
Chin. Phys. B Vol. 26, No. 4 (2017) 047101

Ab initio study on the anisotropy of mechanical behavior and
deformation mechanism for boron carbide∗

Jun Li(李君)1, Shuang Xu(徐爽)1, Jin-Yong Zhang(张金咏)2, Li-Sheng Liu(刘立胜)2,†,
Qi-Wen Liu(刘齐文)1, Wu-Chang She(佘武昌)1, and Zheng-Yi Fu(傅正义)2

1School of Science, Wuhan University of Technology, Wuhan 430070, China
2State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, Wuhan 430070, China

(Received 24 November 2016; revised manuscript received 5 January 2017; published online 20 February 2017)

The mechanical properties and deformation mechanisms of boron carbide under a-axis and c-axis uniaxial compres-
sion are investigated by ab initio calculations based on the density functional theory. Strong anisotropy is observed. Under
a-axis and c-axis compression, the maximum stresses are 89.0 GPa and 172.2 GPa respectively. Under a-axis compression,
the destruction of icosahedra results in the unrecoverable deformation, while under c-axis compression, the main deforma-
tion mechanism is the formation of new bonds between the boron atoms in the three-atom chains and the equatorial boron
atoms in the neighboring icosahedra.
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1. Introduction
Boron carbide (B4C) has wide industrial and military ap-

plications due to its excellent properties, including high hard-
ness, low density and good chemical stability.[1–3] With a
low density and high Hugoniot elastic limit (HEL) of about
20 GPa,[4,5] B4C is expected to be a promising material for
protective armor. However, when impact pressure is above
HEL, an abrupt drop in strength occurs, leading to much
poorer dynamics performance than expected.[5]

Since the 1990s, a number of groups have studied
the mechanical behavior and related deformation mechanism
experimentally.[4–10] Chen et al.[6] studied the formation of
nanoscale intragranular amorphous bands in a ballistic exper-
iment, which might be responsible for the lower dynamics
response of B4C. Amorphization of B4C was also observed
in scratching and indentation experiments.[7–10] By contrast,
Zhang et al.[4] performed shock-wave experiments on B4C,
and found a sudden drop in the pressure-density plot above
38 GPa. They pointed out that it is related to a phase tran-
sition. Similarly, using plate impact experiments including
reshock and release configurations, Vogler et al.[5] found that
a possible structural change occurs at about 40 GPa. However,
it is still difficult to analyze the failure mechanism in B4C ex-
perimentally because of its complex crystal structure and the
nearly identical scattering cross sections for neutron and elec-
tron of B and C.

Over the past few decades, ab initio methods based on
the density functional theory have been widely used to study

mechanical behaviors, deformation mechanisms and various
properties in crystalline materials.[11–14] In particular, several
theoretical studies in B4C have been performed.[14–20] An et
al.[14,15] considered the structure deformation mechanism un-
der shear stress. They found that the amorphization band for-
mation is associated with the breaking of B–C bond between
neighboring icosahedra and the bond formation between the
B atoms in the chain center and the C atoms in the nearby
icosahedra.[14] They also concluded that the brittle failure of
B4C arises from the formation of higher density amorphous
bands due to the fracture of the icosahedra through reactive
molecular dynamics (RMD) simulations.[15] Besides, Aryal et
al.,[16] Yan et al.,[17] and Taylor et al.[18,19] investigated the
nature of structural deformation in B4C under c-axis (the di-
rection of three-atom chains) compression. They concluded
that the deformation mechanism of B4C is the abrupt bending
of three-atom chains. Betranhandy et al.[20] suggested that the
formation of C–C bonds in the C–B–C chains results in the
dynamic failure of B4C instead of the abrupt bending of C–
B–C chains under the c-axis compression. Most of the above
studies focused on the deformation mechanism of B4C under
the c-axis compression. The deformation behaviors for B4C
loading along other directions have not been understood.

Furthermore, Clellan et al.[21] showed experimentally
that B4C is more strongly anisotropic in elasticity and inter-
atomic bonding than most solids. Thus, it needs to be consid-
ered whether the deformation mechanism for B4C has strong
anisotropy. Korotaev et al.[22] studied the structural changes in
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B4C during compression along different directions (x, y, and
z axes). The z axis is the direction of three-atom chains, and
the x axis is chosen so that the edge of the unit cell contain-
ing the carbon atom lays in the (x,z) plane. They found three
types of structural changes: abrupt and continuous bending
of the three-atom chain, and the disordering of the structure.
They concluded that B4C has a strongly anisotropic deforma-
tion behavior, because sudden chain bending occurs along the
x axis and in y axis and z axis of deformation only continu-
ous bending of the chain occurs. Actually, the sudden bend-
ing of three-atom chains was also observed along the z-axis
compression (the three-atom direction).[16–19] Thus, the rea-
son Korotaev et al.[22] proposed for the anisotropy of B4C
might not be the real anisotropic deformation behaviors. Thus,
the anisotropic mechanical behaviors and associated deforma-
tion mechanisms still need investigating.

In order to investigate the anisotropic deformation mech-
anism in B4C, ab initio methods are used to study the uniaxial
compression deformation along a axis and c axis in this work.
The rest of this paper is organized as follows. In Section 2,
we give the details about crystal structure and computation. In
Section 3, we present the results and discussion, containing
stress–strain relation and the analyses of deformation mecha-
nisms under a-axis and c-axis compressions. In Section 4, we
draw some conclusions from the present study.

2. Crystal structure and computation details
As illustrated in Fig. 1, the crystal structure of B4C con-

sists of 12-atom icosahedra located at vertices of a rhombo-
hedral lattice and the three-atom chain (C–B–C) lying on the
main diagonal location. This structure can also be described
as a hexagonal lattice with its c axis along the body diago-
nal of the primitive rhombohedral cell. Within an individual
icosahedron, there are two types of distinct sites: polar and
equatorial. Atoms at the polar sites connect the icosahedra to-
gether and atoms at the equatorial sites form bonds between
the icosahedra and three-atom chains. In the present study,

the hexagonal unit cell of B11CP–CBC, in which B11CP is the
12-atom icosahedron at polar sites and C–B–C is the 3-atom
chain, is considered. This structure is generally accepted as
the most stable form of B4C.[23–25]

b

a

c

Fig. 1. (color online) Atomic structure of polar boron carbide B11CP–
CBC in the hexagonal unit cells. The red balls in the figure denote the
C atoms, and the blue balls refer to the B atoms.

In the current study, all periodic calculations were per-
formed with an ab initio method at a local density approxima-
tion (LDA) functional level, and Vienna ab initio Simulation
Package (VSA)[26–28] was used. To ensure accuracy and ef-
ficiency, tests were first made by using experimental unit cell
parameters[29] of B11CP–CBC (Table 1) to determine the num-
ber of k-points and the cutoff energy required. According to
the test results, 75 k-points and a high cutoff energy of 1200 eV
were adopted in the present calculations. The convergence cri-
teria were set to be 1×10−6 eV energy difference for solving
the electronic wave function and 1×10−2 eV/Å force for ge-
ometry optimization. The lattice parameters for B4C were first
optimized in VASP to ensure that the calculations were based
on equilibrium lattice parameters. The experimental lattice pa-
rameters (Table 1) were taken as the basis for the optimization
by energy minimization. Due to the substitution of carbon into
the B12 icosahedron, the B11CP–CBC structure rather deviates
from hexagonal symmetry. Our optimized lattice parameters
are listed in Table 1, which are in agreement with previous
results.[16,30]

Table 1. Lattice parameters of B11CP–CBC.

Lattice parameters Present work Aryal et al.[16] Ivashchenko et al.[30] Morosin et al.[29]

a/Å 5.532 5.581 5.548 5.589

b/Å 5.532 5.581 5.548 5.589

c/Å 11.907 11.907 11.865 12.054

α/(◦) 92.034 90.00 91.74 90

β/(◦) 87.966 92.075 88.26 90

γ/(◦) 119.887 120.055 119.89 120

In order to investigate the deformation mechanism of
B4C, the uniaxial compression along different directions were
performed. The uniaxial compressive strains were imposed
along a axis and c axis respectively. At each strain level, the

strain components of the other directions were fully relaxed,
and the residual stresses for relaxation of these other strain di-
rections were controlled to be less than 0.1 GPa. To obtain
stress–strain curves, a small uniaxial compression strain was
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applied sequentially to the B4C structure relaxed in the previ-
ous step. At each deformation step, we defined a 1% level of
strain as a small compression strain increment. The volume of
B4C remained unchanged during relaxation. This stress–strain
relationship was used to obtain mechanical behaviors and to
analyze the related deformation mechanisms for B4C.

3. Results and discussion
3.1. Stress–strain relationship

Figure 2 shows the uniaxial stress–strain responses for
B4C under uniaxial compressions. Under a-axis compres-
sion (Fig. 2(a)), the stress increases almost linearly until the
strain reaches 0.12 (ε = 0.12). However, when the strain in-
creases from 0.12 to 0.13, the stress decreases slightly from
66.4 GPa to 62.4 GPa. After ε = 0.13, the stress increases up
to 89.0 GPa with a corresponding strain value of 0.22. After
reaching a maximum value, the stress drops suddenly to a min-
imum value of −8.6 GPa, with a corresponding strain value of
0.23.

In Fig. 2, there are two abrupt points (ε = 0.12, ε = 0.22).
In order to further investigate the mechanical behaviors re-
lating to these two points, zoomed views of the regions near
ε = 0.12 and ε = 0.22 are given. It is shown that the stress
still varies linearly till ε = 0.124, while from ε = 0.124 to
ε = 0.126, there is a slight decrease in stress from 68.2 GPa
to 60.4 GPa. After that, the stress increases monotonically
until reaching a maximum value. Beyond the point of max-
imum stress, the stress generally decreases monotonically.
From ε = 0.22 to ε = 0.224, the stress decreases slightly from
89.0 GPa to 87.9 GPa. At ε = 0.226, there is a sudden drop in
stress to 25.9 GPa. After that, the stress ultimately drops to a
minimum value.

When compressive strains are imposed along the c axis
(Fig. 2(b)), the mechanism is quite different. The stress in-
creases almost linearly up to 168.8 GPa with a corresponding
stain value of 0.22, indicating that the structure is uniformly
resistant to the deformation. At ε = 0.23, an abrupt drop in
stress to 14.2 GPa occurs. Zoomed views of the region near
ε = 0.22 are also given in Fig. 2(b). The results show that the
stress varies linearly to the maximum stress of 172.2 GPa with
ε = 0.228.

The above results show that the maximum stress along
a axis (89.0 GPa) is much smaller than that along the c axis
(172.2 GPa). Thus the compressive strength along the c axis
is higher than that along the a axis in the B4C structure. How-
ever, the maximum stress that the B4C can sustain is much
larger than the experimental value.[4,5] That is because perfect
crystal structure is considered in this work. But it is almost

impossible to obtain the ideal compression conditions experi-
mentally.
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Fig. 2. (color online) Stress–strain relationships for B4C under uniaxial
compressions (a) a axis, (b) c axis.

From the above results, there are some differences be-
tween the mechanical behavior of the structure during com-
pression along the a axis and that along the c axis. From
ε = 0.12 to ε = 0.13, there is a slight decrease in stress un-
der the compression along the a axis while the stress varies
linearly under the compression along the c axis. Before reach-
ing a minimum value, the stress decreases monotonically un-
der the compression along the a axis while the stress drops
suddenly under the compression along the c axis. These
differences are mainly due to the anisotropy of B4C. Thus
the microstructure evolution of B4C needs further studying,
thereby clarifying the reasons why the mechanical behavior is
anisotropic in B4C under the a-axis and c-axis compressions.

3.2. Anisotropic deformation mechanism for B4C
3.2.1. Compression along aaa axis

In other previous research,[16–19] the bending of three-
atom chains was considered as the mechanism of B4C under
c-axis compression. In order to study whether the deforma-
tion mechanism of a axis is also related to the deformation of
three-atom chains, the change in the angle of C–B–C chain
with a-axis strain is shown in Fig. 3. Under the a-axis com-
pression, the angle of C–B–C chain decreases monotonically
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from 178.3◦ to 164.1◦ (ε = 0.124). Then a sudden decrease in
angle associated with the bending of three-atom chains takes
place, leading to a small decrease in stress from 68.2 GPa to
60.4 GPa in Fig. 2(a). From ε = 0.126 to ε = 0.224, the angle
of C–B–C chain varies continuously. However, at ε = 0.226,
the angle decreases suddenly. It is followed by an increase in
the angle of C–B–C chain from 123.9◦ to 137.9◦ at ε = 0.228.
At ε = 0.23, the angle of C–B–C chain actually rises slightly
to 139.4◦. From ε = 0.22 to ε = 0.23, the angle of C–B–C
chain fluctuates up and down without any particular pattern.
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Fig. 3. Plot of angle of C–B–C chain versus uniaxial strain for B4C
under the a-axis compression.

Thus, the bending of three-atom chains is not related to the
deformation mechanism of a axis. As presented below, the
electron localization function (ELF)[31–33] is further studied,
which shows that the distortion of B11CP icosahedron is the
main reason for causing the stress to drop under the a-axis
compression.
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Fig. 4. (color online) Atomic configurations after unloading (a) ε =
0.228, (b) ε = 0.23 (blue = B atoms; red = C atoms).
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Fig. 5. (color online) Maps of the electron localization function (ELF) for uniaxial compression along the a axis at different strain levels in the
plane containing the atoms in the chain (BC and CC) and boron polar (BP) and equatorial (Be) atoms of icosahedra. (a) ε = 0.00 corresponds
to the initial stage, (b) ε = 0.124, (c) ε = 0.126 where the abrupt chain bending occurs but no extra bond is formed, (d) ε = 0.22, (e) ε = 0.224,
(f) ε = 0.228 where the B11CP icosahedra are highly distorted but still not broken, (g) ε = 0.23 where the icosahedra are broken, leading to the
formation of some extra new bonds, and (h) ε = 0.24 corresponds to an unrecoverable deformation.
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There are some discontinuous points in the stress–strain
curve of B4C under the a-axis compression. In order to fur-
ther investigate the nature of deformation behaviors, we un-
load at different strain levels (between ε = 0.126 to ε = 0.25),
then the typical atomic structures (ε = 0.228, ε = 0.23) are
analyzed in detail as shown in Fig. 4. After unloading from
ε = 0.228 (Fig. 4(a)), the crystal structure is the same as the
original structure (Fig. 1), which means that the deformation
of B4C structure is still elastic as the strain increases from
0.126 to 0.228. While unloading from ε = 0.23 (Fig. 4(b))
and other higher strain levels, an unrecoverable deformation
appears, which is mainly caused by the destruction of B11CP

icosahedra.
Figure 5 gives maps of the ELF which is used to ana-

lyze the covalent bonding and long pair formation.[31–33] Be-
low ε = 0.124 (Figs. 5(a) and 5(b)), the three-atom chains are
almost straight and the B11CP icosahedra are intact. The B4C
structure uniformly resists the uniaxial deformation, leading to
the monotonic increase in stress. At ε = 0.126 (Fig. 5(c)), an
abrupt chain bending occurs (in the red dashed frame), lead-
ing to a small decrease in stress from 68.2 GPa to 60.4 GPa
in Fig. 2(a). No extra bond formation is observed. As the ap-
plied strain increases to 0.224 (Figs. 5(d) and 5(e)), the C–B–C
chains remain bent and the icosahedra are deformed slightly.
At ε = 0.228 (Fig. 5(f)), the B11CP icosahedra (in the black
dashed frame) are highly distorted but still not broken, result-
ing in irregular fluctuation of the angle of C–B–C chain in
Fig. 3. Actually, there is no bond broken nor formed. The
B4C structure is still in elastic deformation. The monotonic
decrease in stress is mainly due to the distortion of B11CP

icosahedra. At ε = 0.23 (Fig. 5(g)), the icosahedra are bro-
ken, forming some extra new bonds. At the same time, an
unrecoverable deformation occurs. As shown in Fig. 5(h), an
unrecoverable deformation remains in the B4C. The results in-

dicate that when the chain bending occurs, the B4C structure
is still in elastic deformation stage, while the destruction of
B11CP icosahedra is the main reason for causing unrecover-
able deformation.

3.2.2. Compression along ccc axis

Figure 6 shows the bending of C–B–C chains under the
c-axis compression. Unlike the a-axis compression, the de-
crease in the angle of C–B–C chain is slower. When the strain
is increased to 0.228, the angle changes slowly to 162.2◦. Af-
ter this point, there is an abrupt drop in the angle of C–B–C
chain to 96.3◦, which is related to the abrupt drop in stress.
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Fig. 6. Plot of angle of C–B–C chain versus uniaxial strain for B4C
under the c-axis compression.

The change in the angle of C–B–C chain during com-
pression along the a axis is quite different from that along
the c axis. Under a-axis compression, when the abrupt bend-
ing of C–B–C chains occurs, the stress decreases slightly from
68.2 GPa to 60.4 GPa. When the B4C undergoes a stress drop,
the fluctuation of angle of C–B–C chains appears. Meanwhile,
under the c-axis compression, when the abrupt bending of C–
B–C chains occurs, the stress drops suddenly from 172.2 GPa
to 14.2 GPa.
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Fig. 7. (color online) Maps of the electron localization function (ELF) in the same plane as that in Fig. 5 for uniaxial compression along the
c axis at (a) ε = 0.00 corresponds to the initial stage, (b) ε = 0.13 and (c) ε = 0.228 corresponds to the elastic deformation, (d) ε = 0.23
where the B atoms in the chain center make extra atomic bonds with the equatorial B atoms in neighboring deformed icosahedra, leading to the
unrecoverable deformation.
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Figure 7 displays maps of the ELF under the c-axis com-
pression at different strains. Before ε = 0.228 (Figs. 7(a)–
7(c)), all bonds vary continuously and there is no bond broken
nor formed. The angle of three-atom chain is close to 180◦.
The B11CP icosahedra are intact but deformed slightly. At
ε = 0.23 (Fig. 7(d)), the B atoms in the chain center make
extra atomic bonds with the equatorial B atoms in neighboring
deformed icosahedra, leading to suddenly bending the C–B–C
chains. The B11CP icosahedra are still identifiable but severely
disordered. So the formation of new atomic bonds between the
B atoms in the middle of the chain and the equatorial B atoms
in the neighboring deformed icosahedra is considered as the
main mechanism for causing the stress to abruptly drop.

The strong anisotropy of deformation mechanism for B4C
is observed. Under the a-axis compression, when the sudden
bending of C–B–C chains takes place, the stress drops slightly
and the B4C structure is still in the elastic stage. After that,
the decrease in stress occurs, which is related to the distortion
of B4C structure, and the destruction of B11CP icosahedra is
the main mechanism for causing unrecoverable deformation.
Under the c-axis compression, the formation of new atomic
bonds between the B atoms in the middle of the chain and the
equatorial B atoms in the neighboring deformed icosahedra is
the main deformation mechanism, leading to an abrupt drop in
stress.

4. Conclusions
In this work, ab initio methods are used to study the in-

trinsic mechanical properties and deformation mechanisms of
B4C under a-axis and c-axis compression. Strong anisotropy
is observed. The maximum stresses are 89.0 GPa and
172.2 GPa along a axis and c axis, respectively. Under the a-
axis compression, there is a slight decrease in the stress–strain
curve, which is caused by the sudden bending of the C–B–C
chains. However, the structure is still in elastic deformation at
this time. Then the drop in stress takes place, which is associ-
ated with the distortion of B4C structure, while the destruction
of icosahedra is the main mechanism for causing the unrecov-
erable deformation. Under the c-axis compression, the icosa-
hedra remain intact, and the C–B–C chains are almost straight
before a drop in stress occurs. The formation of B–B bonds,

which leads to the sudden bending of the C–B–C chains, is the
main mechanism for causing the stress to abruptly drop.
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