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Tensile tests were used to investigate the effect of grain size on the strain-induced martensitic transformation
start temperature in metastable austenitic steel with special attention to ultrafine grain size. The austenite
grains were refined to submicron size by the strain-induced martensite and its reverse transformations (SIMRT),
which occurred during a conventional cold rolling and annealing process. The start temperature of the strain-
induced martensitic transformation was linearly lowered with a decrease in austenite grain size, even down
to submicron grain sizes. This result is due to the decrease in grain size causing an increase in the temperature
dependency of the strain-induced martensitic transformation and higher austenite stability brought about by
grain refinement.
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1. INTRODUCTION

Metastable austenite, which can transform to martensite
via mechanical work [1,2], is present in many types of aus-
tenitic stainless steel (including Types 301 and 304) and
TRansformation-Induced Plasticity (TRIP) steel. The phase
transformation of metastable austenite to martensite with
plastic strain occurs between Ms

σ, a critical temperature
above which martensite forms after the onset of plastic
flow in the austenite, and Md, a critical temperature above
which austenite is stable and does not transform to marten-
site by deformation [2]. Strain-induced martensitic trans-
formation increases the strain hardening rate, leading to
excellent combinations of strength and elongation, as dis-
played at room temperature in metastable austenitic stain-
less steels [3-7] and some TRIP steels [8,9].

The transformation of metastable austenite depends on
multiple parameters, including grain size [5,9], strain rate
[3,4,9], and alloy addition [4,5]. Of these parameters, aus-
tenite grain size is extremely important, since a decrease in
grain size improves austenite stability, retards strain-induced
martensitic transformation, and lowers the Md temperature
[5,9]. However, studies on grain size effects have been lim-
ited to grain sizes typical of conventional processing routes

as there is limited reported information on variation in Md

temperature in metastable austenite with submicron-sized
ultrafine grains (UFG).

Accordingly, the objective of the present study is to
investigate the effect of grain size on the Md temperature of
UFG metastable austenitic steel and to suggest a new Md

temperature equation that is applicable to materials with
submicron austenitic grain sizes.

2. EXPERIMENTAL PROCEDURE

A metastable austenitic steel, with a composition of Fe-
0.01%C-8.05%Ni-9.85%Cr-7.80%Mn in weight percent,
was vacuum-melted, cast into an ingot, homogenized at
1200 °C for 12 h under a protective nitrogen gas atmo-
sphere, and finally hot-rolled at 1100 °C into a 12 mm thick
plate. The microstructure of the hot-rolled plate was fully
austenite, as confirmed by X-ray diffraction (XRD). Cold
rolling was performed with a thickness reduction of about
80% to transform the metastable austenite to martensite.
The fully martensite structure in the cold-rolled sheet was
also confirmed by XRD. The cold-rolled specimens were
annealed for 5 min at 593 °C, 616 °C, 646 °C, 693 °C, and
804 oC using a salt bath to form reversed austenite with dif-
ferent grain sizes. This Strain-Induced Martensite and its
Reverse Transformation (SIMRT) process can easily fabri-
cate submicron-sized UFG microstructures in metastable
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austenitic steels [10,11].
Annealing temperatures were determined based on the

reverse transformation start (As) and finish (Af) tempera-
tures, which were measured from a dilatational curve
obtained while the cold-rolled specimen was heated at a
rate of 10 °C s−1. In addition, to obtain larger grain sizes (12
µm), one specimen was annealed at 900 °C for 30 min in a
box furnace.

The microstructures of the annealed specimens were
observed for grain size measurement using a transmission
electron microscope operating at 160 kV. Thin TEM foils
were jet-polished at 15 °C in a solution of 10 % perchloric
acid and 90 % acetic acid. Metallographic samples for
analysis with both light and scanning electron microscopy
techniques were mechanically and electrochemically pol-
ished using a solution of 10 % perchloric acid and 90 %
acetic acid at 20 V. Subsequently, the specimens were etched
with a mixed solution of 3.5 % hydrochloric acid, 6.5 %
distilled water, and 90 % ethyl alcohol to reveal the auste-
nite grain boundaries. The grain sizes of the annealed spec-
imens (single phase austenite) were measured by applying
the linear intercept method [12] to the micrographs. Speci-
mens annealed at 593 °C and 616 °C had ultrafine grains
with average sizes of 0.25 µm and 0.55 µm, respectively.
Grain size (>2 µm) of the remainder of the samples increased
with annealing temperature to a maximum of 12 µm for the
sample annealed for 30 min at 900 °C.

Isothermal tensile tests were performed with a commer-
cial floor model electro-mechanical test machine equipped

with a special fixture for testing in an isothermal oil bath
between room temperature (22 °C) and 140 °C. All sam-
ples were submerged in the heating fluid and tested at a
constant crosshead speed of 0.1 mm·min−1. The tensile tests
at temperatures higher than 140 °C were performed using a
commercial test frame equipped with a furnace. Sub-sized
tensile specimens with a reduced gage section of 25.0 mm
long × 6.35 mm wide × 2.21 mm thick were used.

A two-step process was used to investigate the tempera-
ture dependency of the formation of strain-induced marten-
site and the effect of grain size on Md temperature. First,
tensile specimens were deformed to the point of fracture at
different isothermal temperatures. Then, the martensite vol-
ume fractions (MVF) were measured near the fracture
within the neck of the specimens by using Cu-Kα radiation
to obtain X-ray diffracted peak intensities [13]. The scan-
ning speed and range (2θ) were 2° min−1 and between 40°
and 100°, respectively.

3. RESULTS AND DISCUSSION

Figure 1 shows the plots of MVF vs. tensile test temper-
ature for each grain size. In all specimens, when the test
temperature increased, the volume fraction of strain-induced
martensite decreased because elevated temperatures reduce
the chemical driving force for martensitic transformation.
Furthermore, Cohen and Olson [14] reported that the strain-
induced martensitic transformation kinetics is delayed with
increasing deformation temperature by using an equation

Fig. 1. The plots of martensite volume fraction vs. tensile test temperature for each average grain size: (a) 0.25 µm, (b) 0.55 µm, (c) 1.8 µm, (d) 3.8
µm, (e) 7.2 µm, and (f) 12 µm. The martensite volume fraction was measured by XRD tests at the fractured edges of tensile specimens. 
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of the form:

(1)

where f α' is the volume fraction of α' martensite, ε is plastic
strain, n is a constant relating to the number of shear-band
intersections with plastic strain. In this equation, α indi-
cates the rate of shear-band formation, which is inversely
dependent on both stacking fault energy and deformation
temperature. The shear-bands are ε martensite, mechanical
twins, and stacking-fault bundles. Here, β represents the prob-
ability of embryo formation of α' martensite at shear-band
intersections, and this value also decreases above a critical
deformation temperature.

Therefore, negative slopes in the plots of MVF vs. tensile
test temperature (Fig. 1) are thought to be attributed to the
reduction in both chemical driving force and the kinetics of
the strain-induced martensitic transformation caused by the
increase in deformation temperature.

Meanwhile, the magnitude of the slope in Fig. 1 decreased
with an increase in grain size. As shown in Figs. 1(a) and
(b), specifically the 0.25 µm and 0.55 µm specimens had
steep slopes, indicative of strong temperature dependence
of the strain-induced martensitic transformation. On the
other hand, the coarse-grained (CG) specimen with the grain
size of 12 µm (Fig. 1(f)) had a gentle slope, indicating rel-
atively weak temperature dependency. Because grain refine-
ment increases SFE and austenite stability [15], both α and
β values in Eq. 1 for the UFG specimens should be smaller
than those for the CG specimen.

In each figure, the data, which are interpreted as a linear
function, were extrapolated to determine the temperature
corresponding to a MVF of 0.01, assumed here to be essen-
tially zero. The intercept temperature was taken as the Md

temperature, which is plotted as a function of grain size in
Fig. 2. Although the Md temperatures may be a bit scattered

because of the limited accuracy of the phase volume frac-
tions measured by XRD analysis [13], there is an obvious
linear relationship between austenite grain size (d) and Md

temperature in the specimens with an average grain size of
less than 12 µm. This linear relationship is effective even
for submicron grain sizes.

Md(°C) = 17.2× d (µm) + 158 (2)

However, it is not certain that this linear relationship is
applicable to specimens with coarse grains much larger
than 12 µm. For metastable austenitic stainless steels (Types
301 and 304) with relatively coarse grains, the Md30 tem-
perature, above which austenite does not transform to mar-
tensite in the specimen strained by 0.3, increased logarithmically
with grain size, as shown in Fig. 3 [5]. Thus, the Md30 tem-
perature rose only by approximately 10 °C as the grain size
increased from 10 µm to 100 µm. However, both stainless
steels exhibited a linear relationship between Md tempera-
ture and grain size when the grain size was between 7 µm
and 20 µm, which is similar to our results shown in Fig. 2.

f α′ 1 β 1 αε–( )exp–[ ]n–{ }exp–=

Fig. 2. Change of Md temperature with austenite grain size in Fe-
0.01%C-8.05%Ni-9.85%Cr-7.80%Mn steel.

Fig. 3. Changes of Md30 temperature with austenite grain size in (a) 301 stainless steel and (b) 304 stainless steel [5].
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5. CONCLUSIONS

The strain-induced martensite start (Md) temperature was
investigated by tensile tests using specimens with various
grain sizes, with particular focus on submicron grain sizes,
which were fabricated by applying the strain-induced mar-
tensite and its reverse transformations (SIMRT) process to
metastable austenitic steel. The Md temperature was lin-
early decreased when the grain size was reduced from 12
µm to the ultrafine grain size of 0.25 µm.
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