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ARTICLE INFO ABSTRACT
Keywords: The structural and mechanical properties of Fe-Al compounds (FeAl, Fe,Al, Fe;Al, FeAl,, FeAl,, Fe,Als) have
Fe-Al intermetallics been studied using modified embedded atom method (MEAM) potentials. The equilibrium lattice constants,

Elastic properties

formation enthalpies, and elastic properties have been investigated and compared with other studies. The
Atomistic simulations

calculated lattice constants show good agreement with the embedded atom method (EAM) and density
functional theory (DFT) calculations and with experiments. All Fe-Al compounds are mechanically stable
according to the elastic constants restrictions. The calculated bulk modulus of the compounds does not show
a linear relation with Fe concentration, which is most probably caused by the mechanical anisotropy of
Fe-Al compounds. However, comparison of the Fe-Al mechanical properties of MEAM, DFT and EAM-based
approaches and experiments show non-consistent differences, which reflects uncertainties with several of these
methods, due to assumptions and simplifications imposed during calculations. In general, DFT calculations
are closer to experimental observations than semi-empirical potentials. Comprehensive comparisons are made
based on theoretical and experimental methodologies.

1. Introduction performed first-principles simulations for the prediction of mechanical
properties and electronic structure of the Fe;Al compound.

Fe-Al compounds have been gaining a lot of attention due to their All these simulations were performed on a single unit cell of Fe-Al
increased industrial interest owing to the light-weight, corrosion resis- compounds without considering any crystal defects. However, results
tance and high-temperature resistance behavior [1-3]. FeAl compounds from simulations have shown contrasting trends about the mechani-
including Fe;Al, FeAl, Fe,Als, FeAl, and FeAl; have been the main cal properties of these compounds. The differences can be caused by
focus of research in many different industrial areas, for example, high- the following reasons, (i) the mechanical properties change at higher

temperature structural materials, composite materials, protective coat-
ings for materials and functional materials. Fe-Al materials have been
considered very promising because they are considered as potential
candidates for replacing steel [4,5].

Many researchers have performed atomistic simulations to predict
the mechanical strength of Fe-Al compounds [6-10]. Zhang et al. [6]
studied the structural and mechanical properties of these compounds
by EAM simulations. Liu et al. [10] studied the mechanical and elec-
tronic properties of Fe-Al compounds by an ab-initio method. Jelinek
et al. [9] developed the MEAM and calculated the lattice constants, : R : G
formation enthalpy and bulk modulus of FeAl,, FeAl,, FeAl and Fe;Al lyzed by semi-empirical interatomic potentials, i.e. the MEAM method
compounds. Liu et al. [11] studied the FeAl compound and calculated [9,13]. MEAM is extensively applied for metallic systems [14-16]
the elastic properties from first-principles calculations. Niu et al. [12] and it agrees reasonably well with experiments [17,18]. The MEAM

temperatures, (ii) the potentials used for calculations are inaccurate
and require further improvements. To signify the differences between
different semi-empirical potentials and first-principles studies, we have
made comparisons of mechanical properties of Fe-Al compounds with
experiments. We also studied the inaccuracy of these atomistic sim-
ulations, and tried to find the best atomistic methodology for the
prediction of actual trends about Fe-Al compounds.

In this paper, we have investigated the structural and mechanical
properties of Fe-Al compounds (FeAl, Fe,Al, Fe;Al, FeAls, Fe,Als) ana-
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potential mono-atomic parameters fitted to Al and Fe and their binary
combination developed by Jelinek et al. [9] are used in this study.
Other studies have already reported the structural properties of Fe-
Al compounds by using the MEAM potentials. In this study, however,
we are exploring the mechanical properties of Fe-Al compounds and
discuss the reliability and applicability of semi-empirical potentials for
extracting actual values by comparing it with density functional theory
(DFT) and experiments.

2. Method of calculation
2.1. Interatomic potential

In DFT, the electron structure of a many-electron systems is solved,
which is computationally very intensive. For this reason, a direct
numerical solution can only be applied to smaller systems so far. To
overcome this limitation, molecular dynamic (MD) simulations offer an
opportunity of studying larger systems. In MD, the interaction between
atoms is described by Newton’s classical equation of motion, which
in the simplest form for a particle of mass m; (i = 1,2,..., N) with
interaction potential @, can be defined as [19]:

-

= -V, ®F —7) 1

Fo=m ﬁa
where V,; @ is the force field felt by the atom i, 7; is the position of atom
i and 7 is the mass center of system. To describe the interatomic inter-
action, many researchers have developed empirical and semi-empirical
interatomic potentials, whose parameters are mainly determined by
results from density functional theory.

MD simulations frequently approximate the atomic interaction with
an average interaction from neighboring atoms. One of the most com-
mon and widely used interatomic potentials is the embedded atom
method (EAM) developed by Baskes [20], which consider many-body
terms suitable for metallic systems.

The modified EAM (MEAM) method is a generalization of EAM
that in addition includes (i) the directional bonding effect and (ii) a
screening function is introduced to limit the number of interactions
between the atoms. Even with the introduction of new parameters, the
MEAM potentials struggle to predict experimentally consistent results
for BCC metals [14,15]. For example, MEAM has predicted that other
metals are thermodynamically more stable than BCC metals, while it is
experimentally well known that BCC metals are more stable [14,15].
Moreover, surface energies of low-index surfaces of BCC metals are not
consistent with experiments. This failure of the MEAM potentials for
BCC is assumed to be caused by the fact that only nearest-neighbor
interactions are considered. To overcome this shortcoming, second-
nearest neighbor interactions (2NN) have been introduced by adjusting
the screening parameter [21]. The MEAM formalism is thoroughly
described in literature [16,21,22].

2.2. MEAM parameters and simulation technique

The MEAM parameters used in this work for Al and Fe are given
in Table 1. The initial values were directly taken from MEAM po-
tentials [16,22] without any modifications. E, and a, depends on
the material properties (see Table 1 caption), if the initial reference
structure is known. It is either directly taken from the experiments
or optimization of the structure. The other important parameter is
C,.in» Which defines the extent of screening of an atom (k) with the
neighboring atoms (i and j). The elements are the same for pure
elements (i-j-k=A-A-A or B-B-B), however for Fe-Al compounds, one of
the screening atoms could be different (i-j-k=A-B-A, B-A-B, A-A-B, B-
B-A) [23]. For this reason a different value of C,,, has to be assigned.
To improve the generalized stacking fault energy curves, the value of
C,,i» Was reduced to 0.8 from 2 for Al [9]. C,,,, has been given a fixed

value of 2.8 for Fe and 1.9 for Al. C,,,, determines the position of an
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atom (k) that begins screening with a second neighboring atom (i or j).
The values of C,,;, and C,,,, thereby define the range of screening to
nearest-neighbor interactions. The density scaling factor p, also affects
the calculations. For pure elements, the factor has been removed, but
for alloys and compounds with different types of elements, this factor
may have a great effect on the calculations.

The parameters listed in Table 1 are determined by fitting the
experiments or by density functional theory based calculated physical
properties for Fe-Al binary compounds. The MEAM parameters for
Fe-Al compounds were initialized to match the DFT-calculated heat
of formation, bulk modulus, equilibrium volume and elastic moduli
to the hypothetical NaCl reference structure [9]. NaCl was chosen
as a reference structure due to its direct relevance with MEAM and
simplicity. Based on a trial and error method, parameters were varied
until the properties calculated showed good agreement with DFT and
experimental values. Those values were then further considered for Fe-
Al compounds and shown in Table 1. The most important parameter
which affects the physical properties of the compounds is the density
scaling factor p, for the element pair. For Fe-Al binary compounds, it is
selected to be 1 [9]. The remaining parameters " and ' ((n = 1,2,3))
are adjustable parameters, and values are determined by the fitting of
physical properties with DFT.

After the selection of suitable values for MEAM parameters, the sim-
ulations were run by using an Atomistix Toolkit (ATK) forcefield [24,
25]. Before the calculations of elastic constants, the geometry of the
material was optimized by relaxing the atoms until the maximum
forces and stresses were less than 0.001 eV/atom and 0.01 GPa, respec-
tively. To obtain the equilibrium structure of Fe-Al intermetallics, the
quasi-Newton optimizer "Limited-memory Broyden-Fletcher-Goldfarb—
Shanno (LBFGS)"[26] was adopted.

2.3. Calculations of elastic constants

The elastic constants are related to the various components of stress
and strain by:

oij1 = Cijr€x (@3]

where o;;;, C;;, and ¢, are the stress, elastic components and strain
tensor, respectively. After the calculations of elastic constants, various
mechanical properties of Fe-Al compounds such as, bulk modulus (B),
Young’s modulus (Y), shear modulus (G) and Poisson’s ratio (v) can be
obtained by using the Voigt-Reuss-Hill (VRH) approximation [27-29].
The bulk modulus (B) and shear modulus were obtained by Eq. (3) and
(4), respectively, and the VRH approximation was used to calculate the
average of the lower and upper bounds of the elastic modulus. Young’s
modulus (Y) and Poisson’s ratio (v) were calculated from the bulk
modulus and shear modulus by using Eq. (5)—(6) (for cubic systems).

B =[2(Cy, + Cyp +2Cp3) + C331/9 3)
G = (7C;; — 5C), +2C33 + 12Cyy — 4C,3)/30 )
Y =9BG/(BB +G) 5)
v=(3B-2G)/2G3B +G) @)

The mechanical stability of these compounds has also been studied
in this paper. The elastic stability criteria in various crystal structure
systems can be found in Appendix.

3. Results and discussions
3.1. Structural properties

MEAM potentials were used to calculate equilibrium lattice con-
stants, equilibrium volume, and formation enthalpy as shown in

Table 2. Calculated structural values are compared with available
experimental results, interatomic potentials, and DFT studies. As can be
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Table 1
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Set of MEAM parameters for fcc Al and bec Fe. E, is the cohesive energy, a, is the equilibrium lattice constant, A is the scaling factor for embedding energy. «
is exponential decay factor for the universal energy, f°~° are the exponential decay factors for the atomic energies, 1° are the weighting factors for the atomic

densities, C,,,, and C,,;, are the screening parameters, and p, is the density scaling factor relevant for the element pairs.
Element E (eV) a,(V) A a p° p! p 0 1! I Coin Chax Po
Al 3.35 4.04 1.07 4.64 2.04 3.0 1.5 1.0 4.5 -2.3 8.01 0.8 2.8 1.0
Fe 4.28 2.851 0.55 5.027 3.5 2.0 1.0 1.0 -1.6 12,5 -1.4 0.68 1.9 1.0
Table 2

The calculated lattice parameters from the present calculations compared with references and measured values. H, is the
formation enthalpy and Vj is the equilibrium volume per atom calculated in A3

Phase Space group  Species a(,(f\) bl,(/?\) c(,(;\) 14 A% H,(eV/atom)
This work 2.953 12.87 -1.48
EAM/MEAM 2.893 [6] 12.88 [9] —1.42 [33]
FeAl Pm3m DFT [10] 2.851 [10] 12.07 —0.390 [10]
Exp. 2.909 [30] [31] —0.423 [34]
Exp. - 12.23 —0.28 [35]
[32]
This work 5.769 12.00 -0.53
EAM/MEAM 5.764 [6] 12.01 [9] -0.279 [6]
Fe; Al Fm3m DFT 5.586 [10] 12.01 -0.217 [10]
Exp. 5.789 [36] [31] —0.202 [37]
Exp. 5.792 [30] 12.07 —0.321 [34]
[32]
This work 16.680 7.860 12.220  15.73 ~0.532
EAM/MEAM 15.069 [6]  7.864 12.083  15.03 [9] —-0.059 [6]
FeAly C2/m DFT 15.352 [10]  8.010 12.398  13.91 [9] -3.923 [10]
DFT 15.125 [7]  4.012 [7] 11.839 - —4.562 [7]
Exp. 15.49 [30]  8.08 (71 na
12.48
This work 4.054 6.687 8.802 15.77 —0.093
EAM/MEAM 46212 [6]  6.372 8.629 14.71 [9] -0.160 [6], —0.076 [9]
FeAl, Pl DFT 4793 [10]  6.351 8.658 12.78 [9] —0.286 [10]
Exp. 4787 [30]  4.787 6.461 - na
This work 7.462 6.717 4.464 15.96 -1.0303
EAM 7.622 [6] 6.323 4178 —0.146 [6]
Fe,Alg Cmem DFT 7.466 [10]  6.181 4.808 -8.385 [10], 7.352 [7]
Exp. 7.675 [30]  6.403 4.203 na

seen, the calculated lattice constants of FeAl from MEAM potentials are
consistent with experimental studies [30,36]. The results are as good as
DFT and somewhat inferior to EAM. The calculated formation enthalpy
for FeAl is —1.49 eV/atom, which is consistent with EAM [6] studies
(-1.42 eV/atom). However, DFT results from [10] have shown better
agreement with experiments as compared to EAM/MEAM potentials.
We applied this potential for other Fe-Al IMCs as well. For another
cubic structure, Fe;Al (Fm3m), our calculated lattice constants are
larger than those reported in other theoretical studies [6,10], but shows
better agreement with experimental values [30,36]. For the monoclinic
structure FeAl;, the differences between lattice constants are found
to be largest along the g, unit direction with a 7.68% difference to
experimental values [30]. For the orthorhombic Fe,Als; and trigonal
FeAl, structures, the difference between lattice constants was found
to be 2.77-6.20% and 15.31% along a, b and c lattice directions,
respectively. These differences to experimental values indicate that the
MEAM potentials are inaccurate and do not describe well low symmetry
structures. EAM potentials [6] have also shown this tendency. The
reason for this inaccuracy is attributed to the background electron
density. In MEAM and EAM potentials, the background electron density
is used to describe the many-body interactions and is assumed to
be a homogeneous electron gas [6]. This may well describe high-
symmetry structures such as a cubic structure, but it is not obvious that
it describes the directional effects in low symmetry structures equally
well.

We calculated the formation enthalpies by studying the energies of
the optimized structures for the Fe-Al compounds as given in Table 2.
All calculated values were compared with other theoretical [6,10,33]

and experimental [34,35,37] results and plotted in the graph shown
in Fig. 1. It is generally accepted that the stability of a compound
can be predicted by the values of formation enthalpies. Based on
our calculations, all Fe-Al compounds have negative formation en-
thalpies, showing that they are thermodynamically stable. For cubic
structures (FeAl, Fe;Al), the formation enthalpies were found to be
higher for all theoretical studies as compared to experiments, but
for low-symmetry structures (FeAl;, Fe,Al; and FeAl,) the opposite
is found. Based on MEAM calculations, FeAl has the highest nega-
tive value (-1.48 eV/atom)) among the Fe-Al compounds, hence it
is deemed to be thermodynamically more stable than any other Fe-
Al compound studied in this work. This conclusion is consistent with
EAM [6] studies, but contradicts with DFT results [10], which predicts
Fe,Als to be the most stable compound.

3.2. Elastic constants and mechanical properties

In this section, we are investigating the elastic constants and me-
chanical strength of the different Fe-Al compounds. Table 3 lists the
calculated elastic constants compared with EAM [6], DFT [10], long-
range analytical embedded atom method (LAEAM) [38], and exper-
imental studies [37,39]. It is well known that different symmetries
impose different constraints on the elastic constants. These constraints
are defined from A.2-A.4 (see Appendix) for the cubic, orthorhombic,
monoclinic and trigonal systems. Elastic constants calculated for FeAl
(cubic), Fe;Al (cubic), FeAl; (monoclinic), FeAl, (trigonal) and Fe,Als
comply with the respective restriction criteria, which implies that these
compounds are mechanically stable.



M.Z. Khalid et al.

Physica B: Physics of Condensed Matter 618 (2021) 413157

2
FeAl2
= 09 & e fu...
E Al :
E FeAls I FesAl
S FeaAls
o -2 | FeAl
c
9 |
© —@—— Thiswork
£ -4 - I ,,,,,,,, @ [38] EAM
e
o ! ——-v—— [39] Exp.
- —-—y-—=-  [21]MEAM
o | — -8 —  [33]DFT
2 61 | — —m—— [46] DFT
©
- \
=
5 f
'10 T T T T
0.0 0.2 0.4 0.6 0.8
Mole-Fraction of Fe
Fig. 1. Comparison of calculated formation enthalpies of Fe-Al compounds with other studies.
Table 3
Elastic constants (in GPa).
Comp. Method Cy Ciy Cis Cyn Cy3 Css [om Css Cos Ciy Cis Cys Css
This work  256.26 94.96 115.88
EAM [6] 179.1 132.9 116.6
FeAl DFT [10] 294.0 133.7 157.0
pm3m  LAEAM [38]224.6 146.6 1136
251.4 92.2 111.7
MEAM [9] 207.7 121.4 126.2
Exp. [37] 181.1 113.7 127.1
Exp. [39]
This work 188.51 125.34 121.65
EAM [6] 187.9 133.3 138.1
Fe, Al DFT [10] 284.7 207.5 151.0
Fm3m LEAM [38] 212.5 160.2 124.8
MEAM [9] 177.5 117.5 129.0
Exp. [39] 171.0 130.6 131.7
FeAl This work 148.91 60.26 46.80 147.42 56.64 160.35 45.77 58.75 13.77 -5.12 4.25 -5.86
Ce2/3 EAM [6] 168.5 80.3 72.8 148.2 72.9 182.0 -17.2 25.1 34.2 3.9 9.1 -7.1
m DFT [10] 2489 71.8 67.6 260.2 49.5 259.6 76.1 65.4 109.6
FeAl This work 172.34 37.29 49.79 141.92 62.64 158.71 51.87 67.43 38.09 19.22
Pl 2 EAM [6] 2239 71.5 88.1 194.5 101.0 184.4 81.6 68.6 52.3 -12.0
DFT [10] 223.3 88.3 77.4 260.7 78.2 263.1 94.1 89.1 92.8
Fe.Al This work  205.58 28.89 52.09 123.99 81.52 103.29 36.70 47.40 53.61
anicni EAM [6] 126.0 136.2 71.8 97.4 49.2 174.1 13.8 21.6 18.2
DFT [10] 294.4 68.4 45.6 300.4 60.0 256.3 109.6 97.7 84.5

As given in Table 3, good agreement was found with experimen-
tal studies for cubic structures (FeAl, Fe;Al). FeAl elastic constants
were found to be slightly overestimated compared with experimental
studies [37,39] but underestimated when compared with DFT results
in [40]. The same conclusion can be drawn for other crystal struc-
tures. Overall DFT [7,10] elastic constants show higher values when
compared with EAM [6], LAEAM [38] and MEAM [8,9].

To better understand the mechanical strength of Fe-Al compounds,
mechanical properties such as bulk modulus, shear modulus, Young’s
modulus, and Poisson’s ratio were calculated from the elastic constants.
Table 4 lists the calculated values for the relevant Fe-Al compounds.
Our calculated bulk modulus is similar to the experimental bulk mod-
ulus [39] for the FeAl compound and closer to the experimental result
than any of the other theoretical studies [6,8,9,38]. To make compar-
isons and interpret the results, bulk moduli of the Fe-Al compounds
with different amount of Fe are plotted in Fig. 2. The differences to

other studies and experimental values reported in this study may be
attributed to the following reasons: (i) defects in the crystal structures
were ignored, and (ii) effects of anisotropy on the elastic constants are
not considered. As shown in Fig. 2, with increasing contents of Fe, the
bulk modulus decreases from FeAl; to FeAl,, but for FeAl (138.3 GPa)
and Fe;Al (123.99 GPa) it again shows an increase. Since bulk Fe has a
higher bulk modulus than Al, the bulk modulus is expected to increase
with an increase in the Fe concentrations. However, the anisotropy
of the crystal could affect this trend. To visualize the anisotropic
properties we plotted 3D plots of directional dependencies of Young’s
modulus (see Fig. 3) using spherical coordinates. Readers are referred
to the following Refs. [40,44] for details on the theoretical construction
of anisotropic behavior of isotropic crystal structures. As shown in
Fig. 3 the least anisotropic structure is FeAl with the highest values
of Young’s modulus along the <111> direction, while Fe;Al is found to
be the most anisotropic structure. For this reason, FeAl shows a higher
bulk modulus value despite having a lower Fe content as compared to
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Table 4
The calculated bulk modulus (B), shear modulus (G), Young’s modulus (Y) and Poison’s ratio (v) of Fe-Al compounds.
Comp. Method B (GPa) G (GPa) Y (GPa) B/G v
This work 138.3 103.03 247.61 1.34 0.20
EAM [6] 148.2 55.9 148.9 2.65 0.33
FeAl MEAM [8] 124.5 - - - -
Pm3m MEAM [9] 145.3 - - - -
DFT [10] 187.1 119.8 296.2 1.56 0.236
Exp. [39] 136.1 - - - -
This work 123.99 72.572 182.17 1.71 0.255
EAM [6] 151.5 66.2 173.4 2.29 0.309
Fe;Al MEAM [8] 148.9 - - - -
Fm3m MEAM [9] 137.5 - - - -
DFT [10] 233.2 87.9 234.0 2.65 0.33
Exp. [39] 144.1 - - - -
This work 87.047 37.88 99.23 2.30 0.31
FeAl, EAM [6] 105.6 23.80 65.9 4.44 0.376
c2/m MEAM [9] 103.5 - - - -
DFT [10] 127.3 89.7 232.1 1.42 0.215
DFT [7] 94.41 76.65 218.0 1.23 0.185
This work 83.836 49.51 124.09 1.69 0.25
FeAl, EAM [6] 124.90 49.8 47.0 2.51 0.32
P1 MEAM [9] 90.4 - - - -
DFT [10] 136.5 87.8 216.9 1.55 0.235
This work 85.53 39.502 102.37 2.17 0.295
Fe,Als EAM [6] 101.3 16.5 47.0 6.14 0.423
Cmem DFT [10] 127.5 97.0 232.1 1.31 0.196
DFT [7] 126.92 85.84 210.16 1.48 0.224
250
®
200
o
x X
—
©
& 150 Fe
e
»
F g3l
= 100 A
°
o} FeAls eAl _
£ F A| —@— This work
~ €2RI5 ® [34]EAM
5 50 ¥ [45] MEAM
¢ [33]DFT
B [46]DFT
O [44] Exp.
0 X  [43] LAEAM
Al [43]
T T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2

Mole-Fraction of Fe

Fig. 2. Comparison of calculated bulk modulus with previous studies.

Fe;Al. Moreover we can clearly see that Fe,Als is more anisotropic than
FeAl; and FeAl,. This shows that the material’s mechanical properties
are largely influenced by the anisotropic nature, which is why we
see different trends in the bulk modulus with varying contents of Fe
(Fig. 2).

Haines et al. [45] showed that materials with higher shear and
Young’s modulus have a tendency of showing a higher hardness [46,
47]. Therefore FeAl, which is found to be the material with the largest
moduli (G =103.03 GPa, Y = 247.61 GPa) is a hard phase, while FeAl,
with the smaller moduli (G = 37.88 GPa, Y = 99.23 GPa) is a softer
phase. Poisson’s ratio can provide important information about the
brittle and ductile nature of the material. It is generally accepted that
materials with low Poisson’s ratio are brittle [48,49]. From Table 4, we
can see that FeAl has the lowest Poisson’s ratio value, which indicates
a brittle nature of FeAl.

To obtain further insight into the brittle and ductile nature of
compounds, an empirical criterion of fracture has been proposed [50].
According to this criterion, the ratio between the bulk modulus (B) and
the shear modulus (G) provides important information about the brittle
and ductile nature of relevant compounds. Materials having B/G >
1.75 are assumed to be ductile, while materials having a ratio smaller
than this are expected to exhibit brittle properties. From Table 4 we can
see that FeAl, Fe;Al and FeAl, have B/G < 1.75, which indicates that
these materials are brittle. When comparing to different methodologies
in literature, we have found a mixed trend for the properties of the
Fe-Al IMCs. Based on the available data on the mechanical properties,
Table 5 shows the ambiguity about certain property predictions of
the Fe-Al compounds based on different theoretical and experimental
methods.
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Fig. 3. Directional dependence of Young’s modulus of different Fe-Al compounds. The visualization is generated using the SC-EMA software package (freely available at

http://scema.mpie.de) [41-43].

The compressibility of a compound can be related to the bulk
modulus of the material. Materials having higher bulk modulus are
more resistant to compression. We find FeAl as the most resistant to
compression, with the highest bulk modulus. By comparing our calcu-
lated values with other available literature, we find some discrepancies
with respect to this property. This work is in good agreement with
other studies performed using MEAM potentials [9], but differs from
EAM [6], DFT [10] and experimental studies [39]. In terms of the
brittle and ductile nature of these compounds, an EAM study found [6]
that all compounds are ductile, which does not fit well with DFT [10]
and our work. Furthermore, many experimental studies have reported
the brittle nature of these Fe-Al compounds, particularly Fe,Als and
FeAl; [51]. Both MEAM (this work) and EAM [6] are unable to predict

precisely the brittle nature of Fe,Als and FeAl; compounds, while DFT
studies [7,10] have shown good agreement with experimental obser-
vations. In terms of hardness of these compounds, this work predicted
FeAl as the hardest phase, which agrees well with DFT but contradicts
with EAM and experiments. A good agreement is also found with DFT
in terms of mechanical anisotropy predictions of these compounds. This
work shows agreement with experiments in predicting FeAl; as a soft
phase. Hardness reported in experimental studies is dependent on the
temperature range, welding or experimental methodologies. Since the
present simulations were performed without considering temperature,

deviations from experiments are inevitable.
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Table 5
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Difference in mechanical properties of Fe-Al compounds reported in literature. All properties are described in descending order.

Property This work EAM [6] MEAM [9] DFT [10] Exp. [39,51,52]

Compressibility FeAl>Fe;Al> Fe;Al>FeAl> FeAl>Fe;Al> Fe;Al>FeAl> Fe;Al>FeAl
FeAl;>Fe,Als> FeAl,>FeAl;> FeAl;>FeAl, FeAl,>Fe,Al;>
FeAl, Fe,Als FeAl,

Brittle to ductile FeAl (brittle)>FeAl, (brittle)> All compounds Ductile ~ Not reported Fe,Aly (brittle)> Brittle phases Fe,Al;
Fe;Al (brittle)> FeAl, (brittle)> FeAl,
Fe,Al,(ductile)>FeAl;(ductile) FeAl, (brittle)>

FeAl(brittle)>Fe;Al(ductile)

Hardness and stiffness ~ FeAl>Fe;Al> Fe;Al>FeAl> - FeAl>Fe,Als> Fe;Al>FeAl
FeAl,>Fe,Al;> FeAl,>FeAl;> Fe;Al>FeAl;> Fe,Al;>FeAl,
FeAl, Fe,Als FeAl, FeAl,

FeAl>FeAl,>FeAl,
>Fe, Al

Mechanical anisotropy  Fe;Al>Fe,Als> Not Reported - Fe;Al>FeAl>
FeAl;>FeAl,>FeAl Fe,Als>

FeAl,>FeAl,

4. Discussion

We have performed MEAM simulations and made comparisons of
interatomic potentials with experiments and DFT. It is hard to find a
perfect match with experiments due to the simplifications and general-
izations imposed during computational calculations, but general trends
can still be extracted as indications of actual properties. All these single-
crystal simulations are performed without considering crystal defects,
hence the values calculated from these calculations are over-estimated
as compared to the experimental values. Still, these calculations pro-
vide vital insights into the mechanical behavior of ideal compounds.
In this study, we have made comparisons of the Fe-Al compounds
with other simulation techniques and methods. To be consistent in
our comparisons, we only considered single-crystal calculations without
any crystal defects.

Table 5 shows comparisons of the materials mechanical properties
based on the calculated elastic constants. As discussed in Section 3,
there are contrasting differences between the mechanical properties of
these compounds. When compared to the available experimentally re-
ported mechanical behavior of these compounds, it has been generally
accepted that Fe,Als and FeAl; are brittle intermetallic compounds.
However, semi-empirical potentials such as EAM and MEAM are unable
to predict the brittle nature of these compounds. There are several
plausible explanations for this observation: (i) these compounds are
ductile at lower temperature and turn brittle at higher temperatures,
(ii) crystal defects such as cracks and impurities significantly alter the
mechanical properties of these compounds, and (iii) these potentials
are inaccurate and not able to predict actual properties. Despite the
first two assumptions, DFT calculations successfully predict the brittle
nature of Fe,Als and FeAl; compounds. This shows that the inter-
atomic potentials are not accurate enough in predicting the mechanical
properties of low symmetry structures.

Furthermore, calculations of bulk modulus, shear modulus and
Young’s modulus from first-principles showed significantly higher val-
ues as compared to semi-empirical potentials. For the case of FeAl and
Fe;Al compounds, the bulk modulus calculated by EAM and MEAM are
closer to the experimental value than the value from DFT (Table 4). It
is worth mentioning that numerous experimental values also implicitly
constitute contributions from crystal defects. For this reason, values cal-
culated from single crystal calculations are over-estimated as compared
to the experimental values. DFT calculations significantly over-estimate
bulk modulus values compared to the experimental values, due to a too
idealistic modeling of FeAl and Fe;Al compounds.

5. Conclusions

In this paper, structural and mechanical properties of different Fe-Al
compounds were investigated using the MEAM. The calculated values

of lattice constants and formation enthalpies show close agreement
with previously reported theoretical and experimental values for dif-
ferent Fe-Al compounds. The calculated values of formation enthalpies
of all Fe-Al compounds were found to be negative, which shows their
thermodynamic stability. Calculated elastic constants were found to
follow the elastic constant restrictions imposed by the symmetry of
the compounds, which further confirms the mechanical stability of
the considered Fe-Al compounds. Based on the bulk modulus, FeAl is
found to be the hardest and FeAl, the softest phase. Comparisons of
mechanical properties with other theoretical and experimental studies
show uncertainties in the calculated values and material properties.
However, in general, DFT is found to be in good agreement with most
experimental observations.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

The work reported in this paper was based on activities within the
center for research-based innovation SFI Manufacturing in Norway and
is partially funded by the Research Council of Norway under contract
number 237900.

Appendix
Mechanical stability criteria for Fe-Al compounds are calculated by

the following relations [10,53].
Cubic system:

(C1; —=Cp) >0,C; >0,Cyy >0,C; +2C1, >0 (A1)
Orthorhombic system:
Ci1+Cp +C355+2C15 +2Cy3 > 0;Cp | +Cyy > 2C5; (A.2)
Cy + C33 > 2Cy3; €y + C33 > 2C135C;; > 0(i = 1 - 6)
Monoclinic system:
C;; > 03ij = 11,22,33,44,55, 66),
Ci1+Cp+C334+2(Cpp +Ci34+Cy3 >0),
(C1Cs5 = C1,) > 0,(CyyCop — Cig) > 0, CyyCaz — Cpy > 0,
Cyy(C33Cs5 — Ci5) +2Cp3Cy5Ca5 — C3,Cs5 — C2C33 > 0, (A.3)

2[C5C55(C33C15 — C13Ch3) + C15C35(CypC3 — C15Cp3)
+C,5C35(C1 Co3 — C1pCp3)] = [C1(Cy Cpp — CT)
+Cs5(Cpy CppCs3 = €y Cyy = CppCly = C33Ch, + C13C13C3)] > 0
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Trigonal system:

Cyy = Cpp > 0:(Cyy + Cpp)Cyy — 2CE > 0;

(A4
(Cyy = Cp)Cyy —2CY, >0
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