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Abstract

The influence of the heat treatment on mechanical properties and microstructures of the
Fe-22Mn-0.6C high-manganese steel was investigated at different annealing temperatures. A
high-Mn TWIP (Twinning Induced Plasticity) steel specimens (0.6C, 24Mn steel) were fab-
ricated, and were annealed at 700, 900, and 1100◦C for 150 min and then air-cooled. The
carbide precipitates in the microstructure of specimens were annealed at 700◦C. However, the
microstructure of specimens annealed at 900 and 1100◦C is austenite and some grains in-
clude annealing and mechanical twins. The results show that tensile strength of the material
decreased, and the ductility of material was improved with increasing annealing tempera-
ture. Besides that, hardness value decreased between 700 and 1100◦C, which shows a good
agreement with the equilibrium dissolution temperature of M3C carbides.

K e y w o r d s: high-manganese steel, heat treatment, SEM, cold rolling, TWIP steel, mi-
crostructure

1. Introduction

Economic and environmental considerations are
constantly driving the automotive industry to form
unique designs and material combinations for both
weight reduction and structural integrity [1–3]. With
the increasing of competition every passing day,
changing product portfolio and a variety of materials
used in the automotive industry have led to differ-
ent investigations. Besides, the automotive industry
at the top of the primary sectors has been affected
by the energy and financial crises in the last three or
four decades [4]. Also the fuel oil prices, which were
on a stable price tariff until the 1970s, have begun
to show a rapid and fluctuating increase since those
years. Therefore, studies have focused on manufactur-
ing lighter vehicles by using steel types that can meet
the strength needs on different parts of an automobile
in the best way without reducing the strength [5, 6].
The automotive industry is one of the industries

most affected by the energy, oil, environmental fac-
tor (reduction of the emission of CO2 gas) and fi-
nancial crises experienced in recent years. The re-
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duction of fuel consumption and CO2 emissions is
one of the most important challenges facing the auto-
motive industry. The fluctuations experienced in fuel
prices in the last 30–40 years due to crises have com-
pelled countries to take economic precautions [7]. For
this reason, there is a significant increase in using
light metals such as aluminium alloys, magnesium al-
loys, IF (Interstitial-Free) steel, BH (Bake Hardening)
steel, DP (Dual Phase), TRIP (Transformation In-
duced Plasticity) steels and TWIP (Twinning Induced
Plasticity) steels [8–12].
The rise in the oil prices plays a major role in the

automotive industry. In the next few years, fuel con-
sumption and new anti-pollution standards are the
most important subjects for the automotive indus-
try. For this reason, the weight reduction is demanded
for automotive industry [13, 14]. The development of
steels for automotive applications is focused on im-
provement of ductility [15]. However, structural com-
ponents and body parts of automobile are subjected to
demands for decreased weight. An extraordinary com-
bination of ductility and strength can be obtained in
high manganese Twinning Induced Plasticity (TWIP)
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Ta b l e 1. The chemical composition of test specimens (wt.%)

Mn Si Cr C P S Cu Al Co Fe

24 0.626 0.1 0.582 < 0.03 < 0.005 0.1 0.002 0.16 balanced

steels, where mechanical twinning proceeds gradually
during deformation of the material [16]. For this rea-
son, twinning induced plasticity (TWIP) steels have
attracted much interest thanks to their extraordinary
ductility and high strength properties for an appli-
cation to automotive industry. From this point, auto-
motive industries focus on to reduce weight of vehicles
by using advanced high-strength steels (AHSS) such
as twinning induced plasticity (TWIP) steels [17–19].
TWIP steels have a high manganese content that

causes the steel to be fully austenitic structure. How-
ever, TWIP steel has an austenite structure at room
temperature with high Mn additions. Three types
of high-manganese TWIP steel, Fe-Mn-C, Fe-Mn-C-
-Al, and Fe-Mn-Si-Al, have been extensively investi-
gated until now [20–26]. During plastic deformation
by hot and cold rolling, TWIP steel contains mechani-
cal twins. Twins are formed inside austenite grains by
deformation, and these twins play an important role
in mechanical properties such as high strength and
elongation [27]. The deformation mechanism of FCC
materials is related to stacking fault energy (SFE),
which is determined by the chemical composition and
the deformation temperature [28, 29].
Mechanical twinning occurs at stacking fault ener-

gies roughly 18 < SFE < 24 mJ m−2, the transforma-
tion of austenite to martensite happens in 12 < SFE <
18 mJ m−2. Chemical composition, temperature, and
grain size affect the SFE [30, 31]. For instance, Al
greatly increases the SFE in TWIP steels [32].
Apart from twins, the carbide precipitates and

grain size also affect the mechanical properties of
TWIP steel [32, 33]. In high-Mn steel, carbide forms
are such as M3C ((Fe,Mn,Cr)3C) in the high tempe-
rature. Kang, S. et al. (2010) concluded that in their
study, the reversion of the tensile strength occurred
between 700 and 800◦C because of the carbide precip-
itation hardening [32]. However, Hayat, F. and Akinay,
Y. also reported that, although the carbide precipi-
tates occurred at 700◦C, instead of them, the twins
were observed at 800 and 900◦C [33]. According to
some reports, the high incidence of carbide precipita-
tion was seen in the high-Mn and medium-C alloys
such as Fe-22Mn-0.6C TWIP steel [32, 34]. Therefore,
mechanical properties of TWIP steels not only depend
on twins but also depend on grain size and carbide
precipitation.
In this study, the influence of annealing tempera-

ture and annealing time on the mechanical properties
and microstructure of Fe-24Mn-0.6C TWIP steel are

investigated. However, the formation of twinning and
dissolution of carbides also are investigated by increas-
ing of annealing temperature.

2. Experimental

The high-manganese TWIP steel was used in this
study and chemical composition of the studied TWIP
steels is presented in Table 1. Test specimens were
melted by induction melting in a vacuum furnace cast
as bars of 70 mm × 95 mm × 400 mm. These bars
were homogenized at 1200◦C for 6 h and hot-rolled to
a plate 6 mm thick at the temperatures between 1100
and 1000◦C. After hot rolling the specimens were %30
cold rolled to 3 mm thickness. The heat treatment was
carried out at 700, 900, and 1100◦C for 150 min and
air-cooling applied for all specimens.
After annealing the specimens were ground and

polished for a field emission scanning electron micro-
scope (FESEM) Carl Zeiss Ultra Plus machine. The
fracture zone of specimens also was observed using
a field emission scanning electron microscope (FE-
SEM) Carl Zeiss Ultra Plus machine. The SEM ob-
servation and multi-point EDX analyses of the spec-
imen were carried out at 10 kV acceleration voltage
and a working distance of 9 mm by FESEM with an
energy-dispersive X-Ray spectroscopy (EDX) analy-
sis system. To examine the mechanical properties of
specimens, tensile tests were carried out at room tem-
perature at a crosshead speed of 2 mm min−1 by an
MTS (100kN Servohydraulic) test machine. Hardness
measurement was performed using Vickers hardness
(HV 0.5) Qness hardness measurement device.

3. Results and discussion

3.1. SEM and EDX analysis

Figure 1 shows the microstructure of specimens an-
nealed at 700, 900, and 1100◦C for 150 min. The mi-
crostructure of specimens annealed at 900 and 1100◦C
is fully austenitic (Figs. 1b,c), and some grains are
including twins. The microstructure of specimen an-
nealed at 700◦C is including carbide precipitates and
it is also seen that the recrystallized areas do not con-
tain any mechanical twins (Fig. 1a). Besides that, the
samples annealed at 900 and 1100◦C do not include
carbide precipitates. This is in good agreement with
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Fig. 1. SEM micrographs of the specimens annealed at (a)
700◦C, (b) 900◦C, (c) 1100◦C for 150 min; %50 cold-rolled

Fe-24Mn-0.6C high-manganese steel.

the equilibrium dissolution temperature of M3C car-
bide precipitates. Ueji, R. et al. (2008) have reported
that all the samples annealed above 700◦C show fully
recrystallized structures and most of the recrystallized
grains include a few annealing twins [35]. Furthermore,
the density of twinning increased with increasing an-

Fig. 2. Multi Point EDX result of specimen annealed at
900◦C.

Fig. 3. Multi Point EDX result of specimen annealed at
700◦C.

nealing temperature. It can be seen obviously in Fig. 1.
The specimen annealed at 1100◦C has more twins than
the specimen annealed at 900◦C. The specimen an-
nealed at 700◦C does not include twins. Therefore, it
can be concluded that the carbide precipitation de-
layed the recrystallization during annealing and pre-
vented the formation of twins [36].
The multi-point EDX analysis of cold-rolled speci-

mens is given in Figs. 2, 3. The EDX analysis of spec-
imen annealed at 700◦C shows that the M3C precipi-
tates contain a high proportion of carbon and chrome.
EDX results show that the amount of Mn and Cr also
increased from 24 to 31.09 % and from 0.09 to 1.72 %
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Ta b l e 2. Tensile strength of test specimens annealed at 700, 900, and 1100◦C

Annealing temperature (◦C) Yield strength (MPa) Ultimate tensile strength (MPa) Elongation (%)

0 1191 1597 2
700 445 871 28
900 283.7 764.8 50
1100 189.3 589.5 63

Fig. 4. The effect of annealing temperature on ultimate
tensile stress – total elongation balance of samples.

respectively on precipitates (Fig. 3). This is an evi-
dence of Mn3C and Cr3C precipitates.

3.2. Tensile and hardness results

The effects of cold rolling reduction and annealing
temperature on the tensile deformation behaviour of
all samples are listed in Table 2, and tensile strength
results are an average of three cold-rolled specimens
for each annealed group. For comparison, the mecha-
nical properties such as the ultimate tensile strength
(UTS) and total elongation (TEL) are presented in
Fig. 4. It is observed that the specimen annealed at
700◦C has higher UTS and yield strength (YS) than
the specimen annealed at 900 and 1100◦C. Moreover,
the TEL of annealed specimens increases with increas-
ing annealing temperature. As a general rule, the val-
ues of YS and UTS of all specimens decrease with
increasing annealing temperature while the values of
TEL increase. The slight decrease in the values of YS
and UTS may be attributed to the microstructural
changes. The SEM images of specimen annealed at
700◦C include carbide precipitates (Fig. 1a). The re-
sults show that formation of precipitates in specimen
annealed at 700◦C leads to an increase in the instan-
taneous UTS (Stress) and TEL (Strain) because M3C
carbides lead to additional strain hardening in the ten-
sile specimens. The carbide particles not only delayed
the recrystallization but also contributed to the pre-
cipitation hardening during annealing resulting in an
additional increase in yield strength of TWIP steels
[36].

Fig. 5. SEM micrographs of the fracture surface of speci-
mens annealed at (a) 700◦C, (b) 900◦C, and (c) 1100◦C for
150 min; %50 cold-rolled Fe-24Mn-0.6C high-manganese

steel.
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Fig. 6. Vickers hardness values of specimens annealed at
700, 900, 1100 ◦C and of as-rolled specimen.

The SEM image of fracture zone of specimens an-
nealed at 700, 900, and 1100◦C is given in Fig. 5. The
specimens annealed at 900 and 1100◦C exhibit duc-
tile fracture, but the ductile fractures decreased at
700◦C and brittle fracture areas can be seen at 700◦C
(Fig. 5a). At 900 and 1100◦C, the character of the
fracture is ductile as can be seen from the existence
of dimples having various sizes, as shown in Fig. 5.
Hamada, A. S. et al. (2010) reported that the cracks
got distorted into elongated voids until final failure
showed the flat grain surfaces with shallow dimples
[37].
Vickers hardness values of specimens annealed at

700, 900, and 1100◦C are given in Fig. 6. The hard-
ness value of the annealed specimen at 700◦C is higher
than that of the annealed specimen at 900 and 1100◦C.
This is due to the formation of the carbide precipitates
at 700◦C. Besides that, a decrease in hardness value
is seen between 900 and 1100◦C, which shows a good
agreement with the equilibrium dissolution tempera-
ture of M3C carbides. However, as shown in SEM im-
ages, the grain size of specimens also increases with in-
creasing annealing temperature. Kang, S. et al. (2010)
conclude that the increase in the coarsening rate of the
grains and the decrease in hardness of the annealed
specimens is in good agreement with the equilibrium
dissolution temperature of M3C carbide precipitation
[32].

4. Conclusions

The tensile and yield strength reduced, but elon-
gation increased with increasing annealing tempera-
ture. Furthermore, the twin appearance in specimens
increased with increasing annealing temperature. Car-
bide precipitation and annealing temperature affected
the formation of twins.
The high density of the mechanical twins was

observed at 900 and 1100◦C. Instead of twins car-
bide precipitates were observed at 700◦C. The car-
bide precipitation delayed the recrystallization and

contributed to the precipitation hardening during an-
nealing.
The hardness value of specimens reduced with

increasing annealing temperature. The decrease in
hardness of the annealed specimens between 900 and
1100◦C is the result of the dissolution of M3C car-
bide. However, the dissolution of carbide precipitates
increased with increasing annealed temperature.
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