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Abstract. High manganese steels have been extensively studied in recent decades thanks
to their astonishing mechanical properties. In particular, high manganese Fe-Mn-Al-C
alloys feature an excellent combination of strength and ductility, properties that depend
on the main deformation mechanism and therefore are determined by the stacking fault
energy (SFE). To achieve a better understanding of the deformation mechanisms in this
system, it is appealing to study the effect of the chemical composition as well as of
temperature on the SFE from a microscopic perspective, which allows covering the most
important features involved in this phenomenon. Recently, some insights regarding the
TWIP phenomenon has been obtained by means of molecular dynamics simulations for
a particular composition. In this work, we performed molecular dynamics simulations to
systematically analyze the effects of the chemical composition on the SFE of austenitic Fe-
Mn alloys. Our simulations are based on MEAM interatomic interaction potentials which
have been proved to accurately reproduce fundamental structural and thermodynamic
properties of Fe-Mn and Fe-Al binary systems. The obtained energy-displacements curves
(i.e., generalized stacking fault curves) provide rich and useful information to comprehend
the deformation mechanisms as well as being adopted in the classical thermodynamic



treatment of the SFE, and therefore they define an important starting step towards the
comprehension of the behavior of the SFE for more complex Fe-Mn-Al-C alloys.

1 INTRODUCTION

The high manganese steels have gained significant attention over the recent years due
to their exceptional combination of mechanical properties and low density, which make
them very promising for many industrial applications. The uniqueness combination of
high strength and high ductility of these steels relies on special deformation mechanisms
such as transformation-induced plasticity (TRIP), twinning-induced plasticity (TWIP),
microband-induced plasticity (MBIP) and dynamic slip band refinement (DSBR). The ac-
tivation of these deformation mechanisms strongly depends on the stacking fault energy
(SFE) of austenite [1, 2]. Moreover this metallurgical parameter has a high significance
in several phenomena such as work hardening, fatigue, workability, wear, etc [3, 4, 5].
Nevertheless, it is known that the SFE per se could not be enough to describe the full
relationship among the aforementioned phenomena and the deformation mechanisms in
metals, being the main reason that the stacking faults as well as the nucleation of dislo-
cations have a strong dependence of other parameters beyond the simple intrinsic SFE
value. For this reason, the concept of the generalized stacking fault energy (GSFE) [6] is
more adequate, since it has a deeper comprehension of the SFE.

The GSFE curve or y-surface represents the energy cost per unite area by shifting two
semi-infinite block of a crystal trough the (111) plane along (112) direction by a Burgers
vector of a Shockley partial by, i.e. (a/6)(112), where a is the lattice parameter. The
GSFE curve is full described by several parameters such as the unstable stacking fault
energy yusr, the stacking fault vsp (also known as intrinsic stacking fault energy), and the
unstable twin fault energy yyrr. These parameters are related to the nucleation of partial
dislocations, the formation of stacking faults, and the formation of twin boundaries or also
related to the “twinning tendency”, among others. Nonetheless, studies of the vy-surface
for binary, ternary o quaternary systems have been seldom addressed in the literature.
In this sense, the present authors are making an effort to initiate the development of the
first y-surface for the Fe-Mn-Al-C system.

2 SIMULATION METHOD

We performed molecular dynamics simulations by using LAMMPS [7]. The modified
embedded atom method (MEAM) [8, 9] was employed to evaluated the interactions be-
tween atoms. The energy in MEAM consists of two parts: a pair potential term specified
by the function ®(r) representing the electrostatic core-core repulsion, and a cohesive
term specified by the function F'(p) representing the energy the ion core gets when it is
embedded in the electron sea, i.e.

Eiotal = Z Fi(pi) + % Z ®;;(rij) (1)

% J#i
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The embedding energy is a function of the background electron density, which in turn is
constructed as a superposition of contributions from neighbouring atoms. In this work, we
considered the interatomic potentials for the Fe;_,Mn, binary system to be these derived
from the 2NN-MEAM formalism as explained in detail in [9].

Three dimensional fcc iron crystals were created within a simulation box which was
oriented in such a way that its X, Y and Z axis were aligned with [112], [110], and [111]
crystal directions, respectively. Periodic boundary conditions were applied in X and Y
directions while in the Z direction it was free. The initial box sizes were Ly = 123.841 A,
Ly = 102.142 A and Ly = 125.098 A, so that it initially contained N = 134400 Fe
atoms. For a given composition, a number fraction x of Fe atoms was randomly chosen
and replaced by Mn atoms. To take into account the effect of the disorder of the Mn-
atoms location on the studied parameters, twenty independent simulations were analyzed
for each composition. The equilibrium parameters, i.e., lattice parameter and cohesive
energy, were determined by finding the minimum of the curve Eiyia(Viox; ), where Eigpal
represents the total potential energy of the system and Vi, = LxLy Ly . Following the
procedure described in [10], to determine the GSF curve the simulation box was split in
two blocks by a (111) plane: a mobile upper block and a fixed lower block. Then the GSF
curve was determined by rigidly displacing the upper block on a (111) plane along the
[112] direction while fixing the lower block and calculating the potential energy change
per unit area with respect to the initial configuration. The upper block was displaced
in forty steps of magnitude ASy = b;/20 each; after each displacement step the system
was allowed to relax in the Z-direction to attain the condition P = 0. To evaluate the
surface energy, the upper block was vertically displaced a distance AS; = 2a and again
the energy change was determined.

3 RESULTS
3.1 Lattice parameter, cohesive energy, and bulk modulus

In first place, the effect of the Mn content in the Fe-Mn system was studied through
three well-known features: the lattice parameter a, the cohesive energy E..,, and the bulk
modulus B. For this analysis, the values obtained were normalized to the pure (fcc) iron
values (see Table 1) as shown in Fig. 1. As can be seen in Fig. 1(a), the lattice parameter
increase as the number of Mn atoms start to occupied or replace the Fe atoms in the fcc
crystal structure by substitutional solid solution. This behavior is in perfect agreement
with those found experimentally by X-ray diffraction in Fe-Mn-Al-C steels [11] and in the
Fe-Mn system using ab-initio calculations [12, 13].

The cohesion energy, which is a measure of the forces that held the atoms together, is
a parameter having important implications in properties such as elastic modulus, melting
point, thermal expansion coefficient, etc. In this sense, the cohesion energy was calculate
as a function of the Mn content as is shown in Fig. 1(b). For the best authors’ knowledge,
values of the cohesive energy for the Fe-Mn system are not available in the literature.
Nevertheless, some estimations can be found for pure Mn and pure Fe elements, where
the manganese has a lower cohesion energy than iron [14]. According to this, it seems
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Figure 1: (a) Lattice parameter, (b) cohesive energy and (c) bulk modulus of austenitic Fe;_,Mn, alloy
system normalized to corresponding values of pure Fe (see Table 1).

Table 1: Lattice parameter, cohesive energy, bulk modulus, surface energy, and stacking fault energy
calculated for pure (fcc) Fe at T =0 K.

ao (A) ED) (eV) By (GPa) 1Y (mJ/m?) A% (mJ/m?)
3.6113 -4.2421 172.10 2087 -103.01

logical that as the manganese content increases in the Fe-Mn system, the cohesion energy
should decrease; which is exactly the tendency observed in the present study.

Another valuable property is the bulk modulus B, which allow the prediction of some
mechanical properties such as the fracture strength and resistance to plastic deformation
in metals [15]. In fact, the ratio between B and the shear modulus G has been used
to estimate the ductile or brittle behavior in metals [16]. In this regard, the effect of
manganese on the bulk modulus in the Fe-Mn system was studied as shown in Fig. 1(c).
There can be observed that as the manganese content increases B decreases linearly.
This behavior is consistent with the experimental observations in the Fe-Mn system using
nanoindentation, and also ab-initio calculations [17].

3.2 Surface energy

The surface energy is a property which has important implications in phenomena such
as crystal growth, corrosion, and texture, etc. Together with the unstable stacking fault,
the (111) surface energy gyt allows to determine the ductility parameter, which is a useful
parameter for establishing the conditions for both brittle fracture and the nucleation and
motion of dislocations. For this reason, the dependence of 74 on the Mn content was
evaluated and the result is shown in Fig.2. The value of the surface energy for pure iron
(fcc) in the (111) plane has a reported value of 1950 mJ/m? [18], and values between 2080
and 2100 mJ/m? using ab-initio calculations [19]. Thus, it can bee see in the present
work, that for 0% Mn content, the surface energy is close to the values reported for pure
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Figure 2: Surface energy of the Fe;_,Mn, alloy system on the (111) plane

iron. In addition, it is known that the Mn has a lower surface energy than the Fe [20],
and this effect can be seen as the addition of Mn atoms increase in Fe.

3.3 Generalized stacking fault energy (GSFE)

According to the previous calculations and analysis, it can be concluded that the em-
ployed interatomic potentials represent correctly the Fe-Mn system under the conditions
evaluated. Then, the generalized stacking fault energy (GSFE) curve was constructed
as function of the Mn content, as depicted in Fig. 3(a). There can be observed that
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Figure 3: (a) GSE curves and (b) relative stacking fault energy for Fe;_,Mn, alloy system (T = 0 K).
In panel (a) ds = ASx /by and the continuous line in panel (b) is a guide to the eye.
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increasing the manganese content leads to larger values of both yysr and ~yrr in a pro-
portional way. However, the value of ysg decreases slightly with the manganese content.
Figure 3(b) displays the (intrinsic) stacking fault energy normalized to corresponding
value for pure iron. It can be observed that the SFE for Fe;_,Mn, is smaller than that of
pure iron up to x = 10% and the curve displays a parabolic behavior in this composition
range. This behavior has been reported to occur with the addition of Mn in Fe-Mn [21]
and Fe-Mn-Al-C [1] systems.

For a easy reading and interpretation, Fig. 4(a) presents vysr, Ysr, and yyrr as a
function of the manganese content. It is observed that the decrease or increase of these
parameters does not obey a linear relation. Is important to point out that in the evalu-
ated manganese range, we did not observe drastic changes of aforementioned parameters.
Nevertheless, is possible that further increase of the Mn content changes the dependence
observed, in other words, a plateau could occur (additional research is required in this
direction). On the other hand, the nucleation of twins, i.e. the precursor of deformation
twinning in fcc, has been showed to be intimately related to the yyrr [22] in the same
manner as the ysg has been related to the emission of partial dislocations or the nucleation
of perfect dislocations [6].
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Figure 4: Unstable stacking fault energy yysr, intrinsic stacking fault energy ~sg, unstable twinning
energy Yyurtr, and relationships among them as functions of the Mn content for the Fe;_,Mn, alloy
system.

As can be seen in Fig. 4(b), as the Mn content increases the ratio vysp/yusr decreases
implying that the trailing partial dislocations nucleate with more difficulty, meaning in
turn that the separation between the leading and trailing partials becomes broader, i.e. a
change from full dislocation nucleation (unity) to a extended dislocation mechanism would
occur. In addition, as the Mn content increases the ratio yyrr/vyusr, which describes
the competition between the energy barrier for twinning nucleation and full dislocation
nucleation, also increases. In other words, twin nucleation should be favored as the Mn
content increases. This implies that mechanical twinning should be present as main
deformation mechanism in the Fe-Mn system, which is known to occur in Fe-Mn TWIP
steels. However, so far it is no clear which deformation mechanism should take place in
the others, i.e., formation of stacking fault over twin formation or vice versa. Thus, the
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parameter ysr/(Yusr — Ysr) can be useful to understand the deformation modes in the
Fe-Mn alloy system (see Fig. 4(c)). It is known that when this parameter is negative, the
formation of stacking faults occurs, thus, favoring a phase transformation from fcc to hep
crystal structure [23], i.e., transformation induced plasticity effect (TRIP). Returning to
the Fig. 4(c), it can be seen that in all the composition range studied, this parameter has a
negative value. However, as the manganese fraction increases, this parameter becomes less
negative, which indirectly suggests that this deformation mechanism will be less extend,
and another deformation mechanism should be operative at larger Mn contents.

4 CONCLUSIONS

Molecular dynamics simulations of the Fe-Mn system were performed to analyze the
lattice parameter, the cohesion and surface energies, and the generalized stacking fault
energy curve. The major conclusions are summarized as follows:

- The values obtained for the lattice parameter, cohesion energy, bulk modulus, and
surface energy of the Fe-Mn system as a function of the Mn content is in a very
good agreement with the experimental results as well as with ab-initio calculations.

- The GSFE curve allowed to analyze the effect of the manganese content on the
Yusr, YsF, and yyrr parameters, which are important to predict the deformation
mechanisms.

- The ratio vsp/(yusr —vsr) allowed to suggest that the main deformation mechanism
in the Fe-Mn alloy system is the creation of stacking faults, which implies, the phase
transformation from fcc to hep crystal structure.

- The results obtained in this work will allow to contribute in the comprehension of
the Fe-Mn-Al-C system, and provide a basis for this research avenue.
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