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Transition metal borides, which are three-dimensional (3D) layered materials containing covalently bonded
B networks, have shown a number of excellent properties, such as radiation resistance and the ability to act
as a diffusion barrier in integrated circuits. However, defect behavior, which controls many of the materials’
properties, has remained unknown in these materials. Here, we investigate the effects of the B networks on
the defect chemistry in both binary borides (CrB, Cr;By4, Cr,B3) and ternary MAB phases (Cr,AlB,, Cr;AlBy,
Cr4AlBg) using first-principles calculations. We find that increasing the number of B rings in the structure leads
to lower formation energies and higher concentrations of Frenkel pairs. The results can be explained by the
fact that the strongest Cr-B bond is weakened when borides have more B rings, leading to a reduction in the
formation energy of Cr and B vacancies. Also, the bonds associated with Cr atoms bonded within B rings are
softer in structures containing more B rings, which allows Cr interstitials to form with a lower energy cost and
contributes to an increase in the concentration of Cr interstitials.

DOI: 10.1103/PhysRevMaterials.00.003600

I. INTRODUCTION

Binary transition metal borides have been shown to ex-
hibit many outstanding properties due to the presence of
covalently bonded B networks bonded to transition metals.
These properties include high melting point, high decom-
position temperature, and high hardness and strength [1,2].
However, applications of binary transition metal borides
have been limited because of their poor tolerance to oxida-
tion and thermal shock as well as intrinsic brittleness and
poor machinability [3]. Recently, layered ternary transition
metal borides called MAB phases (M: transition metal; A:
group III-A elements; B: B) have been found to exhibit
excellent properties, such as hardness [4,5], thermal and elec-
trical conductivities [6,7], magnetocaloric effect [8], oxidation
resistance [9,10], and radiation tolerance [11]. Moreover,
MBenes, exfoliated from bulk MAB phases, have emerged as
promising two-dimensional materials in applications such as
spintronic devices [12].

To make use of and to control the outstanding properties
of the transition metal borides, one has to take into account
defects because a finite concentration of defects always exists
and often governs material properties. For instance, dein-
tercalation of Al, a proposed pathway to the exfoliation of
MBenes from MAB phases, involves the formation of stack-
ing faults [13]. In the field of nuclear materials, it has been
recently reported that unstable Mo interstitials in MoAIB
create Mo, antisites that cannot be recovered easily and
lead to the poor tolerance of this particular MAB phase to
radiation-induced amorphization [11]. In integrated circuits,
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where Cr-B binaries can be used as diffusion barriers [14],
understanding defect behavior is also critical since impurity
diffusion is often vacancy mediated [15].

The goal of the current study is to bring insights into
how defect stability and concentrations depend on the atomic
structure of the transition metal borides. In particular, we have
chosen three binary Cr-B systems (CrB, Cr3B4, Cr;B3) and
three Cr-Al-B MAB phases (Cr,AlB,, Cr;AlB4, CrsAlBg).
These materials have been chosen for a few different reasons.
First of all, Cr-B systems have been used for high-temperature
applications, including diffusion barriers for integrated cir-
cuits [14] and wear-resistant coatings [16]. Secondly, varying
the composition while keeping the elements the same al-
lows us to study how defect stability depends on different
B networks, with the goal of extracting more general rules.
Specifically, as depicted in Fig. 1, B atoms in CrB and
Cr,AlB, form a single B chain and Cr3;B4 and Cr;AlB4 con-
tain two B chains that form a single layer of B rings, whereas
Cr,B3 and Cr4AlBg have three B chains that form two-B-ring
layers. Cr,AlB,, Cr3AlBy4, and CryAlBg are similar to CrB,
Cr;By, and Cr,Bs;, respectively, except for the addition of
the Al layers interleaving the Cr-B units. This set of the six
borides provides a testbed for understanding the effects of
covalent B rings (i.e., B chain vs one B ring vs two B ring)
on the formation of defects. In this report, we use density
functional theory (DFT) to investigate the defect chemistry
of the six borides and the effects of atomic structure on the
formation energies and concentrations of defects.

II. METHODS

DFT calculations were performed using the Vienna ab
initio simulation package [17] with the projector augmented
wave [18] and the generalized gradient approximation by
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(a) CrB (b) Crs3B,

C (d) CrzAIBZ ( ) Cr4A|Bs

b Qc o3 O
FIG. 1. Supercell for (a) CrB, (b) Cr3By4, (c) Cr,;B3, (d) Cr,AlB,,
(e) Cr3AlBy, and (f) CryAlBg.

Perdew, Burke, and Ernzerhof [19]. The plane-wave cutoff
energy of 400 eV and the energy tolerance of 0.5 meV /atoms
were used. For the six systems, different Monkhorst-Pack
k-point mesh sizes were used to optimize the geometry [20]:
CI‘B, CI’3B4, CI‘2A1B2 (7 x 7 x 5) and CI’2B3, CI’3A1B4,
CrsAlBg (9 x 9 x 3). The total energies of perfect struc-
tures as well as the energies of structures containing either
a vacancy or an antisite were calculated in 3 x 3 x 2 super-
cells for CrB, Cr;B4, CrAlB,, and CrzAlB4 and 3 x 3 x
1 supercells for CryBs and CrsAlBg. Interstitial calculations
required bigger supercells, which were determined based on
the results of convergence tests. To take into account the
magnetic properties of Cr-(Al)-B systems [21], the magnetic
moment was included in the DFT calculations.
The enthalpy of formation Hy for a defect is calculated as

Hy = [Eq + AH.(T, p")] = [E, + AH,(T, p)]

=Y “mipi(T), @)

where the subscripts d and p denote defective and perfect
crystals, respectively, and E is the total energy at 0 K. AH
is the change in enthalpy at the standard pressure, which is
approximately identical in a defective system and a perfect
system and thus is assumed to be canceled out. In addition, the
change in volume due to formation of a defect is assumed to
be negligible. In Eq. (1), n; is the number of atoms removed or
added when introducing a defect, and the chemical potential

w; is calculated using the following equation:
wi(T) = Wit + A + AH(T, p°). 2

Here, ;" is the reference chemical potential obtained from
a bulk system at 0 K, AH is the change in enthalpy at the
standard pressure obtained from the JANAF thermochemical
tables [22], and Ap is the change in the chemical potential
with respect to its reference state. We provided Ap values
for Cr- and B-rich conditions in Tables SI and SII in the
Supplemental Material [23]. We also fixed the change in the
chemical potential of Al at Al-rich condition (Aua; = 0),
based on the information that MAB phases are synthesized in
Al-rich conditions [4]. The enthalpy of formation H is used
to calculate the defect concentration (c¢) using the following
equation,

G Hi—TS
Cc = Nd exXp (—ﬁ) = Nd exp <—%>, (3)
B B

where N; is the number of available sites for the formation of
a given defect per unit volume, kg is the Boltzmann constant,
and Sy is the entropy of formation. The entropy calculation
is costly, especially for the large systems (e.g., Cr,Bs and
Cr4AlBg) and for calculations of interstitials, which require
large supercell sizes based on our convergence tests. Pre-
vious studies have shown that experimental and theoretical
results for the entropy of formation of a point defect typically
range from O to 10 kp, and therefore the entropy term Sy
has been often neglected when calculating concentrations of
point defects [23-27]. In addition, here, we compared the
Gibbs free energy of formation and the enthalpy of formation
for selected defects and we found the difference between the
Gibbs free energy and the enthalpy to be smaller than 0.03 eV
(see Fig. S1 in the Supplemental Material [23]). In the Sup-
plemental Material, we have further shown that the entropy
contribution is negligible relative to the enthalpy difference
even at elevated temperatures. For the entropy calculations,
we used PHONOPY, an open source package for phonon calcu-
lations [29-31].

To investigate the role of the strength of chemical bonds,
in this study we calculate the bond separation energy at 0 K.
This is done by subtracting the energy of a perfect unit cell
from the energy of a unit cell where a vacuum region of 2 nm
thickness is inserted between the layers and finally by dividing
the energy difference by the number of surface atoms. We
did not relax atoms to calculate the bond separation energy.
Using a finite-displacement scheme, we also calculated dy-
namical matrices, from which we extracted interatomic force
constants.

III. RESULTS AND DISCUSSION

The calculated lattice constants (a, b, c) of each system
are: CrB (2.90, 2.89, 7.72 A), Cr3By (2.88, 2.92, 12.88 A),
Cr,Bj3 (2.90, 2.93, 17.98 A), Cr,AlB; (2.91, 2.90, 10.86 A),
Cr;AIB; (291, 2.92, 7.98 A), and Cr,AlBg (291, 2.93,
21.01 A). All of these are in good agreement with reported ex-
periments [4,32]. The formation enthalpy of each system was
calculated to be CrB (—1.72 eV/f.u.), Cr3B4 (—5.67 eV/f.u.),
Cr;B;3 (—3.95 eV/f.u.), CrAlB; (—3.95 eV/f.u.), Cr;AlBy
(—6.16 eV/f.u.), and CrqAlBg (—8.69 eV /f.u.). These values
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Type 1

Type 2

°Cr oA|

O s

Interstitial

FIG. 2. Types of the most stable interstitials in binary and ternary borides.

were used to determine the change in chemical potential with
respect to its reference state at Cr- and B-rich conditions (see
Supplemental Material [23] for the details of the calculations
and the calculated values).

While vacancy and antisite defects are located at lattice
sites, several different off-lattice sites are found for stable
interstitials. Figure 2 shows the types of the most stable inter-
stitials. The interstitial types that are less stable are depicted
in Fig. S4 in the Supplemental Material [23], and the defect
formation energies are provided in Table SIII [23]. In CrB,
the only stable site for the Cr interstitial was found at the
center of a tetrahedron composed of four Cr atoms outside
B-chain layers (type 1 in Fig. 2). B interstitials in CrB form
two types of B bridges: The more stable type (type 2 in Fig. 2)
involves the interstitial connecting two different B chains and
the other interstitial type (type 9 in Fig. S4 [23]) bonds with
two B atoms within a B chain. In Cr;B4 and Cr,B3, as shown
in Fig. 1, there are different inequivalent lattice sites within a
unit cell where Cr and B vacancies can form (Crl, Cr2, B1,
B2, and/or B3). Both Cr and B vacancies are found to have
lower formation energies when forming within B-ring layers.
The most stable Cr and B vacancies, respectively, are V¢, and
Vg2 in Cr3By4 and V¢, and Vg3 in CryBs. For Cr interstitials
in Cr3B4 and Cr,Bj3, the most stable interstitials were found
within B-ring layers. As shown in Fig. 2, the most stable Cr
interstitial in Cr3B4 forms a Cr dumbbell aligned along the
b axis within a B-ring layer (type 7), and the most stable Cr
interstitial in Cr,B3 forms in between two B3 atoms (type 8
in Fig. 2). In Cr3;B4 and Cr,Bs;, the type 2 B interstitial was
found as the most stable B interstitial in each system, while

type 9 (shown in Fig. S4 [23]) was found only in Cr;B4. B
interstitials are also found to form within B-ring layers of
Cr3;B4 and Cr;, B3, but their formation energies are higher than
the most stable B interstitial in the respective system at least
by 0.7 eV (see Table SIII [23]).

In Cr, AlB,, the only stable configuration of the Cr intersti-
tial was found at the center of an octahedron composed of two
Cr atoms and four Al atoms (type 3 in Fig. 2), and the most
stable Al interstitial was found at the center of an octahedron
composed of two Al atoms and four Cr atoms (type 4 in
Fig. 2). In Cr,AlB,, three types of B interstitials were found
within Al layers at the center of octahedrons as shown in
Fig. 2: at the center of an octahedron composed of four Al
atoms and two Cr atoms (type 3), at the center of an octa-
hedron composed of two Al atoms (aligned along the a axis)
and four Cr atoms (type 4), and at the center of an octahedron
composed of two Al atoms (aligned along the b axis) and four
Cr atoms (type 5). Among the three types of B interstitials,
type 4 is the most stable. In Cr3AlB4 and CrsAlBg, similarly
to Cr and B vacancies in the corresponding binaries, the most
stable vacancies are V¢ and Vg, in CrzAlBy4 and Ve, and
Vg3 in CrsAlBg, all of which form within B-ring layers. In
Cr3AlB4 and CryAlBg, the most stable Cr interstitials form
within Al layers as a tetrahedron composed of two Cr atoms
and two Al atoms (type 6 in Fig. 2). Although Cr interstitials
are also found within B-ring layers in Cr3AlB, and CrsAlBg,
their formation energies are much higher than that of the
type 6 Cr interstitial (see Table SIII [23]). Al interstitials are
similar—the most stable Al interstitials were found within Al
layers (type 6 in Fig. 2) and are significantly more stable than
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FIG. 3. Defect formation energies at 0 K (bold) and 300 K (dashed) in (a) CrB, (b) Cr3By4, (c) Cr;B3, (d) Cr,AlB,, (e) Cr;AlBy, and (f)

Cr4AlB6 .

the other Al interstitials found within B-ring layers (see Table
SIII [23]). As for B interstitials in Cr3AlB4 and CrsAlBg, they
are similar to the B interstitials in Cr,AlB,. The stable B in-
terstitials are found in Al layers at the center of an octahedron
as shown in Fig. 2: type 3, type 4, and type 5. The formation
energies of the B interstitials found within B-ring layers are
much higher than those of the three types of B interstitials
found in Al layers (see Table SIII [23]).

To summarize, in CrB where B atoms form B chains, Cr
and B vacancies are allowed to form at only one site for each
species, whereas in the systems where B atoms form B rings
(Cr3B4 and Cr,B3) the most stable Cr and B vacancies form
within B-ring layers. As for interstitials in the binaries, the
only Cr interstitial in CrB is found outside B-chain layers
(type 1 in Fig. 2), while the most stable Cr interstitials are
found within B-ring layers in Cr3B4 and Cr,;B3. In the bi-
naries, the most stable B interstitials are all found to form
a B bridge (type 2 in Fig. 2). For the ternaries, in Cr,AlB,
(which has B-chain layers), Cr and B vacancies form at only
one site for each of the species, whereas in the systems that
have B-ring layers (Cr3AlB4 and CrsAlBg) the most stable
Cr and B vacancies form within the B-ring layers. All the
most stable interstitials in the ternaries are found within Al

layers. As such, the types of defects created are different
in the six borides and they are associated with the B-ring
layers. Therefore, for applications of the borides, it is critical
to understand the dependence of the defect formation on the
number of B-ring layers in the binary Cr-B systems and the
ternary Cr-Al-B MAB phases. Here, we will investigate the
question of how the defect formation energies and the defect
concentrations change with an increasing number of B-ring
layers.

The formation energies of the most stable point defects and
Frenkel pairs (FPs) at 0 and 300 K are plotted as a function
of the chemical potential in Fig. 3. We also provided the
concentrations of the defects in Fig. S5 in the Supplemental
Material [23] and N, used to calculate the concentrations in
Table SIV [23]. For the ternary systems, the defect formation
energies were calculated at the Al-rich conditions because
Cr-Al-B MAB phases are synthesized in Al-rich environ-
ments [4]. For each type of defect, the defect with the lowest
formation energy is found to be the defect with the highest
concentration.

To investigate the effects of the number of B rings on
the defect formation energies (i.e., B chain vs one-B ring vs
two-B ring), we compare the formation energies of vacancies,
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TABLE 1. Bond separation energy in the six borides shown in
Fig. 1.

Bond separation energy (eV)

CrB CT3B4 Cr2B3 Cr2A1B2 Cr3AlB4 CI‘4A1B6
Crl-Crl* 438 421 414  NJ/A N/A N/A
Cr1-B1* 633  6.03 6.19 6.24 5.86 6.10
B1-B2* 482 499 4.96 5.05 5.19 5.14
Crl-Al N/A N/A N/A 333 3.37 3.42
Cr2-B2  N/A 544 530 N/A 5.57 5.41
Cr2-B3  N/A N/A 511  N/A N/A 5.01
B3B3 N/A N/A 525 NJ/A N/A 5.29

2Crl for CrB and Cr,AlB, denotes Cr, and B1 and B2 for CrB and
Cr,AlB; denote B, as depicted in Figs. 1(a) and 1(d).

interstitials, and FPs in the binaries first (CrB, Cr3B4, Cr,B3).
Figures 3(a)-3(c) show that the defect formation energies of
Vg (red) and V¢, (blue) decrease from CrB to Cr3B4 and
to CrB3, which is the order of increasing the number of B
rings. The defect formation energies plotted for B vacancy
correspond to Vg, in Cr3B4 and Vg3 in CryB3, and the defect
formation energies plotted for Cr vacancy correspond to V¢y
for both Cr;B,4 and Cr,B3. The decrease in defect formation
energies of Vg and V¢ is attributed to the weakening of the
strongest Cr-B bond from CrB to Cr3By4 and to Cr,Bj. Kadas
et al. have previously shown that the M-B bond is the strongest
bond in MAlB, (M = Cr, Mn, Fe, and Co) systems. The
authors have also found that the work of separation can be
used as a reliable measure of the bond strength in MAB
phases [33]. For that reason and because of the computational
efficiency of such approach, here we also use the work of sep-
aration to determine qualitative trends in the bond strengths
in Cr-B and Cr-Al-B systems. The work of separation is
calculated using DFT and the results are shown in Table I.
The work of separation for the Cr-B bond in CrB is 6.33 eV
(Cr1-B1 in Table I), in Cr3By it is 5.44 eV (Cr2-B2), and in
CryBj it is 5.30 eV (Cr2-B2) and 5.11 eV (Cr2-B3). These
data show that, when B networks contain more B rings (from
B chain to one-B ring, and to two-B ring), the Cr-B bond (the
strongest bond in the systems) is weakened and consequently
Cr and B vacancies are easier to form.

As shown in Figs. 3(a)-3(c), the defect formation energies
of Cry (sky blue) in the binaries decrease with an increase in
the number of B rings. In CrB, the only stable site for the
Cr interstitial is at the center of a tetrahedron composed of
four Cr atoms (type 1 in Fig. 2) outside B-chain layers. In
Cr3By4, the most stable Cr interstitial forms a Cr dumbbell on
a Cr2 site (type 7 in Fig. 2), and in Cr; B3, the most stable Cr
interstitial forms in between two B3 atoms (type 8 in Fig. 2).
Note that Cr interstitials in Cr3B4 and Cr,B3 are found within
B-ring layers. The decrease in the defect formation energy
of Cry in Figs. 3(a)-3(c) is due to the softness of the bonds
associated with Cr2 atoms positioned within B-ring layers,
which helps accommodate interstitials more easily. To show
this, we plotted the force constants of Crl and Cr2 in each
system. The force constant in the in-plane direction is defined
as the average of the force constants along the b and ¢ axes,
and the out-of-plane direction constant is defined as a constant

along the ¢ axis (the axes are indicated in Fig. 1). The force
constants for Cr2 are much lower than those for Crl in the
binary borides. This trend indicates that Cr2 atoms relax more
easily than Crl atoms do, which allows the systems having
Cr2 atoms (and hence, having B-ring layers) to accommodate
interstitials with a lower energy cost. As for the B interstitials
in the binaries, the defect formation energies of By (orange)
change only a little over the different systems, because B;’s
share the same type of B-bridge structure (type 2 in Fig. 2),
and the distances between the B interstitial and the nearest B
atom differ only with the standard deviation of 0.01 A.

As mentioned in the Introduction, Cr,AlB, (B chain),
Cr3;AlB4 (one-B ring), and CrsAlBg (two-B ring) are similar
in structure to CrB, Cr3By, and Cr, B3, respectively, except for
the addition of the Al layers. Here, we compare the formation
energies of defects in the ternaries and investigate the effects
of the number of B rings. The formation energies of defects
in CryAlB;, Cr3AlBy4, and CryAlBg are plotted in Figs. 3(d)—
3(f). For Cr and B vacancies, we found the same trend as in the
binary systems. The formation energies of V¢, (blue) and Vg
(red) in Figs. 3(d)-3(f) decrease with an increasing number
of B rings (from Cr,AlB; to Cr3AlB4 and to CryAlBg) and
this trend can be attributed to weakening of the Cr-B bond.
This weakening is evidenced by the calculated bond separa-
tion energy: The Cr-B bond separation energy relevant to the
formation of V¢, and Vg in CryAlB; is 6.24 ¢V (Crl-Bl),
whereas in Cr3AlBy it is 5.57 eV (Cr2-B2) and in CrsAlBg
it is 5.41 eV (Cr2-B2) and 5.01 eV (Cr2-B3). The defect
formation energy of V,; (lime) was also found to decrease
with an increase in the number of B rings.

The most stable Cr, Al, and B interstitials in the ternaries
were all found within Al layers. This is because of the softness
of the Al layers, whose in-plane force constants (determined
as the average of the ag-axis and b-axis constants) range from
115 to 118 N/m over the three ternaries. These force constants
are even lower than those of Cr2 atoms in B-ring layers (see
Fig. 4), which is why the most stable interstitials form within
Al layers in the ternaries rather than in the B-ring layers.
The defect formation energies of Cry, Alj, and By in Cr3AlBy
and CrsAlBg are slightly higher than those in Cr,AlB,. This
higher formation energy can be explained by the differences in
the thickness of the Cr-Al-Cr layer where the interstitials are
accommodated. Zhao et al. pointed out that a bigger interlayer
spacing in MAX phase TizAlC, provides an interstitial with
more stable sites, leading to a lower formation energy as
compared with MAX phase Ti3SiC; [34]. In the case of MAB
phases studied here, our DFT calculations show that in the
relaxed undefected structures, the interlayer spacing of Cr-Al-
Cr (where the interstitials would reside) is 3.27 A (Cr,AlB,),
321 A (Cr;AIBy), and 3.22 A (Cr,AlBg). The interlayer
spacings of Cr3;AlBs and CrsAlBg are slightly smaller than
that of Cr,AlB,;, which is consistent with the higher formation
energies of the interstitials in Cr3 AlB4 and CrsAlBg.

To summarize, in the binaries, increasing the number of
B rings in the structure leads to lower formation energies (and
hence higher concentrations) of Vg, V¢, and Cry, whereas the
formation energies of By are not significantly affected. This
trend suggests the easier formation of FPs and the increase
in the concentrations of B FPs and Cr FPs in the binaries
[Figs. 3(a)-3(c)]. In the ternaries, increasing the number of

003600-5

307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365

366



[E10212

367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389

PHYSICAL REVIEW MATERIALS 00, 003600 (2021)

PRMATERIALS October 25, 2021 14:14
KIM, XI, ZHANG, AND SZLUFARSKA
450
m Crl-ip m Cr2-ip

400 | e Crl-op e Cr2-op
E 350
E n
~ ° L] U n
£ 300 s
© ¢ 0
)
c

L n
8 250 - (1]
Q
o
o 200
L o
n n n [}
150 o o i
100
® AT\ LOR\ LN

AN oL

FIG. 4. Force constants of Crl and Cr2 in the in-plane direction
(ip) and out-of-plane direction (op).

B rings is associated with significant decreases in formation
energies (and hence increases in concentrations) of vacan-
cies and slight increases in interstitial formation energies [see
Figs. 3(d)-3(f)]. Therefore, the easier formation of FPs and
the corresponding increase in concentrations of Cr and B FPs
are expected with increasing the number of B rings. These
trends indeed are found in our data, as shown in Figs. 3(d)—
3(f) and Figs. S5(d)-S5(f) [23].

It is interesting to consider how the effects of B rings
on defect formation energy and concentration could relate to
applications of the borides. In integrated circuit applications,
for diffusion barriers to prevent Cu atoms from diffusing out,
barrier metals should have a high diffusion energy barrier or
a high vacancy formation energy (low concentration) [15].
Based on our results, the vacancy formation energies are lower
(the defect concentrations are higher) when a system has more
B rings. This result implies that Cr3;By4, CryB3, Cr;AlBy4, and
Cr4AlBg contain more vacancies via which Cu atoms can dif-
fuse and that, at least based on the defect concentrations, CrB
and Cr,AlB; might be more effective as diffusion barrier ma-
terials. For nuclear reactor applications, understanding defect
behavior is critical. Under radiation, a large number of FPs
are created, and a material’s tolerance to radiation-induced

amorphization largely depends on how many defects are cre-
ated and how many of them are removed through defect
recovery processes [11]. The radiation-induced defect recov-
ery process involves complex processes, the understanding
of which requires formation energies as the first step. For
example, in this work, we found that the most stable B in-
terstitial and vacancy in Cr,Bs and CryAlBg are separated
spatially from each other. That could potentially lead to a
non-negligible energy barrier to recombination and could
contribute to the accumulation of radiation-induced damage.
The kinetics of defects needs to be further investigated to
ultimately determine their impact on the recovery process.
Our data on concentrations combined with future studies of
kinetics will be important for boride applications including
diffusion barrier and nuclear reactor applications.

IV. CONCLUSION

We investigated defect chemistry in CrB, Cr3B4, Cr,Bs,
Cr,AlB,, Cr3AlBy4, and CryAlBg by calculating the defect
formation energies and concentrations of point defects and
FPs using DFT. We discussed the effects of the number of
B rings on the defect formation energies and the defect con-
centrations. From CrB (Cr,AlB;) to Cr3B4 (Cr3AlB,), and
to CryB3 (CrgAlBg), the number of B rings increases. At the
same time the vacancy formation energies decrease, which can
be attributed to weakening of the Cr-B bonds. With increasing
the number of B rings, the defect formation energies of Cr
interstitials also decrease in the binary systems, because Cr
atoms within B-ring layers form bonds that are softer than
Cr atoms outside of the B-ring layers. As a result, Cr within
the B-ring layers can accommodate interstitials with a lower
energy cost. The defect formation energies of B interstitials
in the binary systems showed insignificant changes, and the
defect formation energies of all the interstitials in the ternary
systems showed a slight decrease with the number of B rings.
Based on our results it can be concluded that increasing the
number of B rings leads to lower defect formation energies
and thus higher concentrations of FPs in the binary and ternary
systems. This work lays a foundation and is a necessary
step toward understanding defect-related properties of binary
borides and ternary MAB phases, which all form different
kinds of B networks.
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