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The microstructure characteristics and plastic deformation behavior of SUS304 metastable austenitic stainless
steel sheets have been investigated during tensile process at different strain rates at room temperature. The
yield stress continuously increases with strain rates due to low fraction of martensite transformed from austenite
at 0.2% plastic stain. While the ultimate tensile stress (UTS) and elongation gradually decreases and then
slightly increases with increase in strain rate from 0.0005 s~! to 0.1 s~!, which is attributed to the variation
of the martensite fraction that is affected seriously by adiabatic heating. A higher temperature increase in
the tensile specimens restricts the martensitic transformation at high strain rate. The strain rate of 0.1 s™! is
considered as a transition deformation rate from quasi-static state to plastic forming, where the transformed
martensitic content is very small in a higher strain rate range. Anomalous stress peaks in the later half stage
of deformation occur at a very low strain rate (i.e., 0.0005 s=!) result from X-shaped strain localization
repeatedly sweeping over the specimen. With increasing strain rates, the variation of dimple number density
follows similar trend as that of UTS and ductility because martensite fraction mostly influences void nucleation
and growth.
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1. Introduction

Metastable austenitic stainless steels are widely
used as engineering materials due to high corrosion re-
sistivity, beautiful appearance and superior formabil-
ity. Plastic deformation during forming can lead to a
deformation-induced transformation from the original
ductile austenite phase to the stronger o/ martensite
(bee or bet) and € martensite (hep)!!l. Generally, the
martensite formation depends on the chemical compo-
sition, temperature, grain size, stress state, strain and
strain rate®=4. Actually, a few experiments and sim-
ulations have been implemented to study the marten-
sitic transformation affected by the strain rate dur-
ing tensile deformation. Hedstrom et al.l® investi-
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gated the strain-rate dependence of the strain-induced
martensitic transformation and the stress partition-
ing between austenite and o’ martensite in AIST 301
stainless steel during tensile loading. They found
that the strain-rate sensitivity of the strain-induced
martensitic transformation was high and moderate
strain rates of 0.01 s~! would suppress the o/ marten-
site transformation due to adiabatic heating of the
tensile specimens. Hausild et al.l% characterized the
kinetics of deformation-induced martensitic transfor-
mation in AISI 301 stainless steel and measured mag-
netic properties, acoustic emission and temperature
increase during tensile test at different strain rates.
They concluded that yield stress increases and ul-
timate tensile stress (UTS) decreases with increas-
ing strain rate and elongation has a maximum at
0.00573 s~!. The similar experimental results were
reported by Shen et al.[l. They investigated the mi-
crostructure characteristics and deformation behavior
of 304L stainless steel during tensile deformation at
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Table 1 Chemical composition (wt.%) of JIS-SUS304 stainless steel sheet investigated

C Si Mn P
0.07 0.47 1.94 0.028

two different strain rates. Instead, Das et al.[®9 stud-
ied the formation and nucleation mechanism of defor-
mation induced martensite during tensile deformation
of 304LN stainless steel at various strain rates. They
indicated that yield stress steadily increased with in-
crease in strain rate and UTS remained almost con-
stant until strain rate exceeding 0.1 s~!. Addition-
ally, Zhang et al.l'9) investigated anomalous plastic
deformation and martensitic transformation in type
304 metastable austenitic stainless steel sheets dur-
ing tensile loading at a very low strain rate. They
observed the anomalous stress peaks on the stress-
strain curve in the later half stage of plastic deforma-
tion. Overall, the influence trend of strain rate on ten-
sile properties of metastable austenitic stainless steels
reported in the afore-mentioned literature is incon-
sistent and controversial. Therefore, it is necessary
to further study the tensile characteristics at various
strain rates. In this study, the deformation charac-
teristics of SUS304 metastable austenitic steel sheet
at different strain rates were investigated by tensile
tests. The effect of strain rate on mechanical prop-
erties, temperature increase, martensitic transforma-
tion and microstructural variation were investigated
by different techniques.

2. Experimental

Commercially available JIS-SUS304 metastable
austenitic stainless steel sheets with a thickness of
1.2 mm were used in this study. The material is
cold rolled sheet in shinning annealed final state. The
chemical composition of the steel sheet is listed in
Table 1. The as-received steel sheet was manufac-
tured into the specimens with a gauge length of 50
mm and a width of 12.5 mm, which were parallel to
the rolling direction of the sheets. Uniaxial tensile
tests were performed on a Zwick Roell tensile testing
machine with 20 kN maximum load capacity fitted
with a 50 mm gauge length extensometer at strain
rates of 0.0005, 0.001, 0.005, 0.05 and 0.1 s~! at room
temperature. It is considered as a quasi-static tensile
deformation when the strain rates were in the range
of 0.0005-0.05 s~!. Whereas the strain rate of 0.1 s7!
was thought to be relevant about stamping process.
All tests were repeated at least three times in order
to ensure the repeatability and reproducibility of ex-
perimental results. Temperature variation during the
tensile tests was measured by a TES 1310 TYPE-K
thermocouple connected with the center of the spec-
imen gauge. The volume fraction of o’ martensite
phase along the gauge section was measured from
the fractured tensile specimens with a Ferritescope
FMP30 instrument. According to the magnetic induc-

0.001

Ni Cr Al Fe
8.29 16.59 1.05 Bal.

tion method in the Ferritescope, a low frequency alter-
nating magnetic field generated by the excitation coil
interacts with the magnetic phase in the specimen.
The change of the magnetic field induces a voltage
in the measuring coil proportional to the martensite
content. Fractured tensile specimens were longitudi-
nally sectioned adjacent to the fracture surface. Then
they are ground with sandpaper and polished with
paste. Optical microstructure was revealed by etching
in a solution consist of HoO, HCl and HNO3(4:3:3),
and observed by optical microscope. Tensile fracture
surfaces were carefully examined by the JEOL JSM-
7600F scanning electron microscope (SEM) to record
fractographic features. A set of fields were observed
at an operating voltage of 20 kV throughout. A suit-
able magnification (2000 times) was used in all cases
so that representative fracture features are recorded.

3. Results

Fig. 1 shows the overall room-temperature true
stress versus strain curves for the SUS304 stain-
less steel at five different strain rates. Remark-
able hardening can be indicated from the five tensile
curves. When strain rate is decreased from 0.1 s~}
to 0.005 s~ 1, the tensile curves few change. Further
decreasing from 0.005 s~! to 0.0005 s~!, the yield
stress decreases from 284 MPa to 271 MPa, while the
ultimate tensile stress increases from 1015 MPa to
1273 MPa. Tensile properties at room temperature
obtained with strain rates ranging from 0.0005 s~*
to 0.1 s~! are listed in Table 2. These results are
in accordance with that found by Hausild et al.lf]
and Shen et al.l”} and inconsistent with that reported
by Das et al.®9. The effect on elongation is not
prominent and almost constant at an average value
of 43% until strain rate is less than 0.005 s~!. This
trend accords with the results reported by Talonen et
al.' and Das and Tarafder!®! while it disaccords with
the results reported by Hausild et al[®. It is noted
that two small anomalous stress peaks occur on the
strain-stress curve above 0.43 strain as indicated by
arrows. The similar phenomenon was found by Zhang
et al.'%. Whereas UTS and elongation at 0.1 s~
slightly increase compared with that at 0.05s~!. The
strain rate of 0.1 s~ was considered as a deforma-
tion rate during sheet metal forming and not ranged
in a quasi-static state. This trend is consistent with
the results provided by Talonen et al.l'!l and Lee and
Lin*2l although this strain rate is much lower than
that used by them.

The temperature increase measured at the cen-
ter of tensile specimens at strain rates of 0.0005 and
0.005 s~ ! is illustrated in Fig. 2. Obviously, the tem-
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Table 2 Tensile properties of SUS304 stainless steel at room temperature at

different strain rates

Strain rate Yield stress

(s™h (MPa)
0.0005 271.2
0.001 277.6
0.005 283.8
0.05 291.9
0.1 294.2
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Fig. 1 True stress-strain curves of SUS304 at various
strain rates: (a) tensile curves; (b) magnified im-
age illustrating the yield stress corresponding to
circle marked region in Fig. 1(a)

perature increase of tensile specimens at 0.005 s—!
is higher than that at 0.0005 s~!. With increase
in true strain, the temperature increase steadily im-
proves. A maximum temperature increase is about
35 °C at 0.005 s~!. The measured data agrees with
the calculated and measured results by Hausild et
al.l%l and Talonen et al.'') and simulated results pro-
vided by Hedstrom et al.5). Generally, the mechanical
energy introduced to the specimen by plastic defor-
mation is almost fully (90%) converted to thermal
energy, i.e., adiabatic heating. Furthermore, a re-
maining portion of the mechanical energy is stored as
the elastic energy of the dislocations. Temperature in-
crease also is affected by the transformation heat and
heat dissipation by thermal conduction. The trans-
formation heat arises from a free energy change when
metastable austenite is transformed to more stable o’
martensite phase. In the case of low strain rate (i.e.,
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Fig. 2 Measured temperature increase of tensile speci-
mens at strain rates of 0.0005 and 0.005 s~!

0.0005 s71), the time of thermal conduction lasts long
and the heat dissipation approaches the heat gener-
ation by adiabatic heating and martensitic transfor-
mation. Therefore, the temperature increase is not
prominent. On the contrary, the heat generation pre-
vails over the heat dissipation at higher strain rate
(i.e., 0.005 s~ 1), and the temperature of the tensile
specimens obviously increases.

Fig. 3 shows the distribution of o' martensite
phase along the gauge sections measured from the
fractured tensile specimens at different rates. The
results are plotted as a function of distance from the
fracture surface. With decrease in the distance from
the fracture surface the volume fraction of o’ marten-
site continuously increases at all strain rates. The
o' martensite content in the vicinity of the fracture
surface is highest. Meanwhile, the increase in the
strain rate decreases the o’ martensite content in the
same distance from the fracture surface. However, the
martensite fraction at 0.1 s~! is slightly higher than
that at 0.05 s~!, which is listed in Table 2 and cor-
relates with UTS and elongation of the tensile speci-
mens. In addition, the martensite distribution at the
strain rate of 0.1 s~! is more uniform than that at the
quasi-static strain rates. The similar result was found
by Talonen et al.'].

The optical microstructures in as-received state
and after tensile deformation at 0.0005 s~! and
0.005 s~! are shown in Fig. 4. In as-received state, the
microstructure is composed of polygonal austenitic
grains with typical annealing twins interspersed in
some grains. After tensile testing, small martensitic
variants grow inside the austenitic grains. Compared
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Fig. 3 Volume fraction of o’ martensite along the gauge
sections of fractured tensile specimens at different
strain rates

Fig. 4(b) with Fig. 4(c), the transformed martensite
fraction deformed at 0.0005 s~! is higher than that
at 0.005 s~!, which well corresponds with the result
measured by Ferritescope as plotted in Fig. 3.

To a great extent, the plastic deformation and
fracture are influenced by the same set of factors
and the fracture surface keeps a clue to the en-
tire deformation process!'3l.  Fig. 5 clearly indi-
cates the size of the dimples on the fracture sur-
face changes heavily depending on the strain rates.
It is noted that at lower strain rate, dimple num-
ber density is higher while dimple size is smaller.
A qualitative comparison reveals the dimple num-
ber density gradually decreases with increasing strain
rate from 0.0005 s~! from 0.05 s~'. Whereas the
dimple number density slight increases at 0.1 s~!

(©

Fig. 4 Optical images show the microstructures of SUS304 stainless steel at different conditions: (a) as-received;
(b) after tensile deformed at 0.0005 s™*; (c) after tensile deformed at 0.005 s™*

Fig. 5 SEM fractographs of SUS304 tested at different strain rates: (a) 0.0005s™*; (b) 0.005 s™%; (c) 0.05 s™%;

(d) 0.1 s7*
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compared with that at 0.05 s~!. With increasing
strain rates, the network of small dimples is steadily
replaced by larger dimples, and the density of finer
dimples decreases, which corresponds well with the
reduced UTS and elongation and the variation of the
martensite fraction along gauge sections.

4. Discussion

The change in mechanical properties with strain
rates can be rationalized from the viewpoint of dislo-
cation activity and martensitic transformation. It is
well known that austenitic stainless steels have high
hardening ability due to high dislocation density and
the transformation from austenite to martensite. The
volume fraction of martensite is varied as a function
of true strain. Since the amount of martensitic trans-
formation is small at low strain stage(>10:11:14] " the
dislocation slips control the increase in flow stress
during initial tensile deformation. In order to main-
tain the higher imposed strain rate, the average dislo-
cation velocity needs to be simultaneously increased
flow stress. Therefore, yield stress at 0.2% plastic
strain gradually increases with increase in strain rates
from 0.0005 s~ ! and 0.1 s~1. At high strain level, the
martensitic transformation plays a dominant role in
work-hardening mechanism and the martensite pre-
dominantly determines the increase in flow stress and
ductility due to its high fraction. UTS of some
austenitic stainless steels was found to increase lin-
early with increasing amount of martensite since the
induced martensite has a higher strength than the
austenite matrix!’®. Moreover, the transformation
induced plasticity (TRIP) effect efficiently delays the
onset of necking and significantly increases the uni-
form and fracture elongation. The maximum amount
of formed martensite during tensile deformation is re-
duced with increase in strain rate from 0.0005 s~! to
0.05 s~!, as shown in Fig. 3 and Fig. 4. Thus UTS
and elongation of SUS304 stainless steel decrease with
increasing strain rate listed in Table 2.

It is noted that the dislocation movement will be
restricted and a local temperature raise will be caused
because of dislocation pile-up and tangle when the
accumulated plastic strain is increased. The temper-
ature increase in tensile specimens is also caused by
exothermic martensitic transformation. Because the
generated heat is not transferred out of the speci-
mens rapidly enough, a higher temperature increases
at high strain rates. A sample temperature increase
of about 35 °C at a maximum strain at 0.005 s~! as
shown in Fig. 2. Nevertheless, it should be clarified
that the measured macroscopic temperature may be
lower than the locally true one when an autocatalytic
martensitic transformation simultaneously occurs in
numerous austenitic grains and large amounts
of local heat can be generated®!¢. The heating
of the tensile specimens can decrease the chemical
driving force for the transformation from austenite

to martensite and increase the stacking fault energy
(SFE) of austenitic stainless steels. When the SFE
is high, the overlapping process of stacking faults be-
comes irregular and the nucleation of the o/ marten-
site become difficult!”. Consequently, the marten-
site fraction decreases with increasing strain rate from
0.0005 s~! to 0.05 s~!. However, the martensite
fraction at 0.1 s~! is slightly higher than that at
0.05 s~!. Correspondingly, similar tendency occurs in
UTS since UTS is mainly governed by the marten-
site fraction in the later stage of tensile deforma-
tion. Higher martensite fraction at 0.1 s~' may be
attributed to different transformation mechanisms at
various strain rate ranges. Talonen et al.'*] have cat-
egorized deformation state into three classes accord-
ing to the magnitude of strain rate. The strain rate
of 0.1 s~! may be considered as a transition defor-
mation rate from quasi-static state to plastic forming
in the present study. The fraction of martensitic for-
mation is low at plastic forming and dynamic impact
rate level. In these ranges, the martensitic formation
slowly increases with increasing strain rate. At higher
strain rate, multiply-oriented and larger regions of o’
martensite have been observed in the shear bands!'?.

Two anomalous stress peaks occur on the stress-
strain curve of SUS304 specimen in the later half stage
of tensile deformation at 0.0005 s~!'. Similar anom-
alous stress peaks at very low strain rates have been
observed by Tominaga et al.'8! using dynamic elec-
tronic speckle pattern interferometry and Zhang et
al.'% ysing in-situ hydrogen and argon releases and
scanning probe microscopy. They both considered
that the X-shaped strain localization indicating the
begin of macroscopically inhomogeneous deformation
swept over the specimen repeatedly during deforma-
tion and propagated between two anomalous stress
peaks, which resulted in the severe o/ martensitic
transformation in the X-shaped region.

The microstructural mechanism of ductile fracture
is associated with nucleation, growth and coalescence
of microvoids!®. In tensile specimens, voids mainly
initiate at the martensite/austenite interfaces along
the axis of applied stress where the maximum ten-
sile stress exists. A larger amount of martensite is
already formed at low strain rate than at high strain
rate as shown in Fig. 3 and Fig. 4. Thus more void
nucleation sites are available in the former than in
the latter. It is observed that dimple size is smaller in
the specimen tested at 0.0005 s~! compared with the
specimens tested at 0.05 s~'. With increasing strain
rate, the network of fine dimples is gradually replaced
by larger dimples. High density of microvoids adja-
cent to the fracture surface generally involves high
plastic strain in this localized necking region. Corre-
spondingly, dimple number density increase towards
the fracture surface'. Fig. 5 clearly shows that the
dimple number density is higher at 0.0005 s~* than at
0.05 s~ 1. Additionally, due to slightly higher marten-
site fraction at 0.1 s~ compared at 0.05 s~!, dimple
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size slightly decreases and dimple number density in-
creases, which well correlates with above-mentioned
analysis.

A qualitative comparison reveals the variation of
UTS and elongation follow similar trend as that of
dimple number density. The decrease in dimple den-
sity with increase in strain rates results in simultane-
ous variation in UTS and ductility. Martensite formed
by transformation mostly influences void nucleation
and growth, and hence UTS and elongation?). At
high strain rate, the suppression of martensite by adi-
abatic heating reduces TRIP effect and the availabil-
ity of void nucleation sites. Consequently, UTS and
elongation decrease while dimple size increases.

5. Conclusions

The conclusions from the present investigation can
be summarized as follows:

Yield stress of SUS304 stainless steel increases
with increasing strain rate from 0.0005s~! to 0.1 s71.
This is attributed to dislocation slips and very low
martensite fraction at 0.2% plastic strain. Whereas
UTS and elongation gradually decrease and then
slightly increases, which well correspond with the vari-
ation of the total volume martensite fraction deter-
mining UTS and elongation. A higher temperature
rise hinders martensitic transformation at high strain
rate. A maximum increase temperature is about
35 °C at 0.005 s~ !, which may be lower than the
locally true temperature.

With the increase in strain rate, the dimple num-
ber density gradually decreases and then slightly in-
creases, and dimple size follows an inverse trend. This
tendency is similar as UTS and elongation since the
martensite fraction mostly influences void nucleation
and growth.

The strain rate of 0.1 s~ is considered as a transi-
tion deformation rate from quasi-static state to plas-
tic forming. Small increase in martensite fraction at
higher rates in this strain rate range lead to slight in-
crease in UTS, elongation and dimple number density
at 0.1 s~ compared at 0.05 s~'. Anomalous stress
peaks in the later half stage of deformation occur at
0.0005 s~! resulted from X-shaped strain localization

1

repeatedly sweeping over the specimen.
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