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Abstract

The difference in transformation behavior between the c! a and a0 ! c transformations at the transition temperature T0 was inves-
tigated in 0.1%C–5%Mn steel. The c! a transformation was very slow, and so little ferrite phase formed at T0, even after a lengthy
annealing time of 50 h. However, the a0 ! c transformation was relatively fast and rapidly proceeded at T0. In the dual-phase structure
formed by the a0 ! c transformation, thin film-shaped reversed austenite grains with sufficient thermal stability formed along the lath
boundaries of the tempered martensite matrix. The simulation using diffusion-controlled transformations (DICTRA) software confirmed
that the rapid austenite formation in medium manganese steel is attributed to: (1) the high density of austenite nucleation sites derived
from the hierarchical lath martensitic structure; (2) the negligible-partitioning local equilibrium growth controlled by very fast carbon
diffusion at the initial stage; and (3) the relatively higher diffusivity of Mn within the martensite matrix under the partitioning local equi-
librium growth that occurred at a subsequent stage.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

High-manganese steel, in which the austenite phase is suf-
ficiently stabilized by the addition of significant amounts of
Mn and carbon, is usually referred to as Hadfield steel (e.g.,
Fe–(10–15)%Mn–(0.9–1.4)%C alloy, wt.%). These types of
steel have been used as wear-resistant steels through the
years because of their high strain hardenability [1–3]. The
characteristic high strain hardenability of the austenite
phase is essentially attributed to both low stacking fault
energy [4,5] and dynamic strain aging [6,7]. For automotive
steel sheets, a specialized high-Mn steel with a moderate

amount of Al and Si has been developed, in which the stack-
ing fault energy is controlled so as to form deformation
twinning during cold working (e.g., Fe–(15–30)%Mn–Al–
Si–C alloy). This new class of high-Mn steel is called twin-
ning-induced plasticity (TWIP) steel [8–10]. TWIP steel is
characterized by an excellent strength–ductility balance
compared with conventional high-strength automotive steel
sheets, such as dual-phase steel and low-alloy TRIP steel.
However, there is a serious problem in terms of mass
production of this steel: adding a significant amount of
Mn markedly raises the costs not only of the raw materials,
but also of the production process. For this reason, the Mn
content in these types of steel needs to be reduced to an
industrially appropriate level. Indeed, medium-Mn steel
containing 5–8% Mn has been getting much more attention
lately [11–16]. Since the reduction in the Mn content leads to
an increase in the martensite-start temperature Ms, a
medium-Mn steel never exhibits an austenitic single-phase
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structure at ambient temperature. Therefore, the micro-
structure of this steel is usually controlled to be a a + c
dual-phase structure by heat treatment in order to
concentrate Mn and carbon into the austenite phase. To
achieve this, there are two approaches. One is ferrite
formation during continuous or isothermal cooling after
austenitization (c! a transformation) and the other is
austenite formation during partial reversion after quenching
(a0 ! c transformation). However, the difference in
transformation behavior between both approaches,
especially in terms of their kinetics, is unclear. In this study,
the transformation behavior was compared between c! a
and a0 ! c transformations at temperature T0 in a 0.1%C–
5%Mn steel in order to determine an appropriate heat
treatment for obtaining thermally stable austenite as a
second phase in medium-Mn steel. The transformed micro-
structure and the transformation kinetics are then discussed,
using a diffusion-controlled transformation (DICTRA)
simulation.

2. Experimental procedure

The material used in this study was 0.1%C–5%Mn
(wt.%) steel with the chemical composition listed in Table 1.
This material was sufficiently homogenized at 1473 K for
20 h after hot rolling to diminish the segregation of Mn.
It was then cold rolled to 10 mm in thickness. The specimen
cut from the cold-rolled steel sheet was first austenitized at
1173 K for 1.8 ks, followed by water quenching to obtain
an initial lath martensite. It was preliminarily confirmed
by saturation–magnetization measurement that the lath
martensite had no retained austenite. After that, the
austenitized specimen was subjected to the heat-treatment
routes illustrated in Fig. 1. One route was isothermal hold-
ing at 909 K, which is in the temperature range of an aus-
tenite–ferrite two-phase region without carbide for up to
50 h after re-austenitization to form ferrite within an aus-
tenite matrix (c! a). The other route was partial rever-
sion, using so-called intercritical annealing at the same
temperature to form austenite within a martensite matrix
(a0 ! c). The temperature of 909 K corresponds to the
transition temperature T0, calculated with Thermo-Calc
(TCFE6 database), at which the total driving force for
the transformations was equal between the c! a and
a0 ! c transformations using the two heat-treatment
routes. The transformation rate during each heat treatment
was measured by a thermal dilatation tester. The micro-
structure and crystallographic characteristics were ana-
lyzed by means of the electron back-scattering diffraction
(EBSD) method, using a field-emission scanning electron
microscope (JSM-6701F, JEOL Ltd.). Cs-corrected field-
emission scanning transmission electron microscopy

(STEM; JEM-ARM200F, JEOL Ltd.) was also used for
analyzing the distribution of Mn around the a/c interface.
The c! a and a0 ! c transformations under local equilib-
rium conditions were simulated by DICTRA, using the
TCFE6 and MOB2 databases.

3. Results

3.1. Difference in growth kinetics between ferrite and

austenite formations at the transition temperature

Fig. 2 shows the changes in the austenite volume fraction
during the holding at 909 K in each heat treatment route.
The data of the c! a and a0 ! c transformations are
drawn with broken and solid lines, respectively. In addition,
the fractions of retained austenite measured at ambient tem-
perature after the a0 ! c transformation were also plotted
in this figure using solid circles. It is worth noting that there
is a significant difference in the transformation rate between
the c! a and a0 ! c transformations, although the total
driving force for the transformation is the same between
them. The c! a transformation was such a slow reaction
that very little ferrite phase formed, even after a lengthy
annealing time of 50 h. However, the a0 ! c transformation
was a relatively fast reaction, and thus the austenite fraction
rapidly increased and eventually reached the equilibrium
value calculated by Thermo-Calc. In addition, the austenite
formed by the a0 ! c transformation remained even after
cooling to ambient temperature, which indicates that the
austenite had sufficient thermal stability because of the
Mn and/or carbon concentration. From the industrial point
of view, the partial reversion process has an advantage in
that it shortens the heat-treatment time.

3.2. Microstructural characteristics of reversed austenite

formed by a’! c transformation

The orientation imaging map of the face-centered cubic
(fcc) and body-centered cubic (bcc) microstructure after
partial reversion treatment for 50 h is shown in Fig. 3.
The orientations of both phases are shown in Fig. 3a and
that of only the fcc phase is extracted in Fig. 3b. It was
found that fine reversed austenite grains formed evenly
within tempered martensite matrix during the partial rever-
sion process, and the grains then remained stable at ambi-
ent temperature. The comparison between Fig. 3a and b
reveals that the preferential nucleation sites of the reversed
austenite grains are the lath and block boundaries of the
martensite matrix. The TEM image in Fig. 4a shows the
dual-phase structure within a martensite block in the same
specimen, and Fig. 4b shows the corresponding dark-field
image of the reversed austenite grains. Austenite grains in
the shape of thin films several hundred nanometers thick
seem to decorate the lath boundaries, and thus the dual-
phase structure formed by the a0 ! c transformation is
characterized by a fine lamellar structure consisting of the
film-shaped austenite grains and martensite lath with a

Table 1
Chemical composition of steel used in the present study (wt.%).

C Si Mn P S Al N Fe

0.092 0.004 4.96 <0.002 0.0024 0.034 0.0032 Bal.
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