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ABSTRACT: The atomic structures of boron carbide in the
regime below ∼13.3 at. % C (known as boron-very-rich boron
carbide, BvrBC) have not previously been reported due to the
complexity of the structure and bonding. We report here the
atomistic crystal structures for stoichiometry B14C, with only 6.7
at. % C, predicted using quantum mechanics (QM) at the PBE
level. We find that B14C consists of one B12 icosahedral cluster and
one C−B−B chain per unit cell. The C−B−B chain can be linear
or bent, leading to two different space groups for (B12)CBB. Our
bonding analyses show that both structures satisfy the electron counting rule (Wade’s rule). However, the bent CBB chain which
has lower crystal symmetry, leading to an energy substantially more stable (0.315 eV per molecular unit) than that of the linear
CBB chain structure, which has high crystal symmetry. This is because the bent CBB chain structure requires only one three-
center−two-electron (3c-2e) bond, while the linear CBB chain structure requires three 3c-2e bonds. We predicted the
mechanical properties of both structures from QM simulations. We found that shearing the linear CBB chain structure
transforms first to the bent CBB chain structure under both pure and biaxial shear deformations as the shear proceeds the
icosahedra deconstruction due to the interaction of the CBB chains with the icosahedra. This suggests that the bent CBB
structure is responsible for the failure processes of B14C.

■ INTRODUCTION

Because of its superior properties of low density, ultrahigh
hardness, good thermal stability, high neutron absorption, and
low material costs, boron carbide is an attractive material for a
wide range of engineering applications including body armor,
abrasive powder and neutron radiation absorbent.1−6 Boron
carbide is unique among engineering ceramics, consisting of 12-
atom boron-rich icosahedra connected via 3-atom chains into a
rhombohedral unit formally referred to as B12C3 or more briefly
as B4C.

6,7 The most stable form is written (B11Cp)CBC to
indicate that there is one C per icosahedron (in a polar position
so that it bonds directly to a B of another icosahedron) with
one 3 atom CBC chain per cell connecting the icosahedra (each
chain connects at 6 points to icosahedra). However, depending
on the synthesis conditions, boron carbide leads to a wide
composition range from 8 to 20 at. % C,5,8−11 with varying
distributions of boron and carbon atoms into the icosahedra
and chains of the rhombohedral crystalline lattice. This wide
composition range significantly affects the physical and
mechanical properties of boron carbide.5,8,10,12−14 Elemental
boron also exhibits B12 icosahedra in several stable crystalline
forms. The bonding within the icosahedra is considered to be
strongest when there are 26 electrons available to form 13
strong delocalized multicenter intraicosahedral bonds (Wade’s
rule). This pattern persists for the alloys with C, P, N, O, and
Si, leading to quite complex atomistic structures.

Extensive studies3,5,7,15−19 have been aimed at determining
the atomic structures of boron carbides, but the only identified
structure has stoichiometry B4C leading to (B11Cp)CBC as
most stable.20−24 For boron carbides richer in B, some carbon
atoms must be replaced by boron atoms, leading to a range of
observed stoichiometries from B4C to B10.2C,

8 but the precise
occupancies of the excess boron in the B4C lattices remain
unknown. However, polarization and lattice distortions of the
boron-rich boron carbides suggest that the substitution of
carbon atoms by boron is not fully random. As summarized by
Cheng et al.,8 the carbon atoms can be replaced by boron in
two ways:

• replacement of C−B−C chains by C−B−B chains and

• replacement of B11Cp icosahedra with B12.
25−27

Another possible structure proposed by Yakel et al. and
examined by Shirai et al. is the replacement of C−B−C chains
and/or C−B−B chains by a planar intericosahedron linking
component (B4) groups.

28,29

Several theoretical and experimental studies have suggested
that the atomic bonding, electron density, mechanical proper-
ties, and lattice constants of boron carbide change significantly
with boron/carbon ratios.16,20,30−33 The (B11C) icosahedron in
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B4C satisfies Wade’s rule34,35 (26 e within icosahedron) by
transferring one electron from the C−B−C chain to form a
formal C-(B+)-C closed shell chain.36 This seems unlikely for
boron-rich boron carbide. Thus, B13C2 with the structure
(B12)CBC would only have 25e within the icosahedron, which
might reduce symmetry or cause distortion of the structure.
One recent study suggests possible fractional intericosahedral
bonds.37 Others found that excess boron substitution leads to
expanded lattice constants, orientational asymmetry of the
chain structure, and distortion of the icosahedra of rhombohe-
dra units (compared with conventional B4C carbon-rich boron
carbides).8,38 In addition, the hardness and modulus of boron-
rich boron carbides measured by nanoindentation decrease
with the increase of boron content, except for the B10.2C
sample.8 To make progress in tailoring these materials for new
applications, it is essential to understand the structures,
chemical bonding and mechanical properties in boron carbide
at boron very rich regime.
In the present study, we apply quantum mechanics (QM)

simulations to predict two configurations for stoichiometry
B14C with 6.7 at. % C: (1) linear chain (B12)lCBB, which we
find to have a positive enthalpy of formation (+0.305 eV) with
respect to α-B12 and graphite and (2) bent chain (B12)bCBB,
which we find to have a negative enthalpy of formation (−0.010
eV) with respect to α-B12 and graphite, suggesting it can be
synthesized experimentally. We analyzed the bonding for both
configurations, finding that both configurations satisfy Wade’s
electron counting rule. Finally, we examined their mechanical
properties by deriving the stress−strain relationships, the ideal
shear strength, and the failure mechanisms under pure shear
deformation and biaxial shear deformation.

■ COMPUTATIONAL METHODS
All QM calculations were performed with the VASP pack-
age,39−41 which applies periodic boundary conditions and uses
plane wave basis functions. We used the Perdew−Burke−
Ernzerhof (PBE) functional to account for the electron
exchange-correlation interactions and the projector augmented
wave method to account for core−valence interactions.42 The
energy cutoff for the plane wave expansion was 600 eV. The
energy error for terminating electronic self-consistent field
(SCF) and the force criterion for the geometry optimization
were set equal to 10−6 eV and 10−3 eV/Å, respectively. The
Brillouin zone integration was performed on Γ-centered
symmetry-reduced Monkhorst−Pack meshes with a fine
resolution of 2π × 1/40 Å−1 for all calculations except for
the shear deformation. A more approximate 2 × 2 × 2 k-point
grid mesh in the Brillouin zone was applied for both pure shear
and biaxial shear deformation.
We performed ab initio molecular dynamics (AIMD)

simulations for 2 × 2 × 2 supercells to examine the stability
of predicted structures. These systems were equilibrated at
finite temperatures for 10 ps using the NVT (constant volume,
constant temperature and constant number of atoms)
ensemble. We used a time step of 1.0 fs for integrating the
equations of motion.
To understand the chemical bonding in the two structures,

we performed electron localization function (ELF)43,44 analyses
to identify the two-center−two-electron (2c-2e) and three-
center−two-electron (3c-2e) bonds. To provide spectroscopic
signatures to distinguish between these two structures, we
calculated the off-resonance Raman intensity by computing the
derivative of the polarizability (or macroscopic dielectric

tensor) with respect to that normal mode coordinate. The
phonons at Γ-point and the macroscopic dielectric tensor were
both calculated using density functional perturbation theory
(DFPT) as implemented in VASP.
To predict the mechanical properties of the two config-

urations, we computed their elastic constants, bulk modulus,
shear modulus, and Pugh’s ductility index (B/G). The elastic
constants Cij were derived from the stress−strain relation as a
function of various cell distortions from the equilibrium lattice
configuration.45 The isotropic polycrystalline bulk and shear
modulus were computed using the Voigt−Reuss−Hill (VRH)
approximation.46 To determine the failure mechanisms for the
(B12)CBB structures, we imposed the strain for a particular
shear plane, while allowing full structure relaxation of the other
five strain components.47

To simulate the mechanical response under indentation
experiments, we applied biaxial shear deformation.48 This
simulation aimed at mimicking deformation under the indenter
by imposing the relations σzz = σzx × tan Φ, where σzz is the
normal stress, σzx is the shear stress, and Φ is the centerline-to
face angle of the indenter (Φ = 68° for the Vickers indenter).48

The other four strain components are relaxed for the biaxial
shear deformation.
The residual stresses after relaxing were <0.5 GPa for both

pure shear and biaxial shear deformation. For these shear
simulations, we used 2 × 2 × 2 supercells with 120 atoms. Since
the shear strain is constrained in the deformation, the stress of
the system may become negative after the structure changes or
fails.

■ RESULTS AND DISCUSSION
Figure 1a,b displays the linear chain (B12)lCBB and bent chain
(B12)bCBB crystal structures, respectively. We find that
(B12)lCBB has the R3̅m space group where the B12 icosahedral
cluster is located on the corner and the C−B−B chain is along
the [111]r rhombohedral directions. Here, the subscript “r”
represents the rhombohedral cell. PBE gives the optimized
lattice parameters of a = 5.133 Å and α = 66.8° with a density

Figure 1. Optimized structures from DFT: (a) crystalline linear chain
(B12)lCBB, (b) crystalline bent chain (B12)bCBB; with the calculated
ELF (isosurfaces at 0.85) for the structures (c) linear chain (B12)lCBB
and (d) bent chain (B12)bCBB. The orange color indicates chain B
atoms.
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of 2.47 g/cm3 for linear chain (B12)lCBB structure. Here the
C1−B12−B14 chain angle is 180.0°, and the B12−C1 and
B12−B14 bond distances are 1.598 and 1.556 Å, respectively,
suggesting that both are 2c-2e bonds.
For the bent chain (B12)bCBB structure, crystal symmetry is

lowered to P1 space group, with optimized lattice parameters of
a = 5.084 Å, b = 5.140 Å, c = 5.204 Å, α = 67.0°, β = 65.8°, and
γ = 68.2°. This leads to a density of 2.45 g/cm3, 0.8% lower
density than the that of the linear chain structure. Here the
C1−B12−B14 chain angle is 96.4°, and the B12−C1 bond
distance is 1.609 Å. The B12−B14 bond distance is 1.720 Å,
suggesting quite different bonding conditions.
To determine the stability of these two structures, we

computed the enthalpies of formation with respect to the stable
forms of boron (α-B12) and carbon (graphite). The computed
enthalpies of formation for bent structure and linear structure
are −0.010 and 0.305 eV per unit cell. The enthalpy of
formation for linear structure is positive which is consistent
with previous QM simulations,13 suggesting that it would be
difficult to synthesize as a single crystal phase. However, the
more stable bent chain structure has negative heat of formation,
suggesting the possibility of synthesizing a single crystal. We
note here that the bent chain structure is more stable even
though it has lower symmetry than the linear chain structure.
To understand why the low symmetry bent chain structure is

more stable than linear chain structure, we performed the
bonding analyses on both structures with the ELF analysis
shown in Figure 1c,d. In linear chain (B12)lCBB structure, the
chain carbon atom is bonded to the three nearby icosahedra
through three 2c-2e bonds and to the center B12 atom through
one 2c-2e σ bond. Meanwhile, both B12 and B14 atoms (in the
chain) are bonded to three nearby icosahedra through three 3c-
2e bonds: B12−B14−B1, B12−B14−B2, and B12−B14−B3
bonds, as shown in Figure 1c. For the triangular B3 unit formed
by B12−B14−B2 the bond distances are 1.679, 1.998, and
1.556 Å for B14−B2, B12−B2, and B14−B12, respectively.
This suggests that atom B14 provides more electrons to 3c-2e
bonds than B12 and B2 atoms. Therefore, we can assume B14
atom provides (2/3 + δ) (0 < δ < 1/3) electrons to 3c-2e
bonds and B2 and B12 atoms both provide (2/3 − δ/2)
electrons to 3c-2e bonds. Thus, each icosahedron contributes
(9 + 3(2/3 − δ/2)) = (11 − 3δ/2) electrons to the
exopolyhedral bond, leaving (25 + 3δ/2) electrons within the
icosahedron. Meanwhile the B14 and B12 atoms contribute (2
+ 3δ) and (2 − 3δ/2) electrons to three 3c-2e bonds, allowing
(1 − 3δ) electrons and (3δ/2) electrons to transfer from B14
and B12 to the nearby icosahedron, respectively. This makes
this two chain B atoms both Lewis acids. Thus, the icosahedron
has (25 + 3δ/2) + (1 − 3δ) + (3δ/2) = 26 electrons, satisfying
the Wade’s rule. This leads to a representation as (B12)

1−C−
B3δ/2+−B(1−3δ)+ for the linear chain structure. The Bader charge
analysis indicates that the charges are +1.40, + 0.08, and −0.25
on B12, B14, and B2 atoms, respectively. This is consistent with
our bonding analysis that electrons will transfer from chain B12
and B14 atoms to nearby icosahedron.
The bonding in bent chain structure can be described as

follows. In the CBB bend chain, each carbon is bonded to three
nearby icosahedra and the central B12 atom through 2c−2e
sigma bonds. The side B14 is bonded to two nearby icosahedra
through 2c-2e bonds and is bonded to the other icosahedron
through the B12−B14−B1 3c-2e bond, as shown in Figure 1d.
The bond distances around the B12−B14−B1 ring are 1.720,
1.733, and 1.780 Å for B12−B14, B14−B1, and B12−B1,

respectively. Thus, the bond distances are slightly different
around 3c-2e bond, and each B atom is approximately
considered to provide 1/3 electrons to the 3c-2e bond. This
leaves 1/3 electrons left on the B14 atom. The central B12
atom contributes one electron to the B12−C σ bond and 2/3
electrons to B12−B14−B1 bonds (Figure 1d), leaving 4/3
electrons. For the icosahedron, it forms 11 2c-2e and one 3c-2e
exopolyhedral bonds, leaving 24 + 1/3 electrons within the
icosahedron. Therefore, the chain electrons can be transferred
to nearby icosahedron, forming 1/3 + 4/3 + 24 + 1/3 = 26
electrons, satisfying the Wade’s rule. In addition, the Bader
charge analysis shows that the charges in B12, B14, and B1
atoms are +1.45, −0.05, and −0.19, respectively. The charge
analysis supports our bonding analysis that electrons will
transfer from B12 and B14 atoms to the nearby icosahedron,
respectively. This leads to a representation as (B12)

5/3−C−
B4/3+−B1/3+ for the bent chain structure. There is only one 3c-
2e bond in the bent chain structure, while there are three in the
linear chain structure. This makes the bent chain structure
much more stable despite its lower symmetry. To validate that
both bent and linear chain structure is stable at finite
temperature, we preformed ab initio molecular dynamics
(AIMD) simulations on both structures at room temperature.
Both structures are intact after 4 ps of AIMD, suggesting they
neither are intrinsically unstable at finite temperature.
Because the bent chain structure is 0.315 eV per molecular

unit more stable than the linear CBB structure, it is interesting
to examine the relative stability of both structures at high
temperature. Here we performed the AIMD simulations and
found that the linear chain (B12)CBB structure can easily
transform to the bent structure when it is heated from 300 to
1200 K within 10 ps. While starting with the bent chain
structure, it remains stable at high temperature of 1200 K after
another 10 ps simulation. Considering the CBB chain can bend
in several possible planes to its nearby icosahedra, we quenched
the bent chain structure from 1200 to 10 K within 10 ps. Then,
we optimized the structure to find a larger unit cell with eight
(B12)CBB molecules, as shown in Figure S1. The CBB chains
bend in different directions (Figure S1), leading to lower
energy by 0.221 eV per molecule compared to the
rhombohedral unit cell. This indicates that crystals of the
bent chain structure will exhibit several bending planes so that
it may remain disordered.
To provide signatures to identify experimentally which

structures are prepared, we predicted the Raman spectra
(Figure 2) using the QM optimized structures. In the simulated
Raman spectra, the bent chain structure shows vibration modes
in the lower frequency range (200−400 cm−1), while the low
frequency modes for the linear structure are in the range of
300−400 cm−1. These low frequency modes involve the C−B−
B chain movements, as shown in the Supporting Information.
The linear C−B−B chain shows both stretching modes along
the chain direction (frequency of 359 cm−1, Movie S4) and
bending modes (frequencies of 338.6 and 394.8 cm−1, Movies
S3 and S5, respectively), while the bent chain shows only
bending modes (frequencies of 184.4 and 312.3 cm−1, Movies
S1 and S2, respectively). The difference in the Raman active
peaks should allow the chain geometries to be assigned
experimentally.
The B/C ratio has a significant effect on the elastic modulus

of boron carbide samples.8 It has been suggested that the
expanded lattices of boron-rich boron carbide caused by boron
replacement is responsible for the reduced strength.33 The
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calculated bulk modulus for linear and bent chain (B12)CBB are
197.5 and 212.3 GPa, respectively. The predicted shear moduli
are 167.1 and 188.7 GPa for linear and bent chain structures,
respectively. Therefore, the bent chain structure has 7.5 and
12.9% higher bulk and shear modulus than linear chain
structure. However, the bulk modulus and shear modulus for
bent chain structure are still 10.8 and 5.2% lower than those of
B4C (238.0 GPa for B and 199.0 GPa for G).36 This is
consistent with the experimental data for boron-rich boron
carbide,20 indicating that the higher boron content leads to
lower elastic moduli. The Pugh’s ductility indexes B/G for
linear and bent chain structures are 1.18 and 1.12, suggesting
that both structures are brittle.
To investigate the brittle failure processes of (B12)CBB

structures, we applied pure shear deformation on the linear
chain structure along the most plausible slip system (001)/
⟨100⟩ in B4C.

36 We find that the high energy linear chain
structure transforms easily to the bent chain structure
(discussed below), again indicating an unstable structure. In
addition, in real materials the bent CBB chain can randomly
bend in various planes with respect to nearby icosahedra,
making the structures more complex.
This shear-stress−shear-strain relationship is displayed in

Figure 3a. The ideal shear strength for the linear chain
(B12)CBB structure is 30.0 GPa, which is much lower than
B4C,

36 suggesting that it is weaker than B4C. The deformation
processes are displayed in Figure 3b−e. As the shear strain
increases to 0.061, the shear stress is released by ∼1.5 GPa,
suggesting a structural change. From the structure at 0.061
strain, we observe that the linear chain structure (Figure 3b)
deforms to bent C−B−B chains, as shown in Figure 3c. As the
shear strain increases from 0.061 to 0.369, the C−B−B angle
increases from 100.1 to 125.1°, as shown in Figure 3d. At this
point, the middle B in the C−B−B chain that was originally
1.945 Å now is 1.784 Å at 0.06 strain. Meanwhile, the boron
atoms (B1, B13) within the icosahedra are stretched apart. The
B1−B13 bond within the icosahedra increases from the original
1.765 to 2.017 Å at 0.369 strain. However, the icosahedral
clusters do not deconstruct yet at 0.369 strain. With further
shear to 0.416, the angle of the C−B−B chain between the
icosahedra decreases slightly to 121.3°, and the distance
between B1 and B13 atoms within icosahedra increases
dramatically to 2.526 Å, causing the icosahedron to fracture
(Figure 3e) while relieving the shear stress to 13.4 GPa. This
failure processes suggests that brittle failure arises from the

interaction between the (B12) icosahedra and the bent C−B−B
chains.
The stress conditions under indentation experiments are very

complex compared to our simulated pure shear deformation.
To predict materials behavior under indentation experiments,
we performed biaxial shear deformation to mimic the stress
conditions under indentation.48 The shear-stress−shear-strain
relationships of the crystalline (B12)lCBB are shown in Figure
4a. The maximum shear stress for (B12)lCBB is 20.8 GPa, lower
than crystalline B13C2 (28.6 GPa)49 and B4C (28.5 GPa).49

This result suggests that the hardness of (B12)lCBB should be
lower than B4C, which is consistent with the experimental
observatin.8

The detailed deformation processes of (B12)CBB under
biaxial shear deformation are displayed in Figure 4b−d. Similar
to the situation for pure shear, the linear C−B−B chains
deform into more stable bent chains as the strain increases from
0.020 to 0.040, as shown in Figure 4b. As strain increases from
0.040 to 0.254, the middle boron atom B54 inserts into to the
nearby icosahedron (Figure 4c). The B54−B70 bond distance
increases from 1.556 to 1.645 Å. As the shear strain increases
further to 0.276, all of the icosahedra are deconstructed (Figure
4d). At 0.276 strain, the chain bond (B70−B54) is significantly
stretched from to 2.792 Å, and one boron atom (B77) within

Figure 2. Simulated Raman spectra based on the structures from QM
simulations of linear chain (B12)CBB and bent chain (B12)CBB.

Figure 3. (a) Shear-stress−shear-strain relationship of crystalline the
linear chain (B12)lCBB structure. Structure evolution of crystalline
(B12)lCBB under pure shear deformation: (b) structure at 0.0 strain;
(c) structure at 0.061 strain; (d) structures at 0.369 strain
corresponding to the maximum shear stress; (e) failed structures at
0.416 strain.
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the icosahedron is pulled out from the cage, leading to full
deconstruction of the icosahedra in the (B12)CBB structure.

■ SUMMARY
In summary, we used QM simulations to predict the atomistic
structures for two forms of B14C with just 6.7 at. % C. We
predicted the structures and properties for both linear chain
(B12)lCBB and bent chain (B12)bCBB structures. The bonding
analyses show that there is one 3c-2e bonds in the unit cell of
the bent chain structure while there are three in linear chain
structure. This makes bent chain structure much more stable.
Comparing the mechanical properties of these two config-
urations, we find that the bent chain (B12)bCBB has a 7.5%
higher bulk modulus and slightly (0.8%) lower density than the
linear chain structure. The linear chain structure transforms
easily to bent structure as the shear is applied, suggesting that it
is far less stable. Under pure shear deformation the boron-very-
rich (B12)CBB structure is predicted to have an ideal shear
strength comparable to that of boron-rich boron carbide
(B13C2). We find that the failure mechanism for (B12)CBB
structure involves the interaction of the C−B−B chains with
the icosahedral clusters, just as in B4C. Under biaxial shear
conditions, the ideal shear strength of the boron very rich
(B12)CBB structure is lower than that of boron-rich boron
carbide (B13C2). This arises from the difference in the failure
mechanism under indentation loading conditions where the
icosahedra in the (B12)CBB are fully deconstructed after one
chain B atom inserts into the icosahedra and one B atom is
pulled out.
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