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The hot deformation behavior of a Fe-11Mn-10Al-0.9C duplex low-density steel has been investigated,
based on a series of isothermal compression tests at temperatures of 800-1100 �C and strain rates of 0.001-
10 s21. At relatively lower temperatures, with austenite decomposing, continuous dynamic recrystallization
of ferrite and the formation of inter-granular j-carbide were responsible for significant softening. At high
deformation temperature where austenite was a dominant phase, dynamic recrystallization (DRX) is the
restoration mechanism. Processing maps were developed at different plastic strains employing dynamic
materials model and further verified through microstructural characterization. The optimal hot defor-
mation condition at a large strain (0.7) was identified as deformation temperature of 950-1100 �C and strain
rate of 0.01-1.0 s21. In this domain, the original coarse grains could be replaced by the fine and uniform
recrystallized grains, indicating that the high efficiency was dissipated by DRX. Meanwhile, two insta-
ble regions resulted from the formation of inter-granular j-carbides and necklace structure should be
avoided during hot processing.

Keywords j-carbide, duplex low-density steel, dynamic recrys-
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1. Introduction

Recently, a newly developed medium-Mn low-density
duplex (austenite + ferrite) steel has drawn increasing attraction
due to its excellent mechanical properties and remarkable
density reduction, as well as the lower production cost when
compared with the traditional high-Mn high-Al austenitic steels
(Ref 1-11). Accordingly, some preliminary studies on compo-
sition design (Ref 1, 2), microstructural evolution (Ref 3) and
phase transformation (Ref 4) related to medium-Mn low-
density steels have been extensively performed, aiming to
obtain the promising overall mechanical properties at ambient
temperature.

In general, the j-carbide (a type (Fe,Mn)3AlC with a
perovskite structure) has been actively utilized to enhance the
yield strength of Al-containing low-density steels (Ref 1, 5).
The structure of j-carbide is based on the face-centered-cubic
crystal lattice, and the elemental site-occupancy of the j-
carbide is such that: with C atoms at the body-centered sites,
Fe/Mn atoms randomly at the face-centered sites, and Al atoms
at the cornered sites (Ref 6, 7). According to the composition
and heat treatment, j-carbides show different characteristics:
(1) nano-sized intra-granular shearable j-carbides coherent to

the austenite matrix could enhance the strength without
deteriorating the ductility (Ref 6-8); (2) the coarse lamellar
inter-granular j-carbides are prone to induce an embrittlement
(Ref 9, 10).

In addition to the inherent properties of low-density steels, hot
deformation may alter their flow behavior and precipitation
behavior, eventually influencing the room temperature
microstructures and mechanical properties of the materials. The
recent research on the hot isothermal compression of a Fe-21Mn-
11Al-1.5C-2Si austenite-based steel revealed the occurrence of
discontinuous dynamic recrystallization (DDRX) and dynamic
precipitation of intra-granular j-carbides (Ref 12). In the duplex-
structure manganese steels, the coexistence of austenite and
ferrite could result in complicated flow behavior and may bring
adverse effect in hot workability, owing to the difference in
thermal expansion coefficients and deformation responses
between different phases (Ref 13-16). Moreover, it was found
that strain transferred from softer ferrite to harder austenite during
further deformation, leading to the pronounced microstructural
inhomogeneity, especially in the interphase regions (Ref 13, 14,
17). Mohamadizadeh et al. developed 3D processing maps of a
Fe-18Mn-8Al-0.8C duplex steel, demonstrating the safe and
unsafe deformation conditions in association with the
microstructural evolution (Ref 16). In Fe-Mn-Al-C quaternary
alloy system, the increasing amount of C andAl together with the
decreasing Mn content could facilitate the precipitation of both
inter/intra-granular j-carbides, and thus medium-Mn low-den-
sity steels usually undergo hot working in the ferrite + austen-
ite + j phase region (Ref 12, 18). The fraction, morphology, size
and localization of j-carbides would have a great impact on the
hot deformation of low-density steels. To our best knowledge, the
precipitation behavior of j-carbide during hot deformation and
its influence on hotworkability ofmedium-Mn low-density steels
have not been documented so far.

Therefore, the present work was aimed to study the hot flow
behavior and microstructural evolution of a novel fer-
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rite + austenite + j-carbide structure Fe-11Mn-10Al-0.9C low-
density steel. The emphasis was placed on a fundamental
understanding of deformation mechanisms related to deforma-
tion temperature (800-1100 �C) and strain rate (0.001-10 s�1).
The processing map, originally proposed by Raj (Ref 19), was
developed as well to gain the optimum processing regions,
together with microstructural verification.

2. Experimental

The medium-Mn duplex low-density steel with a composi-
tion of Fe-11Mn-10Al-0.9C was prepared by vacuum induction
melting. The 50 kg ingot was forged at 1200 �C and then hot-
rolled after homogenization at 1200 �C for 2 h to the thickness
of 12 mm with a reduction of 70%. Cylindrical specimens,
15 mm in height and 8 mm in diameter, were machined from
the hot-rolled slab with the longitudinal axis parallel to the
rolling direction. The isothermal compression tests were carried
out on a Gleeble-1500 thermo-mechanical simulator at defor-
mation temperatures of 800-1100 �C with interval of 50 �C and
strain rates of 0.001-10 s�1 with interval of an order of
magnitude, respectively. Before compression tests, all cylindri-
cal specimens were heated at a rate of 30 �C/s to 1250 �C,
soaked for 240 s, then cooled to various deformation temper-
atures at 20 �C/s and held for 30 s for temperature homoge-
nization. Molybdenum foils were applied on both the contact
surfaces of specimens to reduce the friction during hot
compression testing. All specimens were deformed to a strain
of 0.7 and then immediately quenched into water to remain the
hot deformation microstructures.

Microstructures were observed using an OLYMPUS
DSX500 optical microscopy (OM) and scanning electron
microscopy (SEM). All specimens for OM and SEM were
sliced along the compression axis and then performed by
standard mechanical and electrochemical polishing methods.
Specimens were etched in a solution of 2.8 mL hydrochloric
acid, 100 mL methanol and 4 g picric acid. Electron backscat-
tered diffraction (EBSD) was carried out in this SEM operated
at 15 kV with a step size of 0.8 lm for typical deformed
specimens. The EBSD mappings were visualized and post-
processed using HKL Channel 5 software. The transition angle
between low- and high-angle grain boundaries (LAGBs/
HAGBs) was established as h = 15� (Ref 20). Tecnai G2 20
transmission electron microscopy (TEM) was used to investi-
gate the fine microstructure and precipitation behavior. TEM
specimens were electropolished by using 9% perchloric acid in
methanol at � 30 �C. Phase constituents were identified by x-
ray diffraction (XRD, Rigaku, D/Max2250/PC) with Cu-Ka
radiation (k = 1.5405 Á̊). The specimens were Zeiss Ultra Plus
scanning scanned in the angle range of 40-100� with a speed of
2�/min.

3. Results and Discussion

3.1 Equilibrium Phase Diagram and Initial Microstructure

The phase diagram of Fe-11Mn-10Al-0.9C steel was
calculated by Thermo-Calc software with database TCFE7.
The phase fractions in equilibrium are shown in Fig. 1. As the
temperature decreased from 1100 to 855 �C, the phase fraction

of ferrite first dropped and then increased, with a minimum at
990 �C. At 855 �C, the j-carbide began to form by eutectoid
reaction (austenite ! ferrite + j-carbide) (Ref 2), followed by
the abrupt drop of the amount of austenite.

The initial microstructure of the hot-rolled steel (Fig. 2a)
shows a typical banded structure of ferrite (white) and austenite
(dark yellow) parallel to the rolling direction, in conjunction
with some fine ferrite at austenite boundaries. Also, some j-
carbide particles were observed nearby the interface of
austenite and ferrite as well as the austenite boundaries
(Fig. 2b). After soaking at 1250 �C for 240 s, the optical
micrograph demonstrates the isolated island-like ferrite embed-
ded into the austenite matrix (Fig. 2c and d). The fraction of
austenite was about 89%, and the average grain size of
austenite and ferrite was 49.2 � 19.5 lm and 20.4 � 14.2 lm,
respectively.

3.2 True Stress–True Strain Curves

Figure 3 shows the true stress–true strain curves obtained
from hot compression tests at strain rates of 0.001-10 s�1 under
various deformation temperatures. The flow stress is sensitive
to both deformation temperature and strain rate. As was
commonly observed that with increasing strain rate or dropping
deformation temperature, the peak stress level was elevated.

Based on the flow behavior, the present flow curves could be
classified into the following two categories: (1) At relatively
lower deformation temperatures (� 900 �C), the flow stress
increased sharply during initial work hardening stage of
deformation until it reached the peak points, and then decreased
rapidly with increasing strain, suggesting the occurrence of
dynamic softening behavior (dynamic recovery or dynamic
recrystallization (DRV/DRX)) (Ref 21). The flow curves
showed an extensive softening without any steady state, which
may be also associated with the strain-induced dynamic
transformation from austenite to ferrite and j-carbide (Ref
22). (2) At higher deformation temperatures (� 950 �C), flow
stress decreased gradually with true strain after peak stress,
reaching a final steady state, indicating a typical DRX of the
austenite during deformation (Ref 21). These two cases were in
accordance with the variation of softening rate (� dr/de), as

Fig. 1 Equilibrium phase diagram of Fe-11Mn-10Al-0.9C steel
calculated by the Thermo-Calc software. (ferrite (F), austenite (A)
and j-carbide (j))
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illustration inserted in Fig. 3(a). Accordingly, the detailed
microstructural investigation was performed to further reveal
the underlying deformation mechanism in the following
section.

3.3 Hot Deformation Microstructure

Figure 4 shows the deformed microstructures corresponding
to these two types of flow curves. When the specimen was

deformed at 800 �C, the severely pancaked prior austenite and
ferrite grains were observed (Fig. 4a and c). In Fig. 4(a),
obvious slip traces were observed in the austenite grains, along
with some inter-granular j-carbide particles around the ferrite
grains. With increasing strain rate to 10 s�1, some amount of
new small grains appeared nearby the deformed austenite grains
(Fig. 4c), which was called the necklace structure (Ref 23). The
preferential nucleation of DRX in polycrystals was found to
proceed predominantly at the prior grain boundaries and

Fig. 2 (a) OM and (b) SEM micrographs of hot-rolled specimen, (c) OM micrograph and (d) XRD profiles of the specimen after soaking at
1250 �C for 240 s (A: austenite, F: ferrite)

Fig. 3 True stress–true strain curves obtained at strain rate of (a) 0.001 s�1 and (b) 10 s�1, and the variation of softening rate of samples
deformed at 0.001 s�1 inserted in (a)
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expand into the unrecrystallized volume (Ref 24). Figure 4(b)
and (d) shows the microstructure deformed at temperature of
1050 �C corresponding to the second type of flow curves. The
delineated boundaries in ferrite (marked by arrows) and the
sharper austenitic boundaries with twins were observed, which
are typical of continuous dynamic recrystallization (CDRX) in
ferrite and DRX in austenite (Ref 25).

In order to study the microstructural evolution at different
hot deformation stages, the deformed specimens were inter-
rupted at different strain levels (0.05, 0.2, 0.4 and 0.7) under the
deformation condition of 800 �C and 0.001 s�1. As shown in
Fig. 5, the j-carbides first appeared along the phase interface of
austenite and ferrite and austenite boundaries (Fig. 5a). At true
strain of 0.2, the j-carbides were nucleated preferentially at the
lattice defects (Fig. 5b), such as deformation bands and
annealing twin boundaries. As the strain amount increased to
0.4, the eutectoid reaction occurred, causing the formation of
ferrite and j-carbides within the austenite matrix. With further
increasing strain to 0.7, the volume fraction of austenite
dropped to � 28 from 90% at solution condition (Table 1), thus
indicating that ferrite became a dominant phase under low
temperature and heavy deformation conditions, especially at
lower strain rates.

Fine microstructure characterization was further conducted
using TEM for the deformed specimens at true strain of 0.05, 0.2

and 0.7 under the deformation condition of 800 �C and
0.001 s�1, as shown in Fig. 6. At the true strain of 0.05, the
dislocation walls (DWs) were dominantly observed in Fig. 6(a),
which indicates an activation of DRV giving rise to the
dislocation rearrangement and annihilation within ferrite phase
(Ref 26). At the true strain of 0.2, the ferrite was evolved by the
subgrain boundary structure made up of the high-density
dislocation tangle (Fig. 6b). With further straining to 0.7, some
new almost equiaxed grains with HABs were formed by the
progressive rotation of subgrains (Ref 17) (Fig. 6c). In this
process, the low-angle boundaries (LABs) created by DRVat the
early stage of deformation converted into high-angle boundaries
(HABs) through continuous absorption of dislocations during
straining (Ref 17). The formation of new grains without obvious
nucleation and growth sequence was termed CDRX, which was
reported to operate during hot deformation of ferrite for single-
and dual-phase steels (Ref 17, 27). With increasing strain, a
significant softening behavior was closely associated with the
strain transforming from austenite into ferrite, the occurrence of
CDRX in ferrite together with the strain-induced dynamic
transformation related to the formation of j-carbides.

As shown in Fig. 7(a), the j-carbides formed by the
eutectoid reaction coarsened to � 1-3.8 lm during hot defor-
mation condition of 800 �C/0.001 s�1, which could be consid-
ered as isothermal aging at this temperature for 700 s (Ref 12).

Fig. 4 OM micrographs corresponding to two types flow curves with specimens deformed at (a, c) 800 �C and (b, d) 1050 �C (a and b for
0.001 s � 1, c and d for 10 s � 1) (A: austenite, F: ferrite)
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Table 1 Austenite volume fraction as a function of deformation degree at 800 �C and 0.001 s21

Deformation degree ST 0.05 0.2 0.4 0.7

Fraction (%) 89.62 ± 0.7 80.63 ± 1.1 58.56 ± 1.7 44.97 ± 1.3 27.89 ± 2.1
ST solution treatment. Four representative optical micrographs (1194 9 1194 pixel) of each sample were used to measure the fraction of austenite,
based on the pixel method by the image analysis software (Image Pro Plus 6.0)

Fig. 6 The microstructural evolution of ferrite through CDRX characterized by TEM micrographs of the specimen deformed at 800 �C and
0.001 s � 1 (a) 0.05, (b) 0.2 and (c) 0.7 (DWs: dislocation walls, sGB: subgrain boundary, GB: grain boundary)

Fig. 5 Austenite gradually decomposing into ferrite and j-carbide with strain increasing, illustrated by OM micrographs of specimens deformed
at 800 �C and 0.001 s�1 at different strains of (a) 0.05, (b) 0.2, (c) 0.4 and (d) 0.7 (A: austenite, F: ferrite)
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In addition to the coarsening of inter-granular j-carbide
particles, the typical modulated cuboidal j-carbides of � 100
nm were also observed in the austenite, as illustrated by an
insert in Fig. 7(a). At the strain rate of 10 s�1, some amount of
inter-granular j-carbides with smaller size was mixed in the
ultrafine austenite DRX grains (Fig. 7b).

The x-ray diffraction patterns of the specimens deformed at
800 �C are provided in Fig. 7(c). All peaks of austenite, ferrite
and j-carbide were detected for the specimen strained at
0.001 s�1, while no peaks of j-carbides appeared for the
specimen strained at 10 s�1. This may be because of the small
volume fraction of nano-sized j-carbides in the latter specimen,
in view of the accuracy of macro-XRD measurements.
Alternatively, some nanoscale j-carbide particles were ob-
served in austenite for the specimen strained at 10 s�1 using
TEM (Fig. 8). It has been shown that j-carbides exhibit a
rectangular morphology with a {001} habit plane (Fig. 8b),
which was thought to be formed through the spinodal
decomposition (Ref 6, 7). Meanwhile, the preferential growth
direction of j-carbides was mainly attributed to the rather large
increase in the elastic misfit with increasing holding time (Ref
7). The kinetics of ordered j-carbides may be further enhanced
by the pre-existence of a favorably stress field during hot
deformation (Ref 6, 12).

3.4 Processing Map

3.4.1 Processing Map Development. Processing maps
have been used to evaluate the hot deformation characteristics
of a wide range of metallic materials such as magnesium alloys,
titanium alloys, Ni-base superalloys and stainless steels (Ref
19-21, 25, 28-33). In general, materials were considered to be
power dissipater of energy, based on the DMM. The power
dissipation (P) at a certain deformation condition, i.e., defor-
mation temperature and strain rate involved the following two
parts: (1) part G representing the power dissipated by plastic
work; (2) part J related to the dynamic microstructural changes
(Ref 20, 25, 29, 30), which can be expressed as a function of
flow stress (r), strain (e) and strain rate (_e):

P ¼ r_e ¼ Gþ J ¼ r
_e

0

rd _eþ r
r

0

_edr ðEq 1Þ

The power partitioning between G and J was equal to the
strain rate sensitivity index (m), which can be defined as:

m ¼ dJ

dG
¼ _edr

rd _e
¼ @ log rð Þ

@ log _eð Þ ðEq 2Þ

Meanwhile, microstructure-related term could be sharpened
by normalizing the J with the total power input (r, _e) where an

Fig. 7 The formation of inter-granular j-carbide particles at the low deformation temperatures as indicated by SEM micrographs of specimens
deformed at (a) 800 �C and 0.001 s�1 with feature of intra-granular j-carbide inserted, (b) 800 �C and 10 s�1, and (c) the corresponding XRD
pattern (A: austenite, F: ferrite, j: j-carbide)

Fig. 8 The formation of intra-granular j-carbide showed by TEM micrographs of the specimen deformed at 800 �C and 10 s�1, (a) bright
field, (b) dark field and (c) selected area diffraction pattern from the [001] austenite
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ideal linear dissipater had an m value equal to 1. Accordingly, a
dimensionless parameter which was called the efficiency of
power dissipation (g) was given as:

g ¼ dJ=dPð Þ
dJ=dPð Þlinear

¼ J

Jmax
¼ 2m

mþ 1
ðEq 3Þ

The power dissipation map could be constructed by plotting
the g against deformation temperature and strain rate. Different
domains in the 2D contour map represented various microstruc-
tural mechanisms. Furthermore, domains of flow instability
were demarcated based on the following Prasad�s (Ref 31)
instability criterion n(_e):

n _eð Þ ¼ @ log m= mþ 1ð Þ½ �
@ log _eð Þ þ m< 0 ðEq 4Þ

The variation of n _eð Þ with deformation temperature and
strain rate was usually plotted as contour lines, which was
called as an instability map where n _eð Þ was negative.

Thus, processing maps could be established by superim-
posing the instability maps over the power dissipation maps.
The values against each contour represent the efficiency of
power dissipation as percent, and the shallow regions corre-
sponded to the unstable hot deformation domains. Figure 9
shows the obtained processing maps of the Fe-11Mn-10Al-
0.9C duplex low-density steel at different strains of 0.1, 0.2, 0.4
and 0.7. All processing maps exhibited two domains with peak

efficiency ( ‡ 42%), corresponding to the low strain rates and
high deformation temperatures (Domain I and Domain II).
There also existed two instability areas A and B located at the
top-left corner and top-right corner of these processing maps.

At the true strain of 0.1 (Fig. 9a), an efficiency domain I was
located in the temperature range of 800-1000 �C and lower
strain rates, i.e., less than 0.003 s�1. After straining to 0.2
(Fig. 9b), domain I expanded to 0.01 s�1 and the efficiency of
power dissipation was increased to 61%. An increase in the
peak efficiency with strain was probably caused by the
dissolution or growth of precipitates, phase transformations or
wedge cracking (Ref 34, 35). At the true strain of 0.1 and 0.2,
domain II was at the strain rates below 0.03 s�1 and
deformation temperatures above 1080 �C. As the true strain
was increased to 0.4 and 0.7 (Fig. 9c and d), domain II was
shifted to a higher strain rate and a lower deformation
temperature region. It was worth noting that the efficiency of
power dissipation in the original domain II decreased gradually
instead of increasing continuously with strain. It was speculated
that the decline of efficiency was attributed to the abnormal
grain growth due to the long dwell time at high temperatures
and the strain rate of 0.001 s�1(Ref 33). The instability area A
remained constant through the whole deformation process. On
the contrary, the instability area B expanded to a greater scope
with imposing more strain. Therefore, the processing window
of the present Fe-11Mn-10Al-0.9C steel shrunk to a narrower
region with increasing strain.

Fig. 9 Processing maps of Fe-11Mn-10Al-0.9C steels at different strains of (a) 0.1, (b) 0.2, (c) 0.4 and (d) 0.7. The contour number represents
the efficiency of power dissipation (g). The gray region corresponds to the instability region
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3.4.2 Verification of Workability by Microstructural
Observation. Each efficiency domain and instability area
can be interpreted based on the dominant deformation mech-
anisms associated with microstructural characteristics. Taking
the specimen deformed at true strain of 0.7 as an example, the
typical domains were determined and the corresponding
microstructure analyses were used to validate the prediction
in processing maps.

Domain I corresponded to the deformation temperatures
between 800 and 950 �C and the strain rates lower than
0.03 s�1. This domain exhibited the highest efficiency under all
deformation conditions. The microstructure of the specimen
deformed at 800 �C and 0.01 s�1 corresponding to domain I is
shown in Fig. 10(a). Fine j-carbide particles with size of 0.3-
1.2 lm were observed to distribute along the phase interface
between austenite and ferrite, which was consistent with the
high efficiency of 55%. At the lower strain rate of 0.001 s�1,
the final microstructure was composed of the duplex phase
matrix (austenite and ferrite), together with the lamellar
structure consisting of fine ferrite, j-carbide and retained
austenite formed along the prior austenite grain boundaries, as
marked by white ellipses in Fig. 10(b). The high partitioning of
Al atoms to austenite together with the fast diffusion of C
greatly accelerated the decomposition of austenite and the
formation of needle-like j-carbides (Ref 36). The formation of
lamellar structure and coarsening of j-carbides gave rise to an
increasing efficiency over 68%. The specimen deformed at a
lower temperature (Fig. 10a) exhibited fine and intense micro-
band structure in austenite implying the flow localization on the
dense slip plane {111} (Ref 11, 16).

The typical microstructure corresponding to the peak
efficiency (42%) was exhibited in domain II at 1100 �C and
0.1 s�1 (Fig. 11a). The austenite grain was found to be
equiaxed with a finer austenitic grain size of 18.6 ± 1.3 lm,
which was expected to achieve a good trade-off between
strength and toughness. Specifically, the well-developed DRX
structure was responsible for the high efficiency value accord-
ing to DMM and brings about grain refinement and deforma-
tion resistance reduction in practical steel rolling (Ref 32).

The efficiency of power dissipation at 1100 �C and 0.001 s�1

as shown in Fig. 9(d) was lower, with merely 16%. In this case,
the CDRX in ferrite proceeded more adequately and could
decrease the density of intracrystalline defects, thus causing the
reduced nucleation rate of austenite and facilitating its boundary
migration and growth (Ref 14). As seen from Fig. 11(b), partial
recrystallized grains further coarsened to 64.7 ± 26.7 lm,
which must be detrimental to hot working (Ref 33).

The deformation temperatures between 800 and 875 �C and
strain rates above 0.05 s�1 fell into the instability area A (see
Fig. 9d). As displayed by the specimen deformed at 800 �C and
10 s�1 (Fig. 12a), some grains were heavily elongated, with a
considerable higher fraction of j-carbides mixed with some
finer recrystallized grains nearby the interface of austenite and
ferrite. In this case, the grain boundary decohesion induced by
the brittle and inter-granular j-carbide particles would give rise
to the localized plastic deformation caused by stress concen-
tration (Ref 37), leading to the particle cracking, interface
debonding and the formation of voids (Fig. 12b). The micro-
cracks were connected and further prorogated to the surface of
the deformed specimen, causing the macro-damage with an
angle of 45� to the compression axis (Fig. 12c-e). The above-
mentioned fracture was consistent with the instability area A
predicted in processing maps.

Similarly, the instability area B corresponded to the
deformation temperature and the strain rate ranges of 950-
1100 �C and 1-10 s�1 (see Fig. 9d). As an example, the
microstructure 1000 �C and 1 s�1 was characterized using
EBSD, as illustrated in Fig. 13. In general, material did not get
enough time to dissipate the adiabatic heat generated during
high-strain-rate deformation (Ref 34). The local temperature
rose and large amount of stored deformation energy led to the
occurrence of necklace dynamic recrystallization (Ref 38), as
demonstrated in Fig. 13(a). The necklace structure facilitated
inhomogeneous deformation and flow localization nearby the
grain boundaries (Ref 23, 38). Meanwhile, there existed some
deformed austenite grains with an extremely large size of
86 lm (see Fig. 13b and c), which deteriorated the workability
of Fe-11Mn-10Al-0.9C steel.

Fig. 10 SEM micrographs corresponding to the Domain I where the coarsen of j-carbide leading to high efficiency, with specimens deformed
at (a) 800 �C and 0.01 s�1, (b) 800 �C and 0.001 s�1 (A: austenite, F: ferrite, j: j-carbide)
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Fig. 11 (a) OM micrograph corresponding to Domain II with the specimen deformed at 1100 �C and 0.1 s�1 showing a fine and uniform DRX
microstructure, and (b) the excessive growth of DRX grains of size about 64.7 ± 26.7 lm at high deformation temperature and low strain rate
condition indicated by OM micrograph of the specimen deformed at 1100 �C and 0.001 s�1 (A: austenite, F: ferrite)

Fig. 12 Typical microstructure corresponding to the instability area A, with (a) OM micrograph and (b) micro-crack SEM micrograph of the
specimen deformed at 800 �C and 0.001 s�1, macro-crack morphologies of the specimens deformed at unstable regimes (c-d) (A: austenite, F:
ferrite)
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4. Conclusions

The hot deformation behavior of a Fe-11Mn-10Al-0.9C
medium-Mn duplex low-density steel was investigated using
hot compression tests at temperatures of 800-1100 �C and
strain rates ranging from 0.001 to 10 s�1. The main conclusions
are as follows:

1. The flow curves can be roughly grouped into two types,
involving extensive softening with no apparent steady
state at lower temperatures ( £ 900 �C) and typical DRX
with a gradual fall after a peak, followed by a steady
state at higher temperatures ( ‡ 950 �C).

2. The two distinct flow behaviors were explained based on
the detailed microstructural characterization: At lower
deformation temperatures, significant softening was
mainly attributed to the CDRX of a high-fractioned fer-
rite together with austenite decomposing into ferrite and
inter-granular j-carbides. At high deformation tempera-
tures, DRX of a high-fractioned austenite was a dominant
restoration mechanism.

3. The constructed processing maps of Fe-11Mn-10Al-0.9C
steel at various strains were characterized by two effi-
ciency domains. Domain I was located at 800-950 �C
and low strain rates, < 0.03 s�1, with a maximum effi-
ciency peak over 68% as a result of the formation and

coarsening of inter-granular j-carbides. Domain II was
located at 1030-1100 �C and strain rates of 0.03-1.0 s�1

with a peak efficiency of 42%, which was beneficial to
obtaining the fine and homogeneous microstructure.

4. The two instability regions in processing maps were pre-
sented for the present Fe-11Mn-10Al-0.9C steel. The
instability region A appeared at 800-875 �C and strain
rates above 0.05 s�1, as a result of the formation of in-
ter-granular j-carbides. The instability region B was lo-
cated at 950-1100 �C and strain rates of 1-10 s�1 as a
result of heterogeneous necklace structure due to the par-
tial DRX.
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