
The effects of multi-cyclic thermo-mechanical treatment on the grain
refinement and tensile properties of a metastable austenitic steel

Chan-Young Lee a, Chan-Soo Yoo a, Ahmad Kermanpur b, Young-Kook Lee a,⇑
a Department of Materials Science and Engineering, Yonsei University, Seoul 120-749, Republic of Korea
b Department of Materials Engineering, Isfahan University of Technology, Isfahan 84156-83111, Iran

a r t i c l e i n f o

Article history:
Received 25 June 2013
Received in revised form 20 August 2013
Accepted 25 August 2013
Available online 5 September 2013

Keywords:
Microstructure
Annealing
Mechanical properties
Transformation kinetics
Bimodal structure

a b s t r a c t

The effects of the multi-cyclic cold rolling and annealing process on the grain refinement and tensile
properties of a metastable austenitic steel were investigated. The multi-cyclic thermo-mechanical pro-
cess yielded the bimodal ultrafine-grained structure through both the reverse transformation and recrys-
tallization during annealing. The kinetics and temperatures of the reverse transformation were related to
the average size of coarse grains. Not only yield and tensile strengths but also ductility of the bimodal-
grained structure increased with the number of thermo-mechanical cycles.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

For the past a couple of decades, vigorous researches have been
performed to improve the mechanical properties of metals and al-
loys by reducing their grain size to nanometers [1–15]. Severe plas-
tic deformation (SPD) processes, such as equal-channel angular
pressing (ECAP) [1,2], high-pressure torsion (HPT) [3], accumula-
tive roll-bonding (ARB) [4,5], etc., have been explored for bulk
nano- or ultrafine-grained (UFG) materials. The main principle of
SPD processes is to break a grain into many smaller grains by gen-
erating a lot of dislocations under large shear strains. Even though
SPD processes endowed various materials with superior strengths,
the limited uniform elongation caused by a lack of strain hardening
in heavily pre-hardened materials became a critical issue to be
overcome [7].

Therefore, many studies have been conducted to improve the
uniform elongation without a great loss of strength by enhancing
strain hardening in UFG materials [8–10]. Koyama et al. [11] re-
ported that deformation twins increased both the ductility and
strength of the UFG Fe�17Mn-0.6C (wt.%) steel, which was fabri-
cated by recrystallization annealing after cold rolling. Koch and
Zimmerman et al. [12,13] reported that the ductility of a nanocrys-
talline Ni alloy was improved due to the strain hardening rate en-
hanced by SiC particles. Wang and Ma et al. [7,14] used a bimodal
microstructure with relatively coarse recrystallized grains in the

nanostructured matrix for the better ductility of UFG Al alloys
and Cu alloys. In the bimodal microstructure, fine grains contrib-
uted to the high strength and coarse grains bore the high ductility.

Lee and coworkers have been studying both the thermo-
mechanical process and chemical composition of alloys for phase
transformation-aided grain refinement, which is called the
Strain-Induced Martensitic transformation and its Reverse Trans-
formation (SIMRT) process [15–17]. The SIMRT process fabricates
ultrafine grains by annealing for the reverse transformation from
strain-induced martensite to the stable high-temperature parent
phase. Because ultrafine grains are diffusively nucleated and grow
in the martensite matrix in most cases, they are not pre-hardened
and have a low density of dislocations unlike those made by the
SPD processes. The UFG alloys produced by the SIMRT process
exhibited not only high strength but also good ductility because
of extra-strain hardening caused by the strain-induced martensitic
transformation occurring in ultrafine grains during tensile tests.

The effects of the grain size, nano-sized precipitates, strain rate,
and process conditions on the martensitic transformation kinetics
and tensile properties of SIMRT-processed UFG alloys were inves-
tigated [15–26]. Of them, to investigate the effect of the SIMRT pro-
cess condition, the two-cyclic SIMRT process has been tried to
produce the UFG structure in metastable stainless steels [27,28].
The repetitive SIMRT process improved the tensile strength with-
out a great loss of ductility. However, a systematic examination
on the multi-cyclic SIMRT process has yet to be performed,
although other SPD processes adopt cyclic severe plastic deforma-
tion. Therefore, in the present study we investigated the variations

0925-8388/$ - see front matter � 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jallcom.2013.08.161

⇑ Corresponding author. Tel.: +82 2 2123 2831.
E-mail address: yklee@yonsei.ac.kr (Y.-K. Lee).

Journal of Alloys and Compounds 583 (2014) 357–360

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journal homepage: www.elsevier .com/locate / ja lcom

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2013.08.161&domain=pdf
http://dx.doi.org/10.1016/j.jallcom.2013.08.161
mailto:yklee@yonsei.ac.kr
http://dx.doi.org/10.1016/j.jallcom.2013.08.161
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom


in the microstructure, grain size, and tensile properties of a meta-
stable austenitic alloy with increasing the number of SIMRT cycles
to the maximum five cycles, and found different results from the
previous results obtained by the two-cyclic SIMRT process.

2. Experimental procedure

An ingot of Fe–0.023C–10.9Cr–9.0Ni–7.0Mn (wt.%) alloy was prepared using a
high-frequency vacuum induction furnace. This material is not a commercialized
alloy and its chemical composition was determined to obtain metastable austenite
at room temperature based on our previous experience. The ingot was homoge-
nized at 1100 �C for 12 h in a protective atmosphere, hot-rolled to the 40-mm-thick
plates. Based on the previous result about the relationship between the reduction in
thickness of cold rolling and the volume fraction of strain-induced martensite
[15,27,29], the thickness reduction of cold rolling was determined to be 50% for
each SIMRT cycle. The SIMRT process was repeated five times using the hot-rolled
plate with an initial thickness of 40 mm.

Cold-rolled sheets were annealed for the reverse transformation from a0 mar-
tensite to c austenite at the temperature of Af + 20 �C for 10 min using a salt bath.
The Af temperature is the reverse transformation finish temperature, which was
determined from a dilatometric curve measured during continuous heating to
1000 �C at 10 �C/s using a dilatometer. Dilatometric specimens were taken from
cold-rolled sheets after each cycle of the SIMRT process.

Thin foil specimens for transmission–electron microscopy (TEM) were prepared
from the annealed sheets after each SIMRT cycle to observe the microstructure of
reverted austenite. Thin foils were jet-polished in a solution of 90% glacial acetic
acid + 10% perchloric acid at 15 �C under 15–20 V and 38–40 mA. Thin foils were
observed using a TEM (JEM 2000EX) operated at 200 kV. The phase change was con-
firmed by X-ray diffraction (XRD) tests at room temperature. The scanning range
was 40–100� and a Cu target was used.

Room-temperature tensile tests were performed with a constant crosshead
speed of 2 mm/min to evaluate the change in tensile properties of UFG alloys with
the number of SIMRT cycles. The gauge portion of the tensile specimen was
6.25 mm wide, 1.2 mm thick, and 25 mm long according to the following equation:

L0 ¼ 5:65 � A0:5 ð1Þ

where L0 and A are the length and area of the gauge portion, respectively.

3. Results and discussion

Fig. 1 shows the change in the volume fraction of retained aus-
tenite (cR) with the number of cold rolling cycles. Retained austen-
ite means untransformed austenite after cold rolling. The volume
fraction of cR increased rapidly until three cycles, and then gradu-
ally increased to approximately 20% after five cycles. This result
indicates that austenite stability against the strain-induced mar-
tensitic transformation during cold rolling was improved due to
the grain refinement by the multi-cyclic SIMRT process.

Figs. 2(a and b) exhibit the TEM images of fully reverted c after
the first and the fifth SIMRT cycles, respectively. Although the first-
cycled specimen had the relatively uniform grain size (Figs. 2(a)),
the homogeneity of the grain size was undermined with increasing
the number of SIMRT cycles so that the difference in size between
fine and coarse grains increased. The average sizes of fine, coarse,
and total grains were separately measured and are plotted in
Fig. 2(c). The average size of total grains decreased drastically from
40 lm after hot rolling to 410 nm after the first SIMRT cycle, and
then was nearly saturated to be approximately 300 nm after three
cycles. Whereas the average size of fine grains reduced steadily un-
til the fifth cycle, that of coarse grains decreased greatly until the
second cycle, and then was almost unchanged with further cycles,
resulting in the bimodal-grained structure after the fifth SIMRT
cycle.

The bimodal-grained structure is thought to form by two differ-
ent phase transformations occurring during annealing; the reverse
transformation from a0 martensite to c and the recrystallization of
cR. The recrystallization of cR means that the retained austenite
(cR), which was heavily deformed by cold rolling, is recrystallized
during annealing. These two different kinds of c formations could
cause different grain sizes even at the same annealing condition
because of differences in driving force and kinetics between the re-
verse transformation and the recrystallization. However, it is diffi-
cult to determine which mechanism caused coarse grains because
grain coarsening can occur in both the recrystallized cR and re-
verted c grains during annealing.

Fig. 3 shows the variations in the kinetics and critical tempera-
tures for the reverse transformation from a0 martensite to c as a
function of the number of SIMRT cycles. Both the kinetics and crit-
ical temperature data were obtained from dilatometric curves
measured during continuous heating to 1000 �C at 10 �C/s. The
kinetics of the reverse transformation was converted by applying
the lever rule to dilatometric curves, based on the thermal expan-
sion lines of both c and a0 and their phase fractions before heating.

Fig. 1. The change in the volume fraction of retained austenite with the number of
cold rolling cycles in a metastable austenitic steel.

Fig. 2. TEM images showing ultrafine austenite grains fabricated by the multi-cyclic SIMRT process: (a) the first-cycled, (b) the fifth-cycled specimens and (c) the variations in
the average sizes of coarse, fine, and total austenite grains with the number of SIMRT cycles.
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