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Abstract. Influences of Mn on hot deformation behavior of austenitic Fe-Mn-Si-Al alloys were
investigated by hot compression tests on Gleeble 3500 thermo-mechanical simulator in
temperature range from 9%% °C to 11%% °C and at strain rate range from %.%1 s-1 to 1 s-1. The
results show that the peak stress and the hot deformation activation energy of the Fe-Mn-Si-Al
alloy during hot deformation increase with increasing Mn content. The hot deformation activation
energies are determined as 361.17 kJ/mol and 411.17 kJ/mol for Fe-20Mn-3Si-3Al alloy (20Mn
alloy) and Fe-25Mn-3Si-3Al alloy (25Mn alloy), respectively. Furthermore, the softening mechanism
of the Fe-Mn-Si-Al alloy during hot deformation varies with the variation of Mn content. The dynamic
recovery (DRV) is the main softening mechanism for 20Mn alloy, and the dynamic recrystallization
(DRX) is the main softening mechanism for 25Mn alloy within the investigated ranges of strain
rate and temperature. The influences of Mn content on material constants in constitutive equations
of both the alloys were also determined, and then the constitutive equations for the peak stresses
for 20Mn alloy and 25Mn alloy can be predicted by the constitutive equations.

1. INTRODUCTION

The development of metallic materials for cold plas-
tic forming is focused on an increasing of formabil-
ity combined with improvement of the strength.
Grässel et al. found that austenitic Fe-Mn-Si-Al al-
loys containing 15 to 30 wt.% manganese, 2 to 4
wt.% aluminium and silcon own high strength and
excellent ductility [1]. The outstanding mechanical
properties result form the transformation induced
plasticity (TRIP) effect and the twinning induced
plasticity (TWIP) effect which often happen in the
metastable austenite during cold deformation, the
latter highly enhancing the ductility [1-3]. It is well
known that additions of alloying elements can
change the stacking fault energy (SFE) of metals
resulting in the variation of deformation mechanism.
Grässel et al. found that when the Mn content is

about 20 wt.%, TRIP effect is the main deformation
mechanism in the alloys with SFE  20 mJ/m2; when
the Mn content increases to 25 wt.%, the austenitic
SFE is enhanced, TRIP effect will be suppressed
and then TWIP effect is the main deformation
mechanism. Therefore, the Mn content has a
significant influence on the mechanical properties
at room temperature, which has been investigated
by Grässel et al. [1].

The high-Mn austenitic alloys have a great
potential to manufacture components and car body
parts in automotive industry due to their excellent
comprehensive mechanical properties [2-4]. It is
necessary to research the hot deformation behaviors
of these alloys because most of metallic materials
are manufactured by hot working. The purpose of
the present study is to investigate the influence of
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Mn content on the hot deformation behavior of Fe-
Mn-Si-Al alloys. The hot deformation behavior of Fe-
25Mn-3Si-3Al alloy (25Mn alloy) and Fe-20Mn-3Si-
3Al alloy (20Mn alloy) were investigated by hot
compression tests. Subsequently, constitutive
equations relating Zener-Hollomon (Z) parameter and
hot deformation activation energy Q

HW
 have been

derived for the alloys, and the influences of the Mn
content on material constants in constitutive
equations were obtained.

2. EXPERIMENTAL PROCEDURES

The experimental alloys were prepared in a vacuum
induction furnace under argon atmosphere, using
industrial pure iron, electrolytic manganese,
commercial pure aluminum and low-carbon
silicoferrite, and then cast into a cylindrical mould
with 80 mm in diameter and 100 mm in height. The
chemical compositions of the two experimental
alloys were listed in Table 1. The ingots were
homogenized at 12%% °C for 4 h to remove the
segregation of the alloying elements, especially that
of Mn. Subsequently, the ingots were swaged to
the plate specimens of 50 mm in width, 35 mm in
height and 285 mm in length. Finally, the specimens
were reheated at 11%% °C for 9% min in argon
atmosphere to dissolve any particles precipitated
during the forging process, and then quenched into
water.

Cylindrical specimens for hot compression test
with 8 mm in diameter and 12 mm in height were
machined from the solution-treated plate. The
compression tests were carried out on a Gleeble
3500 thermo-mechanical simulator in the
temperature range from 9%% °C to 11%% °C and at
the strain rate range from 0.01 s-1 to 1 s-1. Prior to
the compression, specimens were heated in vacuum
at the rate of 2% °C/s to 115% °C for 5 min and then
cooled to the test temperature with the cooling rate
of 5 °C/s. All specimens were kept at the test
temperature for 3min before compression in order
to homogenize the temperature. All specimens were
compressed to a true strain of 0.7.

3. RESULTS AND DISCUSSION

3.1. Flow stress behavior

The true stress-true strain curves obtained during
hot deformation of 25Mn alloy and 20Mn alloy at
different deformation temperatures and strain rates
are shown in Fig. 1. For 25Mn alloy, all true stress-
true strain curves exhibit a single peak stress (

p
)

at certain strain, after which the flow stresses de-
crease gradually until the end of compression, show-
ing a dynamic flow softening. The flow curves with a
single peak stress are often considered as typical
dynamic recrystallization (DRX) flow curves [5]. It
indicates that DRX is the main softening mecha-
nism for 25Mn alloy. For 20Mn alloy, the flow stresses
increase at a decreasing hardening rate with the
increase in strain till a peak stress (

p
) is reached.

Beyond the peak strain (
p
) which corresponds to

the peak stress (
p
), the flow stress reached to a

steady state flow. The steady state flow curves indi-
cate that dynamic recovery is the main softening
mechanism [5].

It is well known that the hot deformation pro-
cess is a competing process of the work hardening
and the dynamic softening. At the onset of defor-
mation, the work hardening exceeds the dynamic
softening due to the rapid multiplication of disloca-
tion, leading a rapid increase of flow stress. With
the increasing of strain, the dynamic softening such
as DRV and DRX take place in metals, which can
offset or partially offset the effect of work hardening.
If the softening rate is higher than work hardening
rate, the flow stress decreases gradually, and the
steady state flow is reached when the softening rate
is equal to the work hardening rate. Furthermore,
the flow stress is sensitively dependent on defor-
mation temperature and strain rate. The flow stress
increases with increasing strain rate and with de-
creasing deformation temperature.

From Fig. 2, the peak stress of 25Mn alloy is
obviously higher than that of 20Mn alloy under the
same deformation conditions. This phenomenon can
be related to the solid solution strengthening which
is caused by solute Mn atoms. Hamade et al. found
that the high Mn content could increase significantly
the flow stress during hot deformation [2]. Moreover,
the flow stress of 25Mn alloy is obviously higher
than that of 20Mn alloy at low temperature and high
strain rate. Nonetheless, when the hot compression
is carried out at high temperature and/or low strain
rate, the flow stress of 25Mn alloy will be lower than
that of 20Mn alloy in the middle and late stage of
deformation process. This phenomenon may be
attributed to different softening mechanisms between
25Mn alloy and 20Mn alloy. The flow stress of 25Mn
alloy can be significantly reduced due to the
occurrence of DRX, and the flow stress of 20Mn
alloy increases to a peak stress and remains
constant, so the flow stress of 25Mn alloy is lower
than that of 20Mn alloy in the middle and late stage
of deformation process.
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Alloy code C Mn Si Al P S Fe

20Mn alloy 0.04 19.87 3.06 2.62 0.008 0.007 Bal.
25Mn alloy 0.04 25.45 3.14 2.88 0.008 0.007 Bal.

Table 1. Chemical composition of the experimental alloys (wt.%).

Fig. 1. The flow curves of the 25Mn alloy and 20Mn alloy under different conditions a) 25Mn, 900 °C;
b) 25Mn, 1000 °C; c) 25Mn, 1100 °C; d) 20Mn, 900 °C; e) 20Mn, 1000 °C ; f) 20Mn, 1100 °C .

3.2. Constitutive equations

The hot deformation behaviors of metallic materials
can be described by the hyperbolic sine function
which was proposed by Sellear and Tegart, the
equation expresses as follow [5,7,8]:

n
HW

p

Q
A

RT
sinh exp .  (1)

Eqs. (2) and (3) were introduced in order to determine
the term , and the value of  can be defined as 

/n
1 
[9, 10].



345Influences of manganese on the hot deformation of austenitic Fe-Mn-Si-Al alloys

n HW

p

Q
A

RT
1

1
exp ,  (2)

HW

p

Q
A

RT
2
exp exp , (3)

where A
1
, A

2
, A, , n, , n

1 
are materials constants;

p
 is the peak stress,  is the strain rate, R is the

universal gas constant, T is the absolute
temperature. Q

HW 
is the hot deformation activation

energy.
Eqs. (2) and (3) were transformed to linear

equations by taking the natural logarithm. The slopes
of linear equations are respectively n

1
and , and

then the term can be determined. The values of 
were determined as 0.00694 and 0.00625 for 20Mn
alloy and 25Mn alloy, respectively. In order to
determine the others constants, Eq. (1) can be
written as

HW

p

Q
A n

RT
ln ln ln sinh .  (4)

Taking partial derivative on both sides of Eq. (4)

HW

p

Q
n

R T

1
ln lnsinh( ) .  (5)

And then the hot deformation activation energy can
be determined by Eq. (6)

HW

p T

p

Q R

kn
RnS

T

ln

ln sinh

sinh
,

1/

 (6)

where n is the mean slope of the ln vs. ln[sinh(
p
)]

plots at different temperatures and S is the mean
slope of the ln[sinh(

p
)] vs. (103/T) plots at various

strain rates. These plots for the two alloys are shown
in Fig. 3. Both n and S can be determined by means
of the linear regression analysis. The hot deformation
activation energy of 20Mn alloy is determined as
361.17 kJ/mol, and the hot deformation activation
energy of 25Mn alloy increases to 411.17 kJ/mol
with the addition of 5 wt.% Mn. The hot deformation
activation energy is an important material parameter
serving as an indicator of deformation difficulty degree
in plasticity deformation. In general, Q

HW
is a function

Fig. 2. The flow curves of 25Mn and 20Mn alloys at
the strain rate of 0.01 s-1 and 1 s-1,at temperature of
a) 900 °C ; b) 1000 °C ; c) 1100 °C.



346 D. Li, Y. Feng, F. Shangguan, W. Zhao, Q. Liu and K. Wang

of the chemical composition of alloy and increases
with the increase in alloy content [2]. It can be seen
that the effect of Mn on the hot deformation activation
energy agrees with this trend. Moreover, the values
of n for 20Mn alloy and 25Mn alloy are determined
as 4.7 and 5.0, respectively. It can be found that 
value decreases with increasing Mn content, and n
value increases with increasing Mn content.
Cabanas et al. found that  value of the Fe-Mn binary
alloy is sensitively dependent on Mn content [5]. In
this experiment, n value can be also affected by Mn
content, which might be associated with the solution
strengthen caused by Mn atoms.

The relationship between peak stress
p
, strain

rate  and deformation temperature T can be
described by Zener-Hollomon (Z) parameter [5, 9-
11].

nHW

p

Q
Z A

RT
exp sinh .  (7)

Fig. 3. Strain rate and temperature dependencies of the peak stress of 20Mn and 25Mn alloys a) ln -
ln[sinh(

p
)]; b) ln[sinh(

p
)]-103/T.

Fig. 4. Relationship between peak stress and natural logarithm of Z parameter a) 25Mn alloy; b) 20Mn
alloy.

Eq. (7) can be written as

p
Z A nln ln ln sinh ,  (8)

where lnA is the intercept of the lnZ vs. ln[sinh( )]
plot. The values of Z at various strain rates and
deformation temperatures can be calculated by
Eq. (7). From Fig. 4, both the alloys in this experi-
ment have a strong linear relationship between lnZ
and ln[sinh(

p
)]. It means that the peak stress can

be evaluated by using the Z parameter. It can be
found that when the Mn content increases from 20
wt.% to 25 wt.%, the value of A increases from e30.905

to e37.247. The constitutive equations of 20Mn alloy
and 25Mn can be expressed as Eqs. (9) and (10),
respectively.

p
e

RT

4.730.904

3

sinh 0.00694

361.17 10
exp ,

 (9)
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p
e

RT

537.247

3

sinh 0.00625

411.17 10
exp ,

(10)

4. CONCLUSION

(1) The hot deformation behavior of the Fe-Mn-Si-Al
alloy changes with the Mn content. The flow curves
of the 25Mn alloy exhibit typical DRX stress-strain
curves with a single peak stress, and DRX is the
main softening mechanism for 25Mn alloy; the DRV
is the main softening mechanism for 20Mn alloy.
(2) The peak stresses and hot deformation activation
energies of Fe-Mn-Si-Al alloys increase with
increasing Mn content. The hot deformation
activation energies for the Fe-Mn-Si-Al alloy increase
from 361.17 kJ/ mol to 411.17 kJ/mol due to the Mn
content increased from 20 wt.% to 25 wt.%.
(3) The constants in constitutive equation can be
also affected by Mn content. The value of decrease
from 0.00694 to 0.00625, the value of n increases
from 4.7 to 5.0, and the value of A increases from
e30.905 to e37.247 due to the Mn content increased from
20 wt.% to 25 wt.%.
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