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Defect formation and migration in MAlB (M = Mo, W) and N2AlB2 (N = Cr, Fe):
A first-principles study
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The exceptional properties of MAB phases (where M = transition metal, A = aluminum, and B = boron) make
them a promising option for various applications. However, their usage in most fields requires an understanding
of the defect formation and migration processes, which can aid in designing durable and functional materials.
Through density functional theory calculations, we investigated the stability and mobility of the most prominent
point and extended defects in MAlB (where M = Mo and W) and N2AlB2 (where N = Cr and Fe) MAB
phases under different chemical conditions. Our findings indicate that VB/NAl is the easiest defect to form under
M/N-rich conditions. We observed that vacancy and antisite defects form more easily than interstitial ones in
all studied systems. We also investigated different extended structural defects and stacking faults and revealed
the stability of relevant compositional defects and tilt/rotational boundaries in MAlB and N2AlB2. Our results
suggest that these systems can likely be synthesized by tuning the experimental conditions. We additionally
observed grain boundary formation in N2AlB2 and compared our findings with relevant experiments.

DOI: 10.1103/PhysRevMaterials.7.053610

I. INTRODUCTION

The atomically laminated layered ternary transition metal
borides, the so-called MAB phase (where M = transition
metal, A = aluminum, and B = boron) in analogy to the well-
studied similar compounds (known as the MAX phase), have
been shown to exhibit promising properties and have found
application in various fields [1]. They have been reported to
have a high melting point, high strength, high decomposi-
tion temperature, and high-temperature diffusion barrier [2,3].
They are known to possess close resemblance to their binary
borides and are precursors toward the formation of quasi-two-
dimensional MBene materials [3]. Generally speaking, the
structure of the MAB phase can be described as consisting of
boron atoms coordinated by six transition metal atoms. The
MAB phase typically adopts the orthorhombic crystal struc-
ture, which comprises M-B blocks made up of face-sharing
trigonal prisms that are separated by Al layer(s) [4]. Recently,
a hexagonal symmetry has also been reported for Ti2InB2 [5].
This discovery has opened a route for further probing of the
likelihood of expanding the composition and crystal structure
space of the MAB phases [6].

Recently, the MAB phases have been considered as
materials for various applications in aerospace, mining,
nuclear reactor, and energy applications that require high-
performance materials capable of performing under very
demanding scenarios, especially at high temperatures [2,7].
Moreover, these materials should be capable of withstand-
ing chemical attacks, high-energy radiation, and mechanical
wear and tear [8]. Some of the traits needed to realize the
aforementioned applications have been reported for the MAB
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phases. Specifically, MoAlB has been found to be stable
up to 1600 ◦C owing to the formation of Al2O3 scales that
serve as a protective covering [9]. Similarly, there have been
reports for crack healing [8], grain delamination, and crack
deflection [10–12]. However, there is a need for synthesis at
a lower temperature if the potentials of these materials are
to be realized. While the radiation tolerance capabilities of
the MAX phases have been established, it is expected that
the similarity in structure between both phases could translate
to this capability in the MAB phases [13]. Recent studies in
fact showed that MoAlB does not suffer from the radiation-
induced cracking often observed in the MAX phases, although
radiation-induced amorphization was reported [8,14,15]. This
suggests that MAB phases might be promising materials for
applications that involve radiation. Buoyed by the impeccable
performance of the MoAlB, there has been increased research
in similar materials. For example, the WAlB and other similar
materials have been attracting interest and efforts have been
made to characterize them. These efforts have been ham-
pered by the difficulty in the synthesis of the bulk form of
these kinds of materials [8,16]. Furthermore, Ade and Hille-
brecht’s report on the synthesis and growth of Cr-based MAB
phases offers more insight into the behavior of this class of
material [3]. They reported similarities of the MAB phases
with orthorhombic binaries and suggested a structure-property
relationship.

The applicability of the materials for various purposes
is heavily determined by the behavior of defects. A com-
prehensive understanding of defect energetics is important
to improve material performance [4,13]. This is particularly
important for the MAB phases, in addition to point defects,
as there have been reports of deviations from the pristine
crystal structure evidenced by the appearance of twist/twin
boundaries and stacking-fault-like defects in some of the
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MAB phases synthesized [2,13]. Specifically, these investi-
gations have revealed the presence of structural defects like
twist boundaries, intergrown compositional defects, and twin
boundaries. The stability of materials is certainly affected
by these defects, which can be thermally induced or formed
during irradiation. A detailed characterization of the defect
behavior is lacking for several compounds in the MAB phase,
especially the stability of the deviations from pristine MAB
reported experimentally. Moreover, the defects in crystals
have been the subject of intense investigations that are useful
in understanding the thermodynamical stability, decomposi-
tion into competing/secondary phases, and mass transport.
Efforts have been made to calculate the defect formation en-
ergy in the MAX phase and some compounds crystallizing
in the MAB phase [8,13]. The findings have helped not only
in providing insight into the applicability of these materials
but also valuable insight on how to improve their material
properties [17].

Density functional theory (DFT) with appropriate
exchange-correlation functionals is a reliable tool to
characterize different properties of materials including
defect energetics [9]. It is capable of predicting the stability
of materials and is often employed for calculating properties
that are either not possible experimentally or too expensive
to investigate. The stability of different MAX and MAB
phases has been studied using DFT calculations [13,18–22].
Attempts have also been made to investigate defect energetics
in some of the MAB phases [13,14]. Previously, using DFT
calculations, the defect recovery process in Fe2AlB2 was
shown to be very effective [9]. One of the important factors
that determine the reliability of the model used to calculate
the defect formation energy is the size of the simulation
cell adopted. Hence, choosing a large supercell is essential
to minimize defect-defect interactions which normally
contribute to an inaccurate prediction of defect energetics.
This is particularly important in order not to incorrectly
estimate the defect energetics.

This work aims to calculate the formation energy of var-
ious defects and predicts the most likely types of point
and extended defects found in the MAB phases using first-
principles calculations. Different sizes of supercells were
adopted in order to unravel the role of defect-defect interac-
tion on the energetics calculated. We also characterized the
stability of structural and compositional defects, which have
been experimentally reported to form in each of the systems
under investigation. The migration of the most prominent
point defects was investigated. Finally, the formation of grain
boundaries was searched by calculating grain boundary for-
mation energies. Although this work focuses on the MAB
phase, the inferences drawn from this investigation will aid
in understanding other materials used for similar applications.

II. COMPUTATIONAL DETAILS

We employed first-principles calculations based on density
functional theory (DFT) as implemented in the Vienna ab ini-
tio simulation package (VASP) [23–26]. The Perdew-Burke-
Ernzerhof flavor of the generalized gradient approximation
was employed for all calculations [27,28]. The electron-
ion interactions were considered by employing the projected
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FIG. 1. Crystal structure of optimized 4 × 4 × 1 supercell of
(a) MAlB and (b) N2AlB2 system.

augmented wave (PAW) method [29,30]. Our choice of
functional was found to reproduce experimental results re-
markable well. Additionally, we previously demonstrated by
assessing various exchange-correlation functionals includ-
ing GGA-PBE, GGA-PBE + U, SCAN, and dynamical mean
field theory that the GGA-PBE functional is capable of in-
vestigating key properties, such as the magnetic ground state,
magnetic moments, and lattice parameters, of MAB phases
despite the existence of transition metals [22,31]. We studied
MAlB (M = Mo, W) with the space group of Cmcm and
N2AlB2 (M = Cr, Fe) with the space group of Cmmm, see
Figs. 1(a) and 1(b), with two different supercell sizes, namely
a 2 × 2 × 2 cell (96 atoms for MAlB, 80 atoms for N2AlB2)
and a 4 × 4 × 1 cell (192 atoms for MAlB, 160 atoms for
N2AlB2). The lattice parameter and atomic positions were
fully relaxed with a Monkhorst-Pack scheme employed for
the integration of the Brillouin zone. The k mesh was chosen
according to the size of the simulation cell. The kinetic energy
cutoff of the plane wave basis was set to 520 eV. The energy
convergence criterion was set to 10−6 eV, while the force con-
vergence criterion of the ionic steps was 10−2 eV/Å. In order
to obtain accurate structural parameters, the lattice parameters
and internal coordinates were fully optimized. The climbing
image nudged elastic band (CI-NEB) method was applied
to construct the minimum energy paths for the migration of
different point defect types [32,33].

III. RESULTS AND DISCUSSION

A. Point defects

MAlB (where M = Mo and W) and N2AlB2 (where
N = Cr and Fe) MAB phases crystallize in the orthorhombic
crystal structure as denoted in Fig. 1. The calculated lattice
parameters are presented in Table I and in agreement with the
available experimental results.

After obtaining the structural properties of the defect-free
systems, we proceeded to calculate the energy of formation
of the different point defect types in the systems under in-
vestigation. Defects in materials are important as they control
the various material properties [35]. In each system, we con-
sidered all symmetrically nonequivalent lattice sites for the
formation of the vacancies, interstitial, and antisite defects
and we only reported the most stable defect configurations.
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TABLE I. Calculated lattice parameters (in Å) and comparison
with available experimental results.

This work Experiment [1,3,34]

MoAlB a = 3.22 3.20
b = 14.11 13.92
c = 3.12 3.09

WAlB a = 3.22 3.20
b = 14.01 13.91
c = 3.11 2.91

Cr2AlB2 a = 2.98 2.94
b = 11.13 11.05
c = 3.02 2.97

Fe2AlB2 a = 2.910 2.9287
b = 11.11 11.0313
c = 2.92 2.869

To calculate the energy of the formation of these defects,
it is essential to establish a valid chemical potential range.
The chemical potentials are governed by equilibrium con-
ditions as well as the restriction on the appearance of the
unwanted secondary and/or competing phases. The latter
used here were obtained from the Materials Project [36],
Springer Materials [37], and previously published works on
the MAB phases [38,39]. In order to ensure stable MAlB and
N2AlB2 compounds at equilibrium, the chemical potentials of
the constituents in each compound need to satisfy the follow-
ing conditions:

�μM + �μAl + �μB = �μE f (MAlB) , (1)

2�μN + �μAl + 2�μB = �μE f (N2AlB2 ) . (2)

Here �μM, �μAl, �μB, and �μN are the relative chemi-
cal potentials of M, Al, B, and N, respectively. In addition,
�μi = μi − μo

i , and μo
i is the atomic chemical potential in

the elemental solid state of the atom involved. To prevent
the formation of competing phases, the formation energy of
MAlB and N2AlB2 needs to be lower than that of the com-
peting phases. Taking this and the different equations for the
competing phases into consideration, we obtained the stability
limits for each system and show them in Fig. 2. The competing
phases and the formalism culminating in the stability limits
adopted for all the compounds are presented in the Supple-
mental Material (see Figs. S1–S4) [40]. The points mark the
regions where the secondary phases cannot be formed, and
are labeled as points I–VI in the stability diagram in Fig. 2.
Points I and VI show M- and N-rich conditions, while points
II and III depict Al-rich conditions. Boron-rich conditions are
marked at points IV and V. Having established a stability
limit for the chemical potential, we computed the formation
energies for the different defect types using the following
expression:

E f = Edefected − Epristine +
∑

niμi, (3)

where Edefected and Epristine are the total energies of a supercell
with and without the defect, respectively. ni and μi are the
numbers of atoms involved in the defect formation and their

FIG. 2. Stability diagram for (a) MoAlB, (b)WAlB, (c) Cr2AlB2,
and (d) Fe2AlB2.

chemical potentials, respectively. The defects considered in
this work include M, N, Al, and B vacancies and interstitials.
We also included all possible antisite combinations for each
system. First, we calculated the defect formation energies for
2 × 2 × 2 and 4 × 4 × 1 supercell structures to assess the
effect of simulation cell dimensions on the defect formation
energies. Figure 3 denotes the results for MoAlB, where Mo,
Al, and B vacancies were selected. The first observation is that
the defect formation energies markedly depend on the chemi-

FIG. 3. Vacancy formation energies in MoAlB calculated using
a 2 × 2 × 2 (bottom) and a 4 × 4 × 1 simulation cell (top).
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FIG. 4. Calculated defect formation energies for (a) MoAlB and (b) WAlB as a function of the atomic chemical potential. The first row is
the vacancy formation energies and the second row shows the antisite and interstitial formation energies.

cal potential. In order to determine the effect of defect-defect
interaction, we calculated the defect formation energy using
a 4 × 4 × 1 supercell. We found that the 2 × 2 × 2 supercell
overestimates the defect formation energy by up to 0.5 eV, as
seen in Fig. 3. Therefore, in the rest of the paper, we only
discuss results obtained using the 4 × 4 × 1 simulation cell to
elucidate the properties of isolated defects.

The defect formation energy for MAlB as a function of the
stability limits established above is shown in Fig. 4. From the
computed defect formation energies for MoAlB, we observed
that at point I (i.e., Mo-rich), VB has a lower formation energy
than VMo and VAl. From point I to II, the defect formation
energy increases for both VB and VAl, while we observed a
decrease for VMo. At point II (i.e., Al-rich), the difference in
the defect formation energies for all vacancies reduces and
becomes even smaller as we move to points II–IV, where the
defect formation energies are not too different. At point V
(i.e., B-rich), the difference in the formation energy begins
to increase again with the defect formation energy of VMo

to be increased sharply until it reaches a maximum value
at point VI. Conversely, the defect formation energy of VB

reduces to a minimum value, and the value for VAl remains
almost unchanged. We found a similar behavior for WAlB [see
Fig. 4(b)]. Noteworthy, however, is that the defect formation
energy is generally lower in WAlB than in MoAlB, although
the defect formation energies for VMo and VW still remain
very high in both systems. That VB at rich M is very small
shows the impact of the chemical potential on the defect
formation energetics in MAlB. Also, the formation energy of
VB is generally very low.

The antisite and interstitial defects are shown in the sec-
ond row of Figs. 4(a) and 4(b). The formation energies can
be roughly divided into three main groups. The first group
comprises the Mo/W interstitial defects. We found that the
Mint are the most difficult to form of all the point defect
types considered irrespective of the chemical potential. The
second group includes Alint, BW, and WB, and this group
forms the next most difficult defects to form. From the second

group, we begin to observe the dependence of the formation
energy on the chemical potential. This behavior is particularly
more pronounced in the third group which comprises MAl,
AlM, and BAl. The most favorable defect types in this group
and the value of the defect formation energy depend heavily
on the stability of the chemical potential. For MAlB, we
found that the M interstitial defects are very difficult to form
with formation energy larger than 10 eV in both systems,
which is attributed to the size of metal atoms relative to the
interstitial sites. This observation is valid irrespective of the
atomic chemical potential. The formation of metal interstitials
has been found experimentally to be detrimental to the defect
recovery process and our calculations have lent credence to
this as we have shown the prohibitive cost of their formation.
The more favorable defects to form in this category are the
MoAl, AlMo, BAl antisites.

For N2AlB2, the defect formation trend is different from
those described above for the MAlB. Specifically, unlike in
MAlB where VM is the most difficult vacancy to form, the
VAl is the most difficult vacancy to form in N2AlB2. For
Fe2AlB2, the formation of VAl is the hardest and it depends on
the atomic chemical potential with its formation more favored
under the Fe-rich conditions. Although the VB defect is still
the most favorable vacancy defect in Cr2AlB2 and Fe2AlB2,
there is a competition with VCr notably under the Al-rich con-
dition (point II) in Cr2AlB2 and rich Al/B condition (points
II and IV) in Fe2AlB2. Similar to the MAlB systems, we
found that the metal interstitial defects are the most difficult
ones to form irrespective of the atomic chemical potential in
N2AlB2. However, the formation energies are much lower (see
Fig. 5). While CrAl was calculated to be the most favorable
to form in Cr2AlB2, the values obtained for Fe2AlB2 show
that AlB and FeAl antisites are more favorable depending
on the atomic chemical potential. The defect formation energy
of CrAl is very small and calculated as the lowest energy defect
in Cr2AlB2.

The trend in the defect formation energies observed
for MAlB and N2AlB2 has previously been linked to the
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FIG. 5. Calculated defect formation energies for (a) Cr2AlB2 and (b) Fe2AlB2 as a function of the atomic chemical potential. The first row
is the vacancy formation energies and the second row shows the antisite and interstitial formation energies.

crystal structure of the MAB phases [41]. Our investigation
clearly shows that in addition to the crystal structure and
the number of Al layers, the type of the metal determines
the defect energetic in the MAB compounds. Moreover, Iz-
abela and co-workers reported that the order of tolerance to
defects increases as the number of B network and Al layers
increases [14]. Understanding the order of tolerance in these
materials is the key to gaining a deeper insight into the re-
covery processes. Further analysis of the energetics revealed
that, generally, the vacancies and antisite defects are easier
to form in each of the systems under investigation. Intersti-
tials, on the other hand, are much more difficult to form,
especially metal interstitials. The vacancy formation energies
are quite close to the antisite formation energies and both
defects could compete or interact while these materials are in
operation.

To comprehend the variations in the defect formation
energies of MoAlB and WAlB, we explored the potential
factors that can impact the defect formation energetics in both
systems. Initially, we observed comparable alterations in vol-
ume and local structural relaxation during defect formation.
Specifically, we determined a difference of 0.04%, 0.16%, and
0.10% in volume expansion between MoAlB and WAlB for
the formation of M, Al, and B vacancies, respectively. Sub-
sequently, we examined the chemical bonding in the systems
under investigation and evaluated the covalent bond strength
in the materials using integrated crystal orbital Hamilton pop-
ulation (ICOHP) analysis. To do this, we employed the Local
Orbital Basis Suite toward Electronic-Structure Reconstruc-
tion (LOBSTER) code [42–44]. In the Supplemental Material
[40], Tables S3 and S4 show the calculated ICOHP values for
various M/N-Al, M/N-B, M/N-M/N, Al-B, and B-B bonds
in MAlB and N2AlB2. As shown in Tables S3 and S4, B-B and
M-B bonds are stiffer than all other bond types. Comparison
of the ICOHP values for MoAlB and WAlB shows that WAlB
exhibits slightly stronger covalent character. Throughout the
chemical potential range we examined, the formation energies
of antisite defects M/NAl and AlM/N are relatively lower. This

trend is associated with smallest ICOHP values of M/N-Al
bonds in the respective systems. However, the calculated
ICOHP values alone do not provide a comprehensive under-
standing of the defect energetics across the entire chemical
potential range studied. At this point, we should note that
the defect energetics in MAB phases are likely influenced
by a combination of covalent, ionic, and metallic chemical
bonding. Further analysis reveals that the disparity in the de-
fect formation energies between MAlB and N2AlB2 primarily
stems from the chemical potentials utilized in the calculation
of the defect formation energies.

B. Extended structural defects and stacking faults

Experiments showed that structural defects are inherent
in the MAB phases [13,34,45]. Using analytical aberration-
corrected scanning transmission electron microscopy, Hult-
man et al. confirmed the existence of deviations from pristine
structures such as a tilted boundary, a twisted boundary, and
a number of stacking faults observed in some of the MAB
phases [34]. Similarly, Christiana et al. demonstrated the
presence of these structural deviations and opined that they
might have a strong impact on the feasibility of Al deinter-
calation and consequently in the formation of 2D MBenes
[13]. They also reported that these stacking faults comprise
layered domains. For MAlB, we considered eight different
stacking faults. This includes a scenario where an MB layer
resides next to another one with two missing Al layers be-
tween them (here referred to as Al-missed), which resembles
orthorhombic MB; see Fig. 6(a). In Fig. 6(b), we represent
a compositional defect (labeled as cd), where two adjacent
Al layers are substituted by a twisted MB layer to mimic a
bulk MB compound with space group I41/amd. Those two
structural defects are included since bulk MB is a competing
phase for the MAB compounds. Compositional defects, where
the relative concentrations of Mo and B are varied, were
also considered. Here, we represented such variations as cd-1
(with M4B5), cd-2 (with M4B6), and cd-3 (with M3B4); see
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FIG. 6. Schematics of the structural defects in MAlB showing
(a) Al-missed, (b) inserted, (c) cd-1, (d) cd-2, (e) M2AlB2-type
defect, (f) shifted, (g) cd-3, (h) twist boundary.

Figs. 6(c), 6(d), and 6(g). Several previous works reported
the presence of twist boundaries in MAlB-type MAB phases
[34,45]. The twist fault is as shown in Fig. 6(h). A stacking
fault with the same atomic layer sequence as the N2AlB2-
type MAB phase is represented as M2AlB2 in Fig. 6(e). Lars
et al. concluded that if synthesized it would represent a new
M-Al-B phase [2]. Figure 6(f) shows a stacking fault where
a M2AlB2 subunit is shifted by a half lattice parameter along
the [010] direction.

For N2AlB2, owing to the ordering of the N and B atoms in
the N-B sublattice being similar to the bulk NB (for example
orthorhombic CrB structure with Cmcm space group) adopted
during synthesis, it is worth considering the formation of the
NB embedded into N2AlB2. We considered two variations of
this scenario, namely NB-1 and NB-2, as denoted in Figs. 7(a)
and 7(b). The two other configurations considered in this
category include the rotation of one layer of the NB layer
(NB-rot-1) around the [001] direction, see Fig. 7(c), and the

NB(a) N  AlB2 2 N  AlB2 2

NB(b) N  AlB2 2 N  AlB2 2

(c)

(d)

N  AlB2 2 N  AlB2 2

N  AlB2 2 N  AlB2 2

FIG. 7. Schematics of the structural defects in N2AlB2 showing
(a) NB-1, (b) NB-2, (c) NB-rot-1, (d) NB-rot-2.

rotation of two adjacent NB layers (NB-rot-2) around the
[001] direction followed by a half lattice constant translation;
see Fig. 7(d).

The stability of these structural deviations can be deter-
mined by quantifying their formation enthalpy. We modeled
these systems by replicating the features of these defects using
supercell structures. To this end, we calculated the formation
energies of the different complex defect types that have been
identified. The formation energy per atom is calculated using
the following expression [13]:

E f = [
EMxAlyBz − (xEM + yEAl + zEB)

]/
(x + y + z). (4)

Here EMxAlyBz is the energy of the system with the complex
defect, and EM, EAl, and EB are the bulk energies of M
(Mo/W/Cr/Fe), Al, and B, respectively. x, y, and z are the
number of corresponding atoms in the simulation cell. This
expression represents the formation of an MAB phase with an
extended defect from elemental bulk precursor of constituent
atoms, such as bcc Mo. The energetics of defect formation
for MAlB are shown in Fig. 8. It should be noted that the
energy difference between the different defect configurations
is extremely small. The highest difference is approximately
0.05 eV per atom. A similar trend was obtained in the case
of WAlB with similar energy differences between configura-
tions. In both systems, we found the lowest formation energies
mainly occur for defects with extended Al vacancies, such as
Al-missed, inserted, and M2AlB2. However, it is worth noting
that very small energy differences between configurations (on
the order of a few meV/atom) implies that each of these
configurations can equally likely form [46].

The calculated energetics for N2AlB2 systems are shown
in Fig. 9. The energy difference between configurations
is also small here, although unlike in the case of MAlB
where a similar trend was observed for MoAlB and WAlB,
here there is a marked difference in behavior for some of
the structural defects. In particular, we found that while the
NB-1 configuration (followed by NB-rot-2) is favored in
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FIG. 8. Calculated formation energies of various structural de-
fects in MoAlB and WAlB.

Cr2AlB2, the NB-Rot-1 configuration is favored in Fe2AlB2.
This observation is in agreement with the experiment, where a
stoichiometric NB-rot-2 type defect was observed [34]. Even
though NB-rot-1 involves 90◦ rotation of one layer of NB, it
disrupts the bonding environment as compared to the rest of
the system. However, in NB-rot-2, all NB layers preserve the
bonding environment as before the rotation. Our results are in
line with experiments where the multiple CrB layers (likely
even number of layers to minimize the formation energy)
were rotated [34]. In the NB-2 configuration, the structural
defect part contains a hexagonal arrangement of B atoms
sandwiched between Cr atoms, which resembles Cr2B3 and
the Cr-B subunit of Cr3AlB4. The latter compound has been
already synthesized [3].

Equation (3) cannot be applied to determine the formation
energy of extended defects that possess identical stoichiom-
etry to that of the perfect crystal. Another way of assessing
stability of stoichiometric extended defects is to utilize the
following expression:

E sto
f = Edefected − Epristine

A
, (5)
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FIG. 9. Calculated formation energies of various structural
defects in Cr2AlB2 and Fe2AlB2.

where Edefected is the total energy of the supercell with an
extended defect, Epristine is the total energy of the same number
of formula units of perfect bulk crystal, and A is the cross-
sectional area of the extended defect. E sto

f is 10 meV/Å2 for
the twisted defect in MoAlB, and it becomes 9.3 meV/Å2

for WAlB. The NB-rot-2 structure, a kind of twisted defect
where two NB units are involved, has a very small formation
energy of less than 1 meV/Å2 in Cr2AlB2, meaning that
this defect is very likely to form in line with experiment
[34]. However, Fe2AlB2 exhibits a slightly higher value of
6.5 meV/Å2. We also utilized Eq. (3) for the nonstoichio-
metric extended defects. When exposed to Al-deficient and
Mo/B-rich conditions (i.e., point I on the phase diagram),
the formation energies (Enonsto

f ) of extended nonstoichiomet-
ric defects such as Al-missing, Mo2AlB2-type, and inserted
are −0.16 eV, −0.08 eV, and −0.50 eV, respectively. This
means that these defects can spontaneously form under Al-
poor conditions. On the other hand, Al-rich conditions lead to
the formation energies that are positive and can range from
0.74 eV to as high as 2.58 eV. For other nonstoichiometric de-
fects, Enonsto

f varies between 0.89 and 1.84 eV. In the previous
application of Eq. (3) for the extended defects, we changed
the number of Mo and Al atoms while keeping the B atom
concentration constant. In other words, we merely added and
removed Mo and Al atoms in Mo1±xAl1±yB. However, for the
inserted defect, Enonsto

f becomes +2.58 eV at the point III,
which corresponds to B/Mo-poor and Al-rich conditions. For
Cr2AlB2, Enonsto

f is negative for NB-1 at the points I, IV, V, and
VI. However, NB-2 has a slightly negative formation energy
at the points IV and V. The formation of NB-1 is always
more favorable compared to NB-2. In contrast to MoAlB, the
Al-missing and W2AlB2-type defects in WAlB exhibit pos-
itive formation energies of 0.02–0.42 eV and 0.42–0.82 eV,
respectively, and it is very unlikely that a W2AlB2-type defect
would occur regardless of the chemical potentials. However,
at the point I on the phase diagram, the formation energy of
an inserted defect is −1.30 eV, indicating a high likelihood
of its formation. For all the chemical potentials considered,
the NB-2 defect is unlikely in Fe2AlB2, despite its similar
behavior to Cr2AlB2.

C. Grain boundaries

Grain boundaries (GBs) strongly affect a material’s me-
chanical properties including hardness, brittleness, creep
strength, corrosion resistance, fatigue strength, and weldabil-
ity. In addition to the point and extended structural defects, we
modeled the tilt grain boundary observed for Fe2AlB2 [34].
We also constructed the same grain boundary for Cr2AlB2

to compare these two MAB phases. Figure 10 shows this tilt
boundary, where the boundary plane is (100) and the tilt axis
is [010]. The tilt angle is approximately 31.80◦ as consistent
with the experimental observation (29.78◦). The grain bound-
ary energy (γGB) is defined by the following expression,

γGB = EGB − NGBEbulk

2AGB
, (6)

where EGB and NGB are the total energy and number of atoms
of the GB structure, respectively, AGB is the cross-sectional
area of the GB, Ebulk is the energy per atom of the bulk, and the
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tilt grain boundary[100]

[001]

FIG. 10. A structural model of a tilt grain boundary. Black dashed lines enclose the simulation cell where two-grain boundaries are formed.
Two brown dashed rectangles enclose conventional cell structures, which are tilted with respect to each other at the opposite sites of the grain
boundary. Red (yellow) filled circles point out the Fe atoms at the right (left) side of the boundary.

factor of two in the denominator to take into account the two-
grain boundaries present in our GB model. Based on above
relation, γGB is found to be −0.002 for Fe2AlB2 and 0.002
eV/Å2 for Cr2AlB2. It should be noted that GB for Fe2AlB2

has an unphysical negative γGB value that is very close to zero.
This can be attributed to small numerical convergence errors.
Here, we considered twin boundaries which are well known to
have extremely small GB energies (on the order of 0.02 J/m2

or 0.002 eV/Å2), such as for fcc Sr, Ni, and Al [47,48].
To understand tilt grain boundary formation in Fe2AlB2

and not in Cr2AlB2, we computed surface energies for the
(100) surface using the following expression,

σsurf = Esurf − NatomsEbulk

2A
, (7)

where Esurf is the total energy of surface slab. Ebulk is the
calculated total energy of bulk. A is the surface area. Esurf

is 0.18 for Fe2AlB2 and 0.22 eV/Å2 for Cr2AlB2, implying
that the twin boundary formation is more likely in Fe2AlB2 in
line with experimental observation [34]. In our grain bound-
ary structure, the chemical environment (such as coordination
numbers) of the Fe, Al, and B atoms is not too different than
that in the pristine structures. The bond lengths as a function
of distance from the boundary are quite similar with a vari-
ation of at most 0.1 Å. Fe2AlB2 has a ferromagnetic ground
state where the magnetic moment for the Fe atom is 1.37 μB.
The formation of the grain boundary changes the magnetic
moments by at most 0.05 μB.

Another GB property is the work of separation Wsep, which
is a measure of the energy required to cleave the GB into the
free surfaces and is correlated to the fracture toughness. Wsep

is given by the following expression,

WGB = 2σsurf − γGB, (8)

where σsurf is the corresponding surface energy for the facet
(hkl) formed by cleaving the GB. As this equation points
out, there is a negative correlation between GB energy and
work of separation. WGB becomes approximately 0.36 eV/Å2

(or 5.77 J/m2) for Fe2AlB2 by assuming a negligible grain
boundary energy.

D. Defect migration

Table II shows the calculated diffusion barriers. We con-
sidered only vacancy migration as the migration of antisites
will require exchange with a neighboring atom and it has
been shown to be energetically unfavorable [14]. From the
result obtained, VAl possesses the lowest vacancy migration
barrier in MoAlB and WAlB as compared to Cr2AlB2 and
Fe2AlB2. The reason for this phenomenon can be explained
by the presence of two layers of Al in MAlB, which creates
an extra pathway for vacancy diffusion across these Al layers.
According to ICOHP analysis, the covalent bond strength
between Al atoms is generally weaker than that between Al-M
(M = Mo and W) and Al-B. This weak bonding between Al
atoms facilitates the easier movement of Al vacancies between
the Al layers, as observed in the Supplemental Material [40].

However, VB has the lowest diffusion barrier in Cr2AlB2

and Fe2AlB2. Our results show that the migration of Mo,
W, Cr, and Fe is not favorable. Interestingly, the ease in the
formation of VB in all of the three systems does not trans-
late to ease of migration. Nevertheless, the diffusion barrier
values for VB are significantly lower than those of VM and
comparable with that of VAl. Within the transition state model,
the defect’s mobility is determined by the frequency of jumps
between neighboring minimum energy sites via the following
expression,

ν = ν0 exp

(
− Eb

kBT

)
, (9)

where Eb is the migration barrier and ν0 is the attempt
frequency (see Fig. 11). The latter typically has a value
∼1012–1013 Hz and usually does not depend very critically
on the type of defect. In contrast, different values of Eb for
different defects easily result in ν varying by several orders

TABLE II. Calculated migration barrier of vacancies for MAlB
and N2AlB2 in eV.

System VM VAl VB

MoAlB 5.39 0.45 0.66
WAlB 6.07 0.46 0.65
Cr2AlB2 4.68 2.17 0.72
Fe2AlB2 3.32 1.33 0.44
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FIG. 11. Calculated vacancy migration barrier energies for
(a) MoAlB and (b) WAlB.

of magnitude. Assuming an Arrhenius behavior with taking
ν0 = 1013 Hz, the attempt frequencies for vacancies are found
and summarized in Table III. Our calculations lead to high
hopping frequencies ν for the VAl and VB vacancies in MAlB
in the range 109–1010 Hz at 1000 K. Transition metal atoms
are barely mobile and mass transport in MAB phases occurs
via Al and B vacancies.

Our calculated defect energetics provides a detailed insight
into the behavior of these materials with respect to defect
formation and migration. Materials used for high-temperature
applications are expected to have temperature change re-
sistance mechanisms. For instance, MAX compounds like
Ti3AlC2 and Cr2AlC exhibit resistance to thermal shock, and
this behavior is attributed to energy-absorbing mechanisms
which consume the thermal shock strain energy [49]. When
there is a change in temperature leading to the surface cracks,
the oxidation reaction is triggered, and Al2O3 layer forms.
It was found that, in the MAX phase, when this occurs, the
Al2O3 film fills the cracks, thereby enhancing the recovery
strength of the material. A similar mechanism is accrued to the

TABLE III. Attempt frequencies (in Hz) calculated at 1000 K for
vacancies.

System VAl VB

MoAlB 5.40 × 1010 4.72 × 109

WAlB 4.81 × 1010 5.30 × 109

Cr2AlB2 1.16 × 102 2.35 × 109

Fe2AlB2 1.98 × 106 6.06 × 1010

MAB phase, specifically for MoAlB. Our calculated migra-
tion energies show that VAl is the easiest to migrate in MAlB
systems, while they are not in N2AlB2 systems. We can here
claim that the Al atoms migrate to the surface where the oxida-
tion reaction takes place, and hence M and B locally form MB.
The formed surface Al2O3 layer behaves as a protective layer
and protects MAlB from further oxidation. This observation
is in fact reported for MoAlB. Zhou et al. investigated the
shock resistance capabilities of MoAlB by water quenching
and found that the Al2O3 layer is formed by the mechanism
described above [50]. They also reported that MoAlB has a
better thermal shock resistance than Fe2AlB2, an observation
that could be linked to the higher migration barrier of VAl

in Fe2AlB2. To strengthen our claim mentioned previously,
we calculated Al vacancy formation energy as a function of
position with respect to the surface layer of MoAlB. We only
considered the two lowest energy surfaces, namely (010) and
(111), of MoAlB. We found that creating Al vacancies on the
surface of the (111) surface costs more energy as compared to
those within subsurface layers by 0.25 eV for the first subsur-
face layer and 0.61 eV for the second subsurface Al layer. The
vacancies migrate by interchanging with the nearest-neighbor
ions in the lattice. In this respect, the Al vacancies (Al atoms)
move deeply into (toward the surface of) MoAlB, which leads
to the formation of nonstoichiometric MoAl1−xB domains. In
a recent paper, the formation of a mesoporous α-MoB phase
was demonstrated via a series of metastable intermediates in-
cluding MoAl1−xB, Mo2AlB2, and Mo2AlB2-AlOx, which are
ultimately derived from MoAlB. All of these steps involve the
formation and migration of Al vacancies and stacking faults
[51]. Furthermore, the simultaneous formation of structural
extended defects and stacking faults in MAlB and N2AlB2

as described can be rationalized depending on the chemical
potentials or experimental conditions. Indeed, a recent exper-
iment already showed that some of these defects coexist with
pristine structures [13]. The presence of excess point defects,
such as Al vacancies, can lead to the formation of extended
defects as they have a tendency to migrate relatively easily,
for instance, in MoAlB.

One of the hallmarks of the MAB phases is their semblance
to their binary borides. Interestingly, while our calculated
defect formation and migration energetics depict similarities
in MoAlB and WAlB, there are some evident differences in
the defect behavior of Cr2AlB2 and Fe2AlB2. Notably, the cal-
culated vacancy migration energies show marked difference
in magnitude. Previously, it has been shown that while the
formation of Cr2AlB2 is a result of high-temperature inter-
calation of Al atom between CrB layers, in the formation of
Fe2AlB2, Al does not readily intercalate into the FeB structure
[52]. A reconstructive reaction is required for the formation
of Cr2AlB2. The formation and decomposition of Fe2AlB2

involve the formation of the Fe-Al intermetallic phases, sup-
ported by our calculation where relatively easy formation of
the B vacancy facilitates the formation the Al antisite defect
at the B site. This reaction combined with easy migration of
the B vacancy gives rise to free B, which is hardly observed
in XRD due to its amorphous nature [52].

Finally, as is known, the exfoliation of MAB phases into
two-dimensional MBenes is extremely challenging. Compar-
ing formation energies and diffusion barriers of Al and B
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vacancies, one can realize that intact isolation of MB layers
from MAB phases is unlikely due to the comparable energet-
ics of these two defects.

IV. CONCLUSION

We calculated the defect formation energetics and migra-
tion in MoAlB, WAlB, Cr2AlB2, and Fe2AlB2. The aim is
to provide insight into the behavior of both point and ex-
tended defects in these materials. Due to the significant impact
that chemical potential has on the formation of defects, we
first determined the limits of the chemical potentials to pre-
vent the formation of competing phases. Our investigation
revealed that chemical potential influences the formation of
vacancy defects in MAlB more than in N2AlB2. For the
vacancy defects, M/N vacancies are the least favorable in
M/N-rich conditions. The dependence of the formation of
antisite and interstitial defects on chemical potential in both
classes of material is less pronounced. While the M inter-
stitials are prohibitively expensive to be created in MAlB,
they are more favorable in N2AlB2. Overall, in each of the
systems, the vacancy and antisite defects form easier than
interstitial ones. Furthermore, our investigation of the defect
migration revealed that the Al vacancy is the easiest to migrate
in MAlB but is more difficult in N2AlB2, and hence provided

a basis for understanding the higher resistance capability of
the MoAlB as compared to Fe2AlB2. We also investigated
the stability of the different extended defects and stacking
faults observed in each of the systems and obtained trends
that are capable of guiding future synthesis of materials crys-
tallizing in the MAB phase. We may achieve the formation
of various extended defects and stacking faults depending
on the experimental conditions. For instance, unlike MoAlB,
the formation energies of the Al-missing and W2AlB2-type
defects in WAlB are positive, ranging from 0.02–0.42 eV and
0.42–0.82 eV, respectively. Therefore, it is highly unlikely that
a W2AlB2-type defect would form, regardless of the chemical
potentials. Finally, we characterized a tilt grain boundary ob-
served in N2AlB2. We related the grain boundary formation to
the surface energetics, and found an easier formation tendency
in Fe2AlB2 as opposite to Cr2AlB2 due to the lower surface
energy in the former.
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