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An amorphous boron carbide (a-B4C) model is generated by means of ab-initio molecular dynamics calculations
within a generalized gradient approximation and its structural, mechanical and electrical features are discussed
in details. The mean coordination number of B and C atoms is estimated to be 5.29 and 4.17, respectively. The
pentagonal pyramid-like motifs for B atoms, having sixfold coordination, are the main building units in a-B,C

and some of which involve with the development of B;, icosahedra. On the other hand, the fourfold-coordinated
units are the leading configurations for C atoms. Surprisingly the formation of C-C bonds is found to be less
favorable in the noncrystalline network, compared to the crystal. a-B4C is a semiconducting material having an
energy band gap considerably less than that of the crystal. A noticeably decrease in the mechanical properties of
B,4C is observed by amorphization. Nonetheless a-B4C is categorized as a hard material due to its high Vickers

hardness of about 24 GPa.

1. Introduction

Strong covalent solids like diamond and cubic boron nitrite (BN) are
superhard materials. Boron carbide (B4C), the most stable B-C com-
pounds [1], is known as the third hardest crystal after diamond and
cubic BN. B4C has been attracted considerable attentions in recent years
because its high hardness, lightweight and refractory features as well as
superlative thermo mechanical and electrical properties [2]. It can be
fabricated easily, for example, by means of plasma enhanced chemical
vapor deposition (PECVD) [3]. B4C has various practical applications
and can be used, for instance, as cutting tools, wear resistant gears, and
ballistic armors [4,5]. It can also find some applications in devices as
diodes and transistors [5]. Since it is a good neutron absorber, it can be
used to control reactivity in nuclear reactors [6]. Another functional
application area of B4C is the treatment of cancer by using neutron
capture therapy [7].

B,4C can form crystal (polycrystals or single crystal) and amorphous
phases. The atomic structure of the B4C crystal is rather unique and has
been comprehensively discussed in the literature throughout long years
[8-14]. At the beginning, it was believed that it consisted of just B;s
icosahedrons and C-C-C linear chains [15,16]. In later years, however,
the Raman and NMR spectra analyses revealed that B,C did indeed have
B1:C icosahedrons with C-B-C intericosahedral chains [1,10]. None-
theless, there have still been some uncertainties about how B and C
atoms are arranged in the B,C unit cell. In order to develop its scientific
and technological investigations, a greater understanding of its local
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structure is indeed crucial.

Amorphous boron carbide (a-B4C), of an interest material, can ob-
tainable under diverse experimental techniques such as irradiations
[17], shock compression [18], scratch test [19,20], electric field [21],
depressurization from high pressure [22] and shear deformations
[23,24]. Yet, its local structure is far more complicated than the crystal
since it is a random icosahedral network. The earlier studies proposed
that the B atoms in the amorphous configuration have two type motifs
such as B;;C icosahedrons and C-B-C chains associated with the icosa-
hedrons [25,26], similar to the crystal. However, the C-B-C chains were
not observed in deposited amorphous films [27,28]. Consequently,
depending on experimental preparation protocols, different local
structures might exist for a-B4C. As revealed by experiments, the diverse
local structure can lead to the distinct mechanical properties for a-B4C,
for example, its hardness was reported to be between 20.8 and 33.8 GPa
depending on deposition temperature [28].

Two theoretical efforts can be found in the literature to model a-B,C
so far. Yet they proposed the different chemical environments such as
the existing of B;5 molecules, a dissimilar coordination distribution etc.,
for it. In the first study, the models having 120 and 135 atoms were
generated by using a quite fast quench rate (840K/ps) [6]. In the
second computational study [2], the amorphous model consisting of
216 atoms (154B atoms and 62C atoms) was created using cooling rates
of 41.25K/ps and 165K/ps in different temperature ranges. Conse-
quently, different quenching rates and size of supercells used in these
studies are probably the main factors to observe a distinct
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microstructure for a-B4C.

The main objective of this study is to generate a slightly larger a-B,C
model (320 atoms) using a slow cooling rate (66 K/ps), to focus on its
short-range order and its electrical and mechanical features and to
compare them with available data in the literature.

2. Computational method

In the present study, the SIESTA package program [29] within a
pseudopotential method [30] was carried out to perform molecular
dynamics (MD) simulations. The double zeta (DZ) as atomic orbital
basis set for valence electrons was preferred. The Becke gradient ex-
change functional [31] and Lee, Yang, and Parr correlation functional
[32] were chosen to calculate the exchange correlation energy. The grid
mesh cutoff was applied as 120 Ry and the Brillouin zone integration
was restricted to the I'-point. The MD calculations were executed within
the constant number of atom (N), pressure (P) and temperature (T). T
and P were controlled by the velocity scaling and the Parrinelo-Rahman
[33] approaches, separately. The MD time step was chosen to be 1.0 fs.
Our initial configuration was a randomly distributed structure with 320
atoms (256B atoms and 64C atoms.) Firstly, the initial configuration
was exposed to a temperature of 3200 K for 40 ps. Secondly; the tem-
perature applied was decreased step by step from 3200 K to 300 K with
a cooling rate of 66 K/ps. Finally, the structure was relaxed using a
conjugate gradient technique. The crystalline form, a supercell having
120 atoms, was constructed based on By;Cand C-B-C chains as sug-
gested in Ref. 1. In the present work, the density of amorphous and
crystalline phases of B4C is estimated to be 2.2493 g/cm® and 2.4471 g/
cm?, respectively, which are slightly less than 2.47 g/cm® (amorphous)
and 2.52g/cm® (crystal) reported in experiment obtained by using
helium pycnometry [2]. It should be noted that in both studies, amor-
phization leads to a decrease in the density of B,C, which is however
contradict to Ref. 24 in which it was proposed that shear-induced or
quenched amorphous phases have a larger density than the crystal.

3. Results
3.1. Local structure

The partial pair distribution functions (PPDFs) investigation is one
of the convenient approaches to distinguish the microstructure of ma-
terials. Hence, firstly, we study PPDFs of the amorphous and crystalline
forms of B,4C and illustrate them in Fig. 1. Since the bonding natures (B-
B, B-C and C-C) play a crucial role in determining the structure and
properties of a-B4C, the first peak of all pairs is carefully examined. The
first peak of the B-B, B-C and C-C correlations of a-B4C (B4C crystal) is
located at nearly 1.77 A (1.77 A), 1.58 A (1.62 A) and 1.49 A (1.56 A),
respectively. So one can see a slight shortening in the B-C and C-C bond
lengths by amorphization. Our values logically agree with the compu-
tational results of 1.75 A (B-B), 1.57 A (B-C) and 1.54A (C-C) reported
for a-B4C [2]. The strength of the first C-C peak is relatively smaller
than that of the first B-B and B-C peaks because of the presence of the
limited number of C-C bonds in the amorphous arrangement, meaning
that the formation of C-C bonds is not very favorable in the amorphous
network (see below for the chemical environment analysis). The visible
second and third peaks of B-B correlation are a result of pentagonal
pyramids/B;, icosahedral molecules formed in the noncrystalline
structure.

The total and partial coordination numbers (CNs) and chemical
distribution analyses are very necessary to expose the microstructure of
the materials in details. Therefore, we secondly estimate them for each
species using the first minimum of PPDFs (~2.22 A for B-B, ~2.19 A for
B-C and ~2.24 A for C-C correlations). The coordination distribution of
the atoms is shown in Fig. 2. In the a-B4C model, B atoms have a co-
ordination distribution ranging from 2 to 7. Amongst them, six-fold
coordination is the most dominated one with a fraction of nearly 48.0%
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Fig. 1. Partial pair distribution functions of a-B4C and B4C crystal.

(see also Table 1), which is slightly higher than the value of 42.90%
reported in Ref 2. Our amorphous arrangement has three-fold (10%)
and four-fold (10.54%) coordinated B atoms, which are less than 15%
and 18.80% recounted in Ref 2. However, our disordered configuration
demonstrates about 4% more five-fold and seven-fold coordinated
motifs relative to the a-B4C model of Ref. 2 (see Table 1). These co-
ordination distributions result in an average CN of B atoms to be 5.29,
which is comparable with 5.66 in the crystal. For C atoms, the most
prevalent cluster is the four-fold coordinated unit (68.75%) and its
fraction is again comparable with 61.3% stated in the earlier study [2].
The second and third dominant motifs are the five-fold (21.87%) and
three-fold (7.80%) coordination, slightly different than 29% and 4.9%
reported in Ref 2. The mean CN of C atoms is 4.17, parallel to 4.66 in
the crystal. All these observations reveal the striking similarities be-
tween our model and previously proposed amorphous network [2] and
the crystal.

For a-B4C, the chemical environments of B and C atoms demon-
strated in Table 2 can provide more knowledge about the system at the
microscopic level. As seen from Table 2, the most prevalent clusters for
B atoms are B-BsC; (23.83%) and B-Bg (20.31%) type motifs. On the
other hand, in the crystalline B,C structure, B atoms have four kind
motifs: B-BsC; (50.00%), B-Bg (25%), B-B,C, (16.67%) and B-C,
(8.33%). Here B-C, unit represents the intericosahedral linear C-B-C
chain and as seen in Table 2, it does not exist in the noncrystalline
network. Nonetheless one can see that nearly 50% of B atoms in the a-
B4C model form clusters (B-BsC;, B-Bg etc.), similar to those of the
crystal, suggestion partial local similarities between these two forms of
B4C. The first three common configurations for C atoms are C-By
(57.81%), C-Bs (20.31%) and C-B3C; (10.94%) kind units. Likewise, the
crystalline B4C contains C-B4 (33.33%), C- B3C; (33.33%) and C-B5C;
(33.33%) type structures. The formation of more C-B, and less C-B5C;
kind units and the lack of C-BsC; type clusters in the amorphous model
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Fig. 2. Coordination distribution of the amorphous model.
Table 1
Coordination distribution of B and C atoms in the a-B,C.
1st Neighbors 2 3 4 5 6 7 References
B (%) 0.39 10 10.54 25.30 48.04 5.46 This study
0 15 18.80 21.40 42.90 1.9 [2]
C (%) 0 7.80 68.75 21.87 1.50 0 This study
0 4.90 61.30 29.00 4.80 0 [2]
Table 2
Chemical identities around B and C atoms for a-B4C.
a-B,C
B C
BsCy 23.83% B, 57.81%
Be 20.31% Bs 20.31%
B4C, 9.77% B3Cy 10.94%
Bs 7.03% B; 3.12%
BsC, 6.64% B.Cy 3.12%
B,C, 5.86% B4C, 1.56%
B4C, 4.30% B,C, 1.56%
B3C; 3.12% Be 1.56%
B,Co 3.12%
B, 2.73%
By 2.34%
B.Cy 2.34%
Cs 1.95%
B,Cs3 1.95%
B1Cs 1.56%
BeCy 1.56%
B3C3 0.78%
Bs 0.39%
B.C; 0.39%
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relative to the crystal can be interpreted as the tendency of C atoms to
form more C-B bonds than C-C bonds in the amorphous model and their
trend to form more tetrahedral configurations.

With aid of the Voronoi polyhedral approach [34], one can distin-
guish the type of clusters shaped around B and C atoms and thus have
valuable information on the structure at the atomistic level. In this
method, the indices < n3 n4 ns ne... > are used to identify poly-
hedrons, where n; and Zn; stand for the number of i-edge faces of a
polyhedron and its CN, respectively. The principal structural unit of B
and B-rich crystalline/amorphous materials is known as B;, molecules,
which comprises of pentagonal pyramids [35]. In the crystalline B,C
phase, the most favorable polyhedron is characterized by < 2, 2, 2,
0 > index (92%), which represents the pentagonal pyramid. In other
respects, we find eight distinct polyhedra for B atoms in the disordered
structure. The two leading ones are denoted by the < 2, 2,2, 0 > (47%)
and < 2, 3, 0, 0 > (24%). Here the second one can be classified as
defective pentagonal pyramid-like structures. Subsequently one can see
that about 70% of B atoms have a tendency to form complete or in-
complete pentagonal pyramid-like patterns in the amorphous network.
On the other hand, we determine three diverse polyhedra for C atoms in
a-B4C. The most foremost ones are labeled as < 4, 0, 0, 0 > (68%)
and < 2, 3, 0, 0 > (21%). In addition, we find < 2, 2, 2, 0 > (0.01%)
type cluster, a part of B;5C molecules. In the ordered form, on the other
hand, there are just two types of polyhedrons for C atoms and they are
characterized by the < 4, 0, 0, 0 > (66%) and < 2, 2, 2, 0 > (33%)
indices. All these findings specify partial similarities in the local
structure of amorphous and crystalline forms of B4C. The earlier study
[2] suggests the formation of B;,, B;;C and B;¢C, molecules for a-B4C.
Yet our model has just B;, and B;5,C molecules. The lack of the other
clusters in our network might be associated with the size of simulation
boxes or different cooling rates used in present and earlier studies.

To identify the structure features of a-B,C in details, we further
analyze the bond angle distribution functions (BADFs) and compare
them with those of the crystalline structure. The B-B-B, B-C-B and C-B-C
angle distributions for the crystal and a- B4C are shown in Fig. 3. The B-
B-B angles produce two main peaks. The first peak is located at 59°
while the second peak is positioned at nearly 107°, similar to the
crystalline B4C phase. These two sharp peaks are related to the in-
traicosahedral bonds of the pentagonal pyramids. The third sharp peak
at around 122° in the crystal are associated with the intericosahedral
bonds and weakly presented in the amorphous model due to the ran-
domly distributed icosahedrons (or pentagonal pyramids). The B-C-B
angles of the crystalline structure have three sharp peaks at around 62°,
99° and 113°, which are again related to the intraicosahedral and in-
tericosahedral bonds. These B-C-B angles show a broad distribution in
our model but the peaks around 62°, 99° and 113° angles are roughly
produced in our model. The C-B-C distribution in the noncrystalline
network ranges from 90° and 180° and has a foremost peak at nearly
120°, which slightly deviates from 123° presented in the crystal. The C-
B-C at 180° is not captured in the amorphous network. The occurrence
of these peaks suggests the existence of C-B-C bonds in the amorphous
configuration but the intericosahedral linear C-B-C chain does not exist
since B-C, motif does not form in the model (see Table 2), which is also
confirmed by visualizing the model given in Fig. 4.

3.2. Electronic properties

Boron-rich materials such as the crystalline and amorphous boron
carbides are of great interest for numerous technological applications,
particularly, in the semiconductor devices. For that reason, revealing
the electronic behaviors of the ordered and disordered B,C structures is
significant in this study. Firstly, the electronic properties of a-B4C and
the crystal are investigated via the total electron density of states
(TDOS). Secondly, in order to get more detailed contribution about
their electronic features, their partial electron density of states (PDOS)
is calculated. Fig. 5 illustrates them. The band gap energy for the B4C
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Fig. 4. Ball-stick representation of a-B4C.
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Fig. 6. Energy volume relation of a-B4C and B4C crystal.

crystal is nearly 2.9 eV, parallel to the previous DFT-GGA (LDA) band
gap of 2.6-3.0eV [6,11,36-38]. It should be noted here that GGA cal-
culations lead to smaller energy band gaps relative to experiments due
to the self-interaction error in DFT-GGA computations. Such a limita-
tion can be eliminated by using DFT-GGA + U, DFT-GWA or DFT-hy-
brid exchange functionals (HEFs). Indeed, using a HEF, the band gap
energy of the crystal was estimated to be 3.84 eV [39]. In other respect,
the energy band gap of a-B4C is found as 0.15 eV. Thus, a drastic band
gap closure is observed by amorphization but not metallization as
suggested in Ref.6. According to the PDOS analysis, B-p states are more
prevailing for both valence and conduction bands of the amorphous and
crystalline phases. Additionally, B-s and C-p states also have some
contributions to the valence band for both structures. However, C-s
states have minor effect on the bands for the noncrystalline network,
similar to the crystal.

3.3. Mechanical properties

As a beginning, the relation between energy (E) and volume (V) for
the crystalline and amorphous states is determined via a variable cell
optimization technique. We estimate their bulk modulus (K), and
equilibrium volume (V) and energy (Eo) by fitting the E-V values given
in Fig. 6 to the third-order Birch-Murnaghan equations of states,

2 3 2 2 2
E(V)E, + 9V°KH(E)3 - 1] K+ [(E)3 - 1] [6 - 4(E)3]}.
16 v |4 |4

As deduced from the Fig. 5, the crystal has lower energy than the
amorphous state. The relative energy difference between them is pre-
dicted to be around 0.25eV/atom. The equilibrium volume of the
crystal is 7.49 A3/atom whereas that of the amorphous structure is
about 8.16 A%/atom. Thus one can notice about 9% volume expansion
by amorphization.

In Table 3, we list the mechanical properties of a-B,C and the crystal
along with the data available in the literature. The K value of a-B4C is
estimated to be about 162.61 GPa while that of the crystalline form is
nearly 245 GPa, in good agreement with the earlier predictions of
248-274 GPa [1,40,41,44,48]. Consequently, amorphization leads to a
noticeably decrease in the bulk modulus which is related to the disorder

nature (coordination defects, fraction of chemical defects etc.) of the
amorphous model.

We apply a uniaxial stress along the principle axes of the supercells
and optimize the atomic coordinates and their volume to predict the
Poisson’s ratio (v) defined by

_ALJL,

Vi =
YT AL/L

here L; are the magnitude of supercells’ vectors and i and j denote x, y
and z directions (in the formula j represents the compressed direction
and i signifies the lateral direction). Poisson’s ratio is predicted from the
slope of the best fitting straight line and six different values between
0.16 and 0.21 are obtained for the noncrystalline network. The calcu-
lated average Poisson’s ratio for the amorphous and crystalline forms of
B4C is about 0.18 and 0.17 respectively, which is quite in agreement
with the results of the earlier studies as presented in Table 3 [40-42].

Knowing K and v is enough to compute the Young’s modulus (elastic
modulus) (E) using the following relation

E=3K( - 2).

E is estimated to be 312 GPa for a-B,C, which is reasonably in the
range of experimental values of 255-351 GPa reported for a-B,C at
different temperatures [28]. For the ordered form, it is 470 GPa that
again coincides with 402-441 GPa [40-42,43].

The shear modulus (u) is another important mechanical property of
a material and can be obtained by using the next equation:

E

i)

The shear modulus computed for a-B4C is about 132 GPa. For the
crystalline form, the modulus is estimated to be around 200 GPa, which
is quite akin to the available results of 188-200 GPa [40-42,43,48] in
the literature.

In the last step, the Vickers hardness (H,) is calculated using three
different empirical equations. The first formula, called as Teter’s
equation, is given by the following formula [45]

H, = 0.151u

The second equation, known as Chen’s equation [46], is given by
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Bulk modulus (K), Young’s modulus (E), shear modulus (n), hardness (H) and Poisson ratio (v) in the crystalline and amorphous structures. References 19, 28, 40, and

41 are the experimental data.

K(GPa) E(GPa) u (GPa) K/p v H (GPa) References
Crystal 245 470 200 1.22 0.17 ~32 (Chen) This study
~30 (Teter) This study
~31 (Tian) This study
248, 274 [1]

~40, 41 [19]

402 ~42 [28]

235 462 197 0.17 [40]

247 472 200 0.18 [41]

448 0.21 [42]

441 188 [43]

239 ~45 [44]

238 199 [48]

1.20 ~32 [49]
Amorphous 162.61 312.22 132.29 1.23 0.18 ~24 (Chen) This study
~20 (Teter) This study
~23 (Tian) This study

255-351 ~21-34 [28]

the next relation, Acknowledgements

u 0.585
H, = 2(—2) — 3(GPa)
n
where n is equal to K/u and known as Pugh’s ratio.
The Chen’s equation appears to have some limitation and was re-
vised by Tian [47] as follows

1 1.137
H, = 0.92(—) (0708,
n

By using these three useful equations, the Vickers hardness of the
disordered model is projected to be between 20 and 24 GPa, reasonably
in the range of previous results of 21-34 GPa reported for a-B4C [25].
On the other hand, for the crystal, we calculate its Vickers’s hardness to
be about 30-32 GPa, which are slightly smaller than previous experi-
mental data of 40-42 GPa [19,28,49].

Pugh’s ratio can be used to reveal the brittle or ductile behavior of a
material. The critical value for n is equal to 1.75. If n is higher (lower)
than 1.75, then the material is ductile (brittle). n is 1.23 for a-B4C and
1.22 for the crystal, showing their brittle character. These values are in
quite good agreement with earlier result of 1.20 [49] as seen in Table 3.

4. Conclusions

We have carried out a comprehensive investigation on the local
structure, electronic properties, and mechanical features of a-B,C via
quantum mechanical MD simulations. Our structural parameters are
found to be close to those of the previous investigations. The local
structure of the amorphous model is partially similar to that of the
crystal. The C-C bonds are found to be less favorable in the non-
crystalline network. The mean coordination number of B and C atoms
for a-B,C is 5.29 and 4.17, correspondingly. The amorphous config-
uration shows an energy band gap of 0.15 eV, strikingly smaller than
2.9 eV estimated for the crystal. Softening of the mechanical properties
is observed by amorphization. Nonetheless, a-B4C can be classified as a
hard material due to its high Vickers hardness.
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