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In general, the strength of materials rises with an increase in the strain rate, while the ductility decreases. However, the ductility of
superaustenitic stainless steel increases signiﬁcantly with an increase in the strain rate. This is associated with strain-induced e
martensite transformation. The higher the strain rates applied, the more strain-induced, intersected e martensite is formed.
 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The superiority of superaustenitic stainless steel, 254
SMO (S31254), lies in its high strength, good weldability
and great resistance to stress corrosion and pitting
because of its higher content of alloying chromium
and molybdenum compared to general stainless steel.
It has been reported that laser cladding of S31254 on
the surface of carbon steel can improve the corrosion
resistance of the steel [1]. It also has been shown that
254 SMO steel has the ability to resist localized corrosion attacks in many acid solutions. In addition to its
remarkable chemical properties, the fatigue properties
of low cycle fatigue of superaustenitic 254 SMO steel
are superior to those of duplex stainless steels [2]. Furthermore, the true stress–strain curves for monophasic
superaustenitic 254 SMO steel exhibit a higher true
stress at a dynamic strain rate of 5 · 103 s1 than at
8.5 · 102 s1 [3]. The diﬀuse Lüders band appears at
the surface of soft superaustenitic 254 SMO steel after
impact at the higher strain rate of 5 · 103 s1 [3].
Previous work has investigated the transformationinduced ductility behavior observed in stainless steels.
The austenitic phase of most AISI 300 series alloys is
metastable, and the martensite transformation c ! a 0
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can occur during cooling and/or plastic straining. The
low carbon and nitrogen content of 316LN stainless
steel subjected [5,6] to monotonic stress and cyclic
stresses at low temperature reveals much higher straininduced a 0 martensite than at room temperature.
Strain-induced e martensite can result in a higher elongation under monotonic loading at 77 K [5]. Depending
on the chemical composition, as well as the deformation
rate and/or temperature for austenitic stainless steel,
several transformation mechanisms could take place,
such as c ! e, e ! a 0 , c ! a 0 , c ! e ! a 0 [7]. The
volume per cent of the phase has a great eﬀect on the
mechanical properties (strength, strain) and other
behavior. By carefully controlling the volume fraction
of martensites, a large strain can be obtained even at a
low deformation temperature. This is called the transformation-induced plasticity (TRIP) eﬀect [4]. TRIP
steels are high in alloy content and are known to combine high strength with high ductility. The high ductility
of this type of steel results from the transformation of
metastable retained austenite to martensite under plastic
strain. This transformation is accompanied by a volume
expansion and results in a localized increase of the
strain-hardening coeﬃcient during deformation [8].
The strain-hardening delays the onset of necking and
leads to more uniform and total elongation. However,
if the transformation is too rapid, the material quickly
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Figure 1. Stress–strain curves of superaustenitic stainless steel at
diﬀerent strain rates.
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becomes saturated with martensite and the transformation will be complete at relatively small plastic strain.
Without any transformation plasticity to stabilize the
material at high stresses, the ductility will decrease [7–9].
Some researchers consider that austenite can transform into brittle martensite under certain stress cycles,
thus accelerating crack propagation and decreasing
crack resistance. Others claim that strain-induced
martensite transformation can increase crack resistance
[10]. Recently it has been reported that the plastic deformation-induced martensite transformation can occur in
the duplex stainless steel SAF 2205 as the result of low
cycle fatigue [10,11]. At a strain amplitude of 0.9% with
a strain ratio of 0.2, the metastable austenitic phase
transforms to the e martensite, intersected mutually.
Furthermore, at a relatively higher strain ratio of 1,
the austenitic phase transforms into thin, lath-like a 0
martensite sheaths [10,11]. The purpose of this paper is
to investigate the eﬀect of strain rate on the mechanical
properties and microstructure variation of the superaustenitic stainless steel 254 SMO.
The chemical composition of the superaustenitic 254
SMO steel was analyzed by glow discharge spectrometry
(LECO GDS-750 QDP), and the data are listed in Table
1. The tensile tests were performed at four strain rates:
1 · 101, 1 · 102, 1 · 103 and 1 · 104 s1. The tensile
specimen consisted of a reduction area 32 · 4 · 5 mm
thick. Optical metallography was performed by electrolytic etching with a solution composed of 5 g CuCl2,
100 ml HCl and 100 ml ethanol at 9 V etching potential
for 10 s [1,2]. Fractographs of tensile test failures were
observed using a scanning electron microscope (SEM;
Hitachi S-4100) operating at 15 kV. The thin foils were
prepared at the rupture region and observed under
transmission electron microscopy (TEM) with an LaB6
ﬁlament at an accelerated voltage of 200 kV. Samples
were sliced and ground down to 0.06 mm by SiC abrasion papers, then punched into disks of 3 mm diameter.
Each disk was electropolished to a thin foil in a solution
composed of 5 vol.% perchlorate, 25 vol.% glycerol and
75 vol.% ethanol by using a twin-jet at a temperature
maintained between 5 and 10 C. The electropolishing parameters were a potential of 30 V and a current of 10 mA.
The ﬂow stress curves of the superaustenitic at diﬀerent strain rates are shown in Figure 1. It is found that
the longer ﬂat-top strain and higher work-hardening
rate occur at the higher strain rate (Fig. 1). The summarized ultimate tensile strength (UTS) and the yield
strength (YS) are plotted in Figure 2, which shows that
these strengths are not strongly inﬂuenced by the variation of strain rate. The average YS is about 430 MPa,
and the average UTS is about 750 MPa. On the contrary, the total elongation is conspicuously higher with
strain rate increases, as shown in Figure 2. The reduction in area is also reduced with increasing strain rate
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Figure 2. Correlations between the elongation and strength with the
strain rate.

in Table 2. This trend of the ductility vs. strain rate
violates the normal condition that the elongation reduces as the strain rate increases. For example, the elongation would be 33% at a strain rate of 1 · 101 s1, but
25% at a strain rate of 1 · 104 s1. In the meantime,
more shear bands formed in the grain at the high strain
rate of 1 · 101 s1 than at the low strain rate of
1 · 104 s1, as depicted in Figure 3. The metallography
of superaustenitic 254 SMO steel is the same as the normal austenitic stainless steel, consisting of mono-austenite phase and inlaid twin crystals in some grains. The
fracture surfaces of tensile specimens at four diﬀerent
test strain rates were examined by SEM. In the representative fracture there are a large number of ductile
dimples with several big ‘‘volcanic’’ craters. The dimples
and craters become larger and nonuniform distribution
Table 2. The values of the reduction area (RA%) and the strainhardening exponent
Strain rate (s1)
1

1 · 10
1 · 102
1 · 103
1 · 104

RA%

n

66.8
58.6
53
52.3

0.29
0.26
0.25
0.24

Table 1. Chemical composition of the 254 SMO stainless steel (GDS) (wt.%)
254SMO

Ni

Cr

Mo

C

Si

Mn

P

S

N

Cu

Co

V

Avesta spec.
Analysis

17.86
17.77

20.01
19.46

6.18
5.78

0.012
0.011

0.31
0.31

0.47
0.46

0.023
0.019

0.001
0.003

0.208
0.16

0.72
0.67

–
0.18

–
0.08
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Figure 3. Optical micrograph of the deformed superaustenitic stainless
steel at two representative strain rates.

Figure 4. The fracture surface of superaustenitic stainless steel after
tensile failure.

increases with increasing strain rate, as shown in Figure
4. The high-resolution microstructures after deformation at the failure region were analyzed to investigate
the relation between the mechanical properties and the
deformation mechanism. The representative high-resolution microstructures in Figure 5 show the specimens
subjected to the deformation at strain rates of 1 · 104
and 1 · 101 s1, in addition to that of the as-received
metal. The microstructure of the as-received superaustenitic stainless steel reveals tangled dislocations
along the primary slip traces, as shown in Figure 5a.

Figure 5. Microstructure of superaustenitic stainless steel at (a) asreceived and deformed samples at strains, (b) 1 · 104 s1, (c) 1 ·
101 s1 and (d) dark ﬁeld (DF) and diﬀraction pattern at 1 · 101 s1.
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In contrast, the microstructures of the deformed specimen exhibit one oriented band at the lowest strain rate
of 1 · 104 s1 (Fig. 5b) and two intersected bands at
the highest strain rate of 1 · 101 s1 (Fig. 5c). The
bands in the c phase of the austenitic matrix have been
identiﬁed as the hexagonal e phase matrix, as shown in
Figure 5d. It has been proposed that in the straining
process, the atomic arrangement is shifted from the
face-centered cubic (fcc) c phase to the hexagonal e
phase of martensite plate. The strain-induced martensite
could hinder the moving dislocation, increase the workhardening rate, delay the occurrence of rupture and
extend the elongation of the material. Comparison of
the amount of strain-induced e martensite in Figure 5
shows that the number of e martensite plates increases
with strain rate qualitatively under the same magniﬁcation. The number and the size of craters as well as the
size of dimples increase as strain rate increases
(Fig. 4), which could be due to the increasing number
of induced e martensite intersections.
At the slowest strain rate of 1 · 104 s1, few dislocation and slip traces can be found (Fig. 5b), indicating
that the materials can accommodate deformation
through formation of e martensite. These e martensite
plates, containing stacking faults, belong to one variant
which is favorable to the tensile deformation. With further high strain rate deformation, dislocations and more
e martensite plates appear. At the highest strain rate of
1 · 101 s1, slip deformation by dislocations and the
formation of intersected martensite with another variant
occurs, as shown in Figure 5c.
High plastic strain exerted a large amount of strain
energy on the material, and the energy was dissipated
via crystal defect formation, leading to the phase transformation and an increase in temperature. The measured surface temperature of the specimen was about
80 C at the highest strain rate of 1 · 101 s1 during
the uniaxial tensile test. The magnitude of the temperature rise can be calculated with an integral equation [12]:

Z e
1
rde;
DT ¼
qC p
0
where DT is the temperature rise, q is the density
(8 g cm3), Cp is the heat capacity (0.1195 cal g1 per
C), r is the stress and de is the interval of strain. This
calculation has been made for each stress–strain curve
of the tested strain rate conditions in Figure 1. The
calculated temperatures are 79, 74, 71 and 65 C at
the strain rates of 1 · 101, 1 · 102, 1 · 103 and
1 · 104 s1, respectively. The temperature rises more
as the strain rate increases because there is less time
for the heat to dissipate to the environment. The calculated result of 79 C at the highest strain rate of
1 · 101 s1 is in good agreement with the measured
value of 80 C. The heat generated by the high strain
rate of 1 · 101 s1 assists in the dislocation motion,
cross slip and interaction. These changes result in good
ductility and long elongation. This high elongation of
tensile deformation facilitates an increase in operative
microscopic shear band (deformation twins, stacking
fault bundles and e-martensite) intersection. The intersection is regarded as an eﬀective site for strain-induced
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Figure 6. The trend of uniform strain eu and post necking elongation
epn versus strain rate.

martensite nucleation [13]. Therefore, the above changes
induce martensite nucleation and growth and prompt
the austenite to transform into martensite. As a consequence of this martensite formation, the value of the
strain-hardening exponent (n) increases with strain rate,
as seen in Table 2. A high value of n, representing a
strong ability of the material to retard necking, delays
necking to rupture, and then results in a large value of
post-necking elongation. It is suggested that the higher
temperature generated from the high strain rate will
cause more strain-induced e martensite formation,
which is beneﬁcial to the ductility [11]. Thus, if e martensite is produced uniformly in the straining, this
superaustenitic steel should have longer elongation
[9,10,14].
Looking at it another way, the uniform elongation eu
slightly increases with the strain rate, but the post-necking elongation epn increases signiﬁcantly, as depicted in
Figure 6. The higher elongation at the high strain rate
could be explained by the fact that in these materials
necking is delayed, and they rather rupture naturally
as the strain-hardening increases, resulting in an increase
in elongation [5,6,15]. Under strain, ductile e martensite
induced by phase transformation could accommodate
or hinder the moving dislocation and increase strainhardening to delay the necking.
It is proposed that the high Ni and Mo alloying content of this superaustenitic stainless steel may reduce the
stacking fault energy (SFE) in the c phase. The SFE with
the alloying addition plays an important role in the
determination of the critical driving force, nGc c ! e,
and martensitic transformation start temperature, Ms
[16]. In the alloys with low SFE, such as Fe–Mn–Si
[17], Co–Ni and Co–Cu [18], the nucleation of e martensite may occur directly through stacking faults [18]. The
martensite transformation from the fcc austenite c phase
to the hexagonal close packed (hcp) e martensite plate
can be accomplished by introducing stacking faults on
a {1 1 1} plane every two layers [19]. There are three possible displacement vectors of this faulting on a given
{1 1 1} plane, 1=6½
1
1 2; 1=6½
12
1 or 1=6½2 
1 1 on a
(1 1 1) plane, to produce an hcp e martensitic plate [19].
As the strain rate of deformation increases, the higher
temperature of the specimen, which is favorable to the
atomic movement, is generated by adiabatic dissipation
of the stored strain energy. Therefore, the volume frac-

tion of strain-induced e martensite increases, which
should raise the magnitude of the post-necking elongation contribution in Figure 5, which in turn gives rise
to higher ductility. The trend of increases in post-necking
elongation with increasing strain rate almost linearly,
shown in Figure 6, is very similar and comparable to
the increases in the volume fraction of e martensite linearly with increasing degrees of cold rolling up to 3% [20].
The strain rate does not aﬀect the yield strength or
tensile strength of superaustenitic stainless steel, but it
is beneﬁcial to the ductility, i.e., longer elongation results from higher strain rates. The number and the size
of craters, as well as the size of dimples, increase with
strain rate, which could be associated with the increase
of intersections of e martensite plates. Under high strain
rate, the increasing temperature is favorable to the induced e martensite formation at two diﬀerent orientations. Large quantities of strain-induced martensite
and the intersections can facilitate the strain-hardening
eﬀect and delay the onset of necking. Finally, the ductility of the superaustenitic steel can be improved by high
strain rate deformation.
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