, which is
related to the thermal instability of the martensite
phase and its reversion to austenite, as shown in
Figure 10b. The dashed lines in this figure reveal
that the amount of the martensite phase in the
shoulder section is higher than that in the gage
section, which reveals that the martensite reversion
is promoted by straining. Microstructural analysis
revealed that the retention of the fine-grained
structure during deformation at 650 °C is highly
sensitive to the amount of the retained martensite
phase. Accordingly, the co-presence of a small
amount of martensite in the UFG structure is
essential for improving the thermal stability of the
microstructure against grain growth for inducing
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Fig. 10- (a) Total elongation versus the initial volume fraction of

retained martensite in 18Cr-9Ni stainless steel and (b) change

in the amount of martensite during tensile testing (data from
[113]).
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the superplastic behavior [113]. Similarly, as shown
in Figure 11, Katoh and Torisaka obtained high
superplastic elongations in the cold rolled and
reversion annealed AISI 304 stainless steel at 700
°C, which was promoted after the repetition of the
cold rolling and reversion annealing due to more
intense grain refinement [115]. In another study,
Sun et al. [117] processed a nano/ultrafine-grained
AISI 304 stainless steel with a mean grain size of
~230 nm and ~4 vol% martensite via cold rolling
(~93%) followed by reversion annealing treatments
at 650 °C for 30 min, which showed superplastic
elongations of 296% and more than 300% at
deformation temperatures of 630 and 650 °C under
strain rate of 0.00025 s', respectively. Similar
method was also suggested by Xu et al. [118] to
induce superplasticity in an 18Cr-8Ni austenitic
stainless steel at 800 °C. The elongation of 288% has
also been reported by Lu et al. [119] for the tensile
deformation of AISI 304 stainless steel at 800 °C.
Superplasticity of austenitic stainless steels
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Fig. 12- Tensile elongation versus deformation temperature at
strain rate of 0.001 s-1 for the cold rolled AISI 304 and AISI 304L
stainless steels that are heated to the test temperature at the
heating rate of 35 °C/min as well as the JMatPro predictions for
the carbide content [120].
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also highly depends on the carbon content of
the material. For instance, as shown in Figure
12, Yagodzinskyy et al. [120] compared the
superplasticity of cold rolled AISI 304 stainless
steel (with 0.044 wt% C) with AISI 304L stainless
steel (with 0.020 wt% C). It was revealed that the
deformation temperature for obtaining maximum
elongation in AISI 304 steel with higher carbon
content is ~50 °C higher than that for AISI 304
steel, and the total elongation is also higher, which
were explained by the presence of carbide particles
in the AISI 304 steel that hinders grain growth in
austenite.

4. Summary and future prospects

Since the austenitic stainless steels are essentially
single-phase  materials at the superplastic
deformation temperature, the grain growth
problem is of utmost importance [121-125].
Accordingly, the N addition for the formation
of nitrides [111], the V-N-C addition for the
formation of V-containing carbonitrides [112],
the incomplete reversion treatment for the
retention of a small volume fraction of martensite
[113,115,116], and utilizing higher carbon grades
for the formation of carbides [120] have been used
to increase the thermal stability of the fine-grained
microstructure during superplastic deformation.
For improving the thermal stability against grain
coarsening, much more experimental works are
required. In this regard, it has been shown that the
presence of molybdenum (Mo) [126] and niobium
(Nb) [127] is quite effective in suppressing grain
growth of austenitic stainless steels. For instance,
as shown in Figure 13 [128], the presence of 2
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Fig. 13- Activation energy plots to deduce the effect of Mo
as an alloying element on the high-temperature behavior of
commercial austenitic stainless steels [128].
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wt% Mo in the AISI 316 stainless steel has led to
the improved thermal stability compared to the
AISI 304 stainless steel (~140 °C increase in the
grain coarsening temperature). In fact, there is an
interaction energy between grain boundaries and
solute atoms, which results in the segregation of
these atoms to the boundaries and the boundaries
have to drag their impurities and can only migrate
as fast as the slowly moving impurities [129]. The
ascending order of Ni<Cr<V<Ti<Mo<ND for this
retardation effect has been reported for stainless
steels [130]. This effect can be advantageous for
superplasticity of austenitic stainless steels, which
needs to be evaluated.

The reported superplasticity works deal with
a limited number of austenitic stainless steels,
namely, Fe-20Cr-10Ni-0.7N [111], Fe-19Cr-22Mn-
1.5V-0.3C-0.6N [112], 18Cr-9Ni [113], AISI 304
[115-117,119,120], 18Cr-8Ni [118], and AISI 304L
[120]. Accordingly, more experimental works are
required on AISI 316 grades to study the effect
of Mo, and on highly unstable grades (such as
AISI 301 [57,78,79] and 201 [58] grades) that are
appropriate materials for grain refinement via cold
deformation and reversion annealing.

Regarding the application of grain refining
methods for inducing superplasticity in the
austenitic stainless steels, the reported works
are generally based on the thermomechanical
processing routes. While the SPD techniques have
widely been applied to process superplastic alloys
[131-134], more experimental work on the effect of
SPD techniques on the superplasticity of austenitic
stainless steels is expected in the future. In this
regard, it is noteworthy that the methods based
on the repetitive corrugation and straightening
and CGP can be easily applied on the sheets of
austenitic stainless steels for grain refinement
[135-137]. Mechanical alloying and consolidation
has also been used for processing of superplastic
ultrahigh-carbon steel containing 10 wt% Al [138],
which showed high strain rate superplasticity.
This technique is also effective for the dispersion
of particles to inhibit grain coarsening. Moreover,
the methods such as HPT can be used for
powder consolidation to develop nanocrystalline
alloys with a dispersion of nanoparticles [139].
Accordingly, these effective methods can also be
assessed for the processing of superplastic austenitic
stainless steels. Moreover, the differences between
the superplastic materials fabricated by these
grain refining methods as well as the advantages/
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disadvantages of these fabrication methods should
also be investigated. Furthermore, as most of the
reported works focused on the inhibition of grain
growth during superplastic forming, investigation
of the influence of the grain size on the superplastic
behavior remains for the future works.

Finally, the superplastic behavior of austenitic
stainless steels in the reported works has been
assessed by the hot tensile tests. However, the
shear punch test (SPT) has also been used for
the investigation of the elevated-temperature
mechanical properties and the measurement of the
strain rate sensitivity index, which is advantageous
when only small amounts of materials are
available. This technique has been recently used
for the assessment of the elevated-temperature
mechanical properties and superplasticity of light
alloys [131,140-145], and has been applied to
austenitic stainless steels for the investigation of
mechanical behavior [146-151]. Moreover, the
superformability of Mg alloys, low density steels
and high-entropy alloys has recently been assessed
during compressive loading [152-154], which was
found to be a promising technique. Accordingly,
these simple and useful techniques can alternatively
be applied for investigating the superplasticity of
austenitic stainless steels in future works.
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