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Abstract—Stacking fault energy estimation is considered as an important stage in the process of designing
advanced high-strength steels. Therefore, in the present study, the thermochemical model of Olsen and
Cohen was employed to calculate the stacking fault energy (SFE) in Fe—C—Mn—Al—Si steels with <0.6 wt % C,
manganese 3—10 wt %, aluminum 0.5—3 wt % and silicon 0.5—3 wt %. The calculation findings revealed that
besides the importance of high Mn, the addition of Al and Si leads to SFE values in the range of 20—40 mJ/m?
that allows the activation of twinning induced plasticity (TWIP) and/or transformation induced plasticity

(TRIP) effects.

Keywords: stacking fault energy, medium Mn steels, retained austenite

DOI: 10.1134/S0031918X21140076

INTRODUCTION

Recently, Medium Mn steels have been considered
as promising candidates for automobile structural
components due to their excellent mechanical proper-
ties [1—7]. However, these good properties depend
mainly on the volume fraction, stability, and stacking
fault energy of the retained austenite. By taking in first
consideration the effect of stacking fault energy,
during deformation of these materials, the strengthen-
ing may be due to the deformation-induced martensi-
tic transformation (TRIP) [1], and/or mechanical twin-
ning (TWIP) [8]. Especially the transformation-induced
plasticity occurs in steels with SFEs < 20 mJ/m? the
deformation twinning has been observed in steels with
sfes between 20 and 40 mJ/m?. In the case of high SFE
(>40 mJ/m?) dislocations are rarely dissociated, thus,
the deformation process is controlled mainly by dislo-
cation glide [9, 10]. Therefore, temperature and chem-
ical composition of the alloy can affect strongly the
occurrence and the extend of these deformation
mechanisms.

The detailed knowledge on the precise effect of the
alloying elements on the SFE are complex and need to
be investigated closely in each case in order to be fully
understood. Many previous studies found in the liter-
ature focused on the investigation of the correlation
between SFE and chemical composition influence, by
using transmission electron microscopy (TEM) [11],
and X-ray diffraction [12], while others estimated the
SFE by empirical relationships [13].

Within this context, the present study aims to con-
tribute to the prediction of the SFE of Fe—Mn—Al—

C—Si steels via a thermodynamic model of Olsen and
Cohen with improved parameters and analyze the
effects of temperature and alloying elements especially
Al and Si in three different manganese concentrations
[7—10—13] wt % and 0.2 wt % of carbon.

1. THERMODYNAMIC MODEL
OF THE SFE

It is well known that there are two types of stacking
fault energies defined in the literature, the so-called
intrinsic stacking fault energy which is the sequence
ABCACABC..., this type consists of two planes of
hexagonal close packed structure (hcp). However, the
second type is the extrinsic SF or twin SF which has a
stacking sequence of ABCACBCAB..., this extrinsic
type appears as if an additional C layer has been
inserted in the fcc lattice, which produces a twin with
the stacking sequence ACB. The extrinsic SF is cre-
ated by the passage of single Shockley partials on two
consecutive planes and its effect on the overall SFE is
too small in comparison to the intrinsic SFE [14]. As
well, because of the most common stacking fault in a
fcc crystal, is the intrinsic type and the negligeable
contribution of the extrinsic term, Only the intrinsic
SF is considered for the energy calculation using the
thermodynamics-based approach. Therefore accord-
ing to the thermodynamic model proposed by Olsen
and Cohen [15], it can be seen that the SFE includes
both volume and surface energy contributions which
are in agreement with the classical nucleation theory.
The SFE of such a fault may be expressed in terms of
the molar Gibbs energy difference between the
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Table 1. Functions describing the change in Gibbs energies

Parameter Function Ref.
AGE® —2243.38 +4.3097 (J/mol) [27]
AGYTE —1000 + 1.1237 (J/mol) [27]
AGYT® 558.85 (J/mol) [22]
AGET® —22166 (J/mol) [28, 29]
AGETE —560 — 87 (J/mol) [30]
AGELE 42500 (J/mol) [16]
AGER 3328 (J/mol) [22]
AGEin 2873 — 717 (Xge — Xpm) (J/mol)|  [17]
AGEZS 2850 + 3520 (Xg, — Xg) (J/mol)|  [30]
AGYE 26910 (J/mol) [28, 29]
AGYE 1780 (J/mol) [29]

nucleus of the hcp phase and the fcc phase of the

matrix AG" %, and a interface energy o [16, 17]. This
approach has later been extensively used in the litera-
ture for calculating the SFE in austenitic stainless
steels [18, 19], Fe—C—Mn alloys [20], high manganese
austenitic steels (TWIP steels), [22—24] and shape
memory alloys.

Within this approach, the intrinsic SFE per unit
area ygpg is expressed as:

Yspe = 20AGYTF + 20, (1)

where p is the molar surface density in a close packed
plane in moles per unit area which is related to the lat-
tice parameter a of the fcc phase, as follows:

4 1
o=—F—>5—> (2)
N

AG"® is the molar Gibbs free energy of transforma-
tion Yy — €, o is the energy per surface unit of a {111}
interface between yand €. The molar Gibbs free energy
can be divided into chemical and magnetic contribu-
tions as follow:

AGF = AGLE + AGT . 3)

chem mag

In its turn the chemical contribution is divided into
two terms:

AGhom = AGEax + AGg:NTuX/C- 4)
According the regular and subregular solution
model [16], the AGFy.x that is defined as the Gibbs
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energy due to the chemical contribution of all substi-
tution elements in the Fcc lattice can be expressed as:

yec Yo €
Grevnx = ZXAG

y—oE
+ xFeanAGFeMn +xFex81AGFeSia

(&)

where AG! ™ © is the Gibbs energy of the chemical con-
tribution of the element i (i = Fe, Mn, Al and Si) with
the molar fraction x;. The data used are mainly taken
from literature, the detail expressions, values and
functions are summed up in Table 1.

Moreover, carbon as a main interstitial element in
the alloy system has an important effect as a distur-
bance of the former fcc solid solution, as well its effect
depends on the manganese addition [16]. Thus, the
empirical law describing this carbon effect is:

Y—e _a
AGFeMnx/C _x_

c

(l—e x)+can (6)

On the other hand the magnetic contribution is
defined as follow:

AGYY = Gy — Gy, )
where
. T Bj
G, =f|=|RTIn| 1+ = |,
[Téj ( usj ®)
Jj=Y¢€

With B’ and Ty present respectively, the magnetic
moment and Néel temperature of phase j [16], up is
the Bohr magneton, and f is a polynomial function
[25] which its expression depends on the phase and
Néel temperature:

54

79t | 474(1 T S ©)
x((—T j+—(——1)(T—+T—+T—D.
140P) 497\p 6 135 600
Whent <1
-5 -15 =25
1L :—(l)((T—ﬂ—Jﬂ D (10)
T p/\L10 " 315 1500

When t > 1

with P = 0.28, D = 2.34 and (t = T/TY).

In addition, the Néel temperature of y and &€
expressed en Kelvin depends on the chemical compo-
sition as can be seen form their expression:

T = 669.27(1 — exp(=5.46 Xy, ))
—0.241Xc(1 = Xy, — X&) — 109,
TS = 580Xy,
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Fig. 1. Calculated evolution of the SFE versus temperature
for the Fe—0.2C—7Mn—0.5A1—0.5Si (wt %) alloy.

the term of surface energy has been used as a fitting
parameter by many authors to get the results of the cal-
culated SFE that fit with the experimental values.
Indeed, S.M. Cotes et al. [26] using measurements of
extended dislocation nodes found an interfacial energy
values ranging from 16 to 26 mJ/m? (ref), Akbari et al.
[24] have used an interfacial energy of 15 mJ/m?, while
Dumay et al. [16] utilized ¢ = 8 mJ/m?, therefore, in
our case the value of 6 = 8 mJ/m? is taken in all per-
formed calculations.

2. RESULTS AND DISCUSSION

For comparison purpose the global effects of tem-
perature and alloying elements on the SFE in three
different Fe—C—Mn—AIl—Si are shown in this section.
Indeed, There are many reports in the literature about
the effect of carbon additions on the SFE, thus
depending on the other alloying elements the SFE of
the austenite grains could increase [31], or decrease
[32] with a carbon content for this reason the 0.2 wt % C
is fixed for all alloys to only highlight the effect of the
other alloy elements. Therefore, for three Fe—0.2% C—
Mn-based alloys with the minimum additions of Al
and Si, the SFE values and both chemical and mag-
netic contributions versus temperature are plotted in
Figs. 1—3 for Mn content of 7, 10 and 13 wt %, respec-
tively.

It can be seen from Figs. 1—3 that there is a
decrease in SFE with increasing of temperature until
around 50 to 200°C depensing on the Mn content
then, it increases with increasing temperature, this
trend was reported by Remy et al. [33] through TEM
observations and found that the nodes of dislocation
decrease with temperature, which explain the SFE
increase with temperature. However, Hickel et al. [34]
found an opposite effect based on the TEM character-
ization and ab initio calculations. On the other hand,
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Fig. 2. Calculated evolution of the SFE versus temperature
for the Fe—0.2C—10Mn—0.5A1-0.5Si (wt %) alloy.

from Fig. 4, it is important to point out that the change
of the SFE with manganese and temperature is stron-
ger at a very low temperature than that observed at
high temperature such results are consistent with the
results obtained by Lee et al. [35] on Fe—Mn binary
system. The same tendency was found by Dai et al. for
austenitic steels [36]. Moreover, it can be seen that the
SFE of the three systems is in the range that leads to
martensitic transformation.

According to Suh et al. [37], Al and Si additions are
needed in the medium Mn steels for many reasons,
one among them is to increase the SFE of the steel,
thus the effects of Al and Si additions in the above
three Fe—C—Mn systems were compared as shown
respectively in Figs. 5 and 6.

From Figs. 5 and 6, it is worth to notice, that the
effects of Al and Si become more important when the

250
Fe—0.2C—0.5A1—13Mn—0.5Si (wt %)
200 +
—— Magnetic
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Fig. 3. Calculated evolution of the SFE versus temperature
for the Fe—0.2C—13Mn—0.5A1-0.5Si (wt %) alloy.
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Fig. 4. Calculated evolution of the SFE versus temperature
for the three alloys with low Al and Si additions.
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Fig. 6. Calculated evolution of the SFE versus Si additions
for three alloys.

Mn content is increased. While, it can be seen from
Fig. 7 that at room temperature the SFE value of the
three alloys with higher Al and Si contents gives rise to
mechanical twinning instead o martensitic transfor-
mation observed in the case of the same alloys with
low Al and Si contents as shown in Fig. 3.

3. CONCLUSIONS

This paper highlighted the effect of temperature,
and alloy elements (Mn Si Al) on the SFE in the
Medium Mn steels characterized by composition that
consist of Fe—Mn—AI—-C-Si, the results support the
following conclusions:
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Fig. 5. Calculated evolution of the SFE versus Al additions
for three alloys.
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Fig. 7. Calculated evolution of the SFE versus temperature
for the three alloys with high Al and Si additions.

e The present model shows a good capacity to
reflect the effect of temperature and chemical compo-
sition on the SFE of medium Mn steels.

e Al and Si addition have the strongest influences
when the Mn content is increased, then we have estab-
lished that the Mn addition is the key element respon-
sible for the SFE value.

e Increases in the Al and Si favored the twinning by
increasing the SFE.

e The estimation of SFE to predict the deformation
mechanism becomes an important step in the alloy
design of medium Mn steels.
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