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Local amorphization in boron carbide at finite temperature:
Strategies toward improved ductility
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Boron carbide (B4C) is superhard, but its engineering applications are limited by the abnormal brittle failure
arising from amorphous shear band formation. Mitigating the local amorphization is essential to improve the
ductility of B4C. Here, we carried out ab initio molecular dynamics (AIMD) simulations to examine the response
of B4C to shear along two plausible slip systems (001)/[100] and (111)/[112̄] at finite temperature. We found
that the icosahedra of B4C gradually deconstruct at finite temperature, resulting in local amorphization, thereby
giving rise to a lower stress barrier than that of density functional theory simulations at zero temperature. The
deconstruction of the icosahedral clusters arises from the interaction with the neighboring chains. The failure
mechanism at the finite temperature suggested that the local amorphization can be suppressed by altering the
structure of the 12-atom icosahedron and the 3-atom chain of B4C. To demonstrate this, we replaced the B11CP

icosahedron in B4C with B12 icosahedron to form boron-rich boron carbide (B13C2) and then performed the same
shear deformations. We found that local amorphization significantly decreases, which results from the modified
icosahedral interaction. We also altered the 3-atom C-B-C chain to the 2-atom P-P chain and found that the
accumulated shear stress can be released through icosahedral slipping, which is achieved by breaking the chains.
The icosahedral slipping then prevents the destruction of icosahedra under shear deformations, expected to
improve the ductility. Our results demonstrate two design strategies toward improved ductility of B4C: (1) boron
enrichment can alleviate amorphous shear band formation in boron carbide, and (2) altering the 3-atom chain to
a 2-atom chain and meanwhile decreasing the strength of the chain to make it less stable than the icosahedron
cage may lead to an icosahedral-slipping-dominated mechanism, thereby avoiding icosahedral fracture.

DOI: 10.1103/PhysRevB.104.134105

I. INTRODUCTION

As one of the superhard ceramics, boron carbide (B4C)
exhibits many superior physical properties, such as ultrahigh
hardness, low density, high melting temperature, high thermal
stability, and extreme wear resistance, making it of practi-
cal importance for a wide range of science and engineering
applications including abrasives powers, refractories, semi-
conductors, and ballistic armor [1–3]. However, B4C softens
and fractures easily just above its Hugoniot elastic limit (HEL
≈ 20 GPa) under extreme environments of high pressures
and hypervelocity impact [4–6], which greatly impedes its
extended engineering applications. This abnormal brittle fail-
ure of B4C arises from the formation of amorphous shear
bands, which has been identified under various test conditions
such as hypervelocity impact [7], indentation [8,9], mechan-
ical scratching [8,10], diamond anvil cell [11], laser shock
[12], and radiation [13]. Researchers have attempted to ex-
plain the atomistic mechanism underlying amorphous shear
band formation in B4C by both experimental and theoretical
studies [14–20]. We carried out quantum mechanics (QM)
calculations to examine the response of B4C to shear along
11 slip systems and discovered that the slip system with the
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lowest shear strength (001)/[100] results in a unique defor-
mation mechanism where a B-C bond between neighboring
icosahedra breaks to form a carbon lone pair (Lewis base)
on the C within the icosahedron [19]. Then further shear
leads this Lewis base C to form a new bond with the Lewis
acidic B in the middle of a 3-atom CBC chain. This stretches
the icosahedra and initiates the destruction of the icosahedra
and subsequent failure [19]. Recently, Reddy et al. [21] em-
ployed depth-sensitive nanoindentation to probe the structural
evolution of single-crystal B4C. The transmission electron
microscopy (TEM) characterization suggested that the amor-
phization of B4C is mediated by dislocations along some slip
systems, rather than a directive crystal-to-amorphous transi-
tion. In addition to dislocations, both asymmetric and sym-
metric twins in B4C have been observed experimentally, but
only symmetric twins in B13C2 [22,23], which may have sig-
nificant influences on the amorphization of boron carbide. In
addition, elastic instability may be another reason for the onset
of amorphization in B4C [24,25]. Grady [24] suggested that
the amorphization in B4C is a consequence of adiabatic shear
deformation in the impact event and then predicted the nom-
inal width and spacing of adiabatic shear bands in B4C using
continuum energy principles. Clayton [25] developed a non-
linear constitutive model to examine the mechanical stability
of B4C using several stability criteria, which captures the loss
of elastic stability of B4C with increasing compression.
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In fact, the formation of amorphous shear bands in B4C
is often accompanied by dramatic changes in pressures and
temperatures [12,26,27]. However, only the high pressure was
considered in most theoretical studies using QM simulations,
while the other important factor, temperature, was often ne-
glected, even though the temperature plays an essential role in
explaining the complexities of deformation behaviors [26,27].
Recently, we performed large-scale reactive force field molec-
ular dynamics simulations of shear deformations in B4C at
room temperature and found that brittle failure of B4C results
from the formation of higher density amorphous bands due to
fracture of icosahedra, leading to tension-induced cavitation
followed by crack opening and failure [15]. Subhash et al.
[26,27] found that, when subjected to the shock loading, the
temperature of the B4C system could rise rapidly above its
melting point even at low impact velocity. Then they discussed
the relationship between the pressure-induced temperature
rise and shock deformation of B4C [26,27]. Although the
need for studying the connection between temperature and
deformation behaviors of B4C has been emphasized, it is
very challenging to develop a good force field for atomistic
simulations of B4C with intriguing bonding characters.

Developing high-strength and high-ductility materials is
of great interest for science and engineering applications. To
extend the engineering applications of B4C, it is essential to
mitigate its amorphous shear band formation by suppressing
the deconstruction of icosahedral clusters under highly com-
pressed conditions. Many approaches have been suggested
and examined to improve the ductility of B4C. For example,
previous experimental and theoretical studies demonstrated
that doping impurity elements such as Mg [28,29], Li [30,31],
and Si [32–34] into B4C can improve its theoretical strength
or mitigate the formation of amorphous shear bands. Multiple-
phase material B4C-B6O has been proposed to improve the
ductility by suppressing the failure mechanism of B4C [35].
Another approach is to introduce nanoscale twins into B4C
which can significantly improve its intrinsic strength and
fracture toughness, thereby mitigating the formation of amor-
phous shear bands [23,36]. Moreover, injecting electrons into
B4C can both enhance its strength and ductility due to the
modified failure mechanism arising from the distribution of
excess electrons [37].

B4C has a unique crystal structure among engineering ce-
ramics, which consists of a 12-atom boron-rich icosahedron
(B11CP) located at vertices of a rhombohedral unit cell and a
linear 3-atom chain (CBC) along the diagonal axis [38,39],
as shown in Fig. S1(a) of the Supplemental Material [40].
Modifying the structure of both the 12-atom icosahedron and
the 3-atom chain has been suggested as a promising avenue
for mitigating the formation of amorphous shear bands in B4C
[33,41–44]. QM simulations suggested that replacing the C
atom with the B atom in the icosahedron can transform it
from B11CP to B12, which may modify the twin formation
[23,45] and the icosahedral interaction, thereby improving
the mechanical and fracture properties as well as suppressing
amorphous shear band formation [41,42]. In other words,
boron enrichment can alleviate amorphization in boron car-
bide, which has also been validated by experimental studies
[46]. The formation of amorphous shear bands may also be
suppressed by altering the chain structure from the 3-atom

C-B-C chain to a 2-atom chain [33,34,47,48]. Particularly,
replacing the 3-atom C-B-C chain with the 2-atom Si-Si chain,
denoted as B11CP-SiSi, can dramatically increase the ductil-
ity of boron carbide because the 2-atom Si-Si chain enables
the icosahedra to accommodate additional shear by rotation
instead of breaking bonds [33]. In addition, our density func-
tional theory (DFT) studies on boron suboxide (B6O) and
boron subphosphide (B12P2) indicate that their icosahedral
clusters do not deconstruct shearing along the most favorable
slip system at T = 0 K [47,48], which also support the idea
that altering the 3-atom C-B-C chain to a 2-atom chain can be
considered as a potential avenue for improving ductility.

Here, we carried out an ab initio molecular dynam-
ics (AIMD) method to apply pure shear deformations
on B4C along two plausible slip systems at finite tem-
perature: (i) (001)/[100] (the hexagonal representation is
(011̄1̄)/[1̄101]), which is related to amorphous shear band
formation [9,19], and (ii) (111)/[112̄] (the hexagonal repre-
sentation is (0001)/[101̄0]), which is related to deformation
twinning [15,49]. The deformation behaviors and failure
mechanism of B4C at finite temperature have been examined
and compared with that of B4C under the adiabatic condition
(T = 0 K). Note that the adiabatic condition in QM refers to
a physical system remaining in its instantaneous eigenstate if
a given perturbation is acting on it slowly enough and if there
is a gap between the eigenvalue and the rest of the Hamilto-
nian’s spectrum [50]. The deformation processes suggest that,
instead of fully disintegrated simultaneously at T = 0 K, the
icosahedra in B4C are gradually deconstructed, forming local
amorphization at finite temperature. The investigation of the
shear performance of B4C at finite temperature provides in-
sight into understanding the amorphous shear band formation
in boron carbide.

Next, we report the investigations of the pure shear de-
formations of B13C2 and B12P2 along the two slip systems
of (001)/[100] and (111)/[112̄] at finite temperature to illus-
trate the design strategies for improved ductility. Our results
show that boron enrichment may lead to local structural
failure where some icosahedra remain intact instead of full
destruction in which all icosahedra are disintegrated, thereby
mitigating amorphous shear band formation. Replacing the
3-atom chain with a 2-atom chain is a promising way for
modifying the deformation mechanism to icosahedral slip-
ping without fracturing icosahedra so that the ductility can be
enhanced. We consider that these results on the deformation
mechanisms of B13C2 and B12P2 at finite temperature can
provide hints on enhancing the ductility of boron carbide.

II. METHODS

All simulations were performed using the Vienna ab initio
Simulation Package (VASP) periodic code with plane-wave
basis set [51–53], employing the Perdew-Burke-Ernzerhof
functional form of the generalized gradient approximation
for describing the exchange and correlation energy of elec-
trons [54]. The plane-wave projector augmented wave method
was adopted to generate the pseudopotential, representing the
interaction between cores and valence electrons [55]. The
plane-wave cutoff energy was determined to be 500 eV in
all simulations, which could provide excellent convergence
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on energy, force, stress, and geometry. The energy conver-
gence for electronic self-consistent field (SCF) interaction and
the force convergence for the ion relaxation were set to 1 ×
10−6 eV and 5 × 10−3 eV/Å, respectively. The Brillouin-zone
integration was performed on Г-centered symmetry-reduced
Monkhorst-Pack meshes with a fine resolution of < 2π ×
1

60 Å−1 except for the shear simulations.
We performed the AIMD simulations to examine the pure

shear deformation behaviors of B4C, B13C2, and B12P2 at
finite temperature. We first constructed the supercell of these
systems and then optimized the cell parameters and atomic
positions using DFT at T = 0 K. Next, they were equilibrated
at room temperature using constant pressure, constant temper-
ature, and constant number of atoms (NPT ensemble), where
the temperature and pressure were controlled by the Langevin
thermostat and Parinello-Rahman barostat, respectively. Fi-
nally, we applied pure shear strain on these systems with an
increment shear strain of 0.02. In each shear strain, these sys-
tems were equilibrated at the finite temperature (T = 300 K)
for 3 ps using constant volume, constant temperature, and
constant number of atoms (NVT ensemble), leading to a strain
rate of 6.67 × 109 s−1. The temperature was also controlled
by the Langevin thermostat. A time step of 1.0 fs was adopted
for integrating the equation of motion. The periodic boundary
conditions were applied to minimize the plausible surface
effects. The energy error for terminating electronic SCF was
set to 1 × 10−4 eV, and the force criterion for atom relaxation
was set to 1 × 10−2 eV/Å in the AIMD simulations.

To determine the failure mechanism under finite shear de-
formation, we applied the pure shear strain on a particular
shear plane. At each deformation step, a shear strain was
applied sequentially to the structure relaxed in the previous
step for achieving imposing continuously shear deformations.
For the shear simulations, we used supercells varying from 84
to 120 atoms of three superhard materials along two plausi-
ble slip systems while only the � point was sampled in the
Brillouin zone. The stress-strain relationships were computed
to explain the mechanical behaviors as well as to identify the
failure modes. In addition, the electron localization function
(ELF) analysis, whose values range from 0 to 1, was per-
formed to analyze the bond broken and reformation, as well as
the long pair formation during the shear deformation process
[56–58]. The VESTA software [58] was employed to visualize
the crystal structures and ELF. It should be noted that the
structural evolution during shear deformation is visualized by
rotating the a axis along the x direction in this paper.

III. RESULTS AND DISCUSSION

A. Deformation and failure mechanism of B4C at finite
temperature

The crystalline structures of B4C, B13C2, and B12P2 are
like that of the α-rhombohedral phase of boron (space group
R3̄m), as shown in Figs. S1(a), S2(a), and S3(a) of the Sup-
plemental Material [40], respectively. They are composed of
one icosahedron located at vertices of a rhombohedral unit
cell plus a linear chain having two to three atoms along the
diagonal axis that interconnects the icosahedra. The structural
configurations of B4C, B13C2, and B12P2 can be represented

as B11CP-CBC, B12-CBC, and B12-PP, where the CP atom
is in the polar site of the icosahedron. Since the substitu-
tion of the C atom into the B12 icosahedron induces small
distortions in the R3̄m symmetry [15], the optimized equi-
librium lattice parameters of B4C are given as a = 5.207 Å,
b = 5.057 Å, c = 5.207 Å, α = 66.012◦, β = 65.159◦, and
γ = 66.012◦, leading to a density of ρ = 2.525 g/cm3, which
are consistent with experimental values of a = 5.171 Å, α =
65.68◦, and ρ = 2.518 g/cm3 [3]. The calculated lattice pa-
rameters for B13C2 and B12P2 are a = 5.171 Å, α = 65.68◦,
and a = 5.171 Å, α = 65.68◦, respectively, which are in good
agreement with previous calculations and experimental data
[39,47,59].

To illustrate the failure mechanism of B4C at finite temper-
ature, we examined the shear deformation behaviors of B4C
along two plausible slip systems (001)/[100] and (111)/[112̄]
at T = 300 K and compared them with those at T = 0 K. Fig-
ure S1(b) of the Supplemental Material [40] shows the shear
simulation model of B4C along the (001)/[100] slip system
expected to be favorable for the formation of amorphous shear
bands, where the B-C bond between neighboring icosahedra
is stretched under shear deformations. Figure 1(a) displays
the shear-stress-shear-strain relationships of B4C along the
(001)/[100] slip system at both T = 0 and 300 K. At T =
0 K, the shear stress initially increases almost linearly up to
the maximum value of 46.04 GPa as the shear strain increases
to ε = 0.227, indicating that the B4C structure is uniformly
resistant to the elastic deformation. Then the shear stress
decreases slightly to 43.19 GPa at ε = 0.245 and suddenly
drops to 27.80 GPa at ε = 0.297, indicating a dramatic struc-
tural change. On further shear deformation, the shear stress
ultimately drops to the minimum value of 10.11 GPa at ε =
0.331. At the finite temperature (T = 300 K), the shear stress
first increases monotonically to the maximum value of 42.44
GPa at ε = 0.209. The critical shear stress of B4C at T =
300 K is 7.8% lower than that at T = 0 K (46.04 GPa), sug-
gesting that the temperature leads to a lower stress barrier of
forming amorphous shear bands in B4C. Beyond the point of
maximum shear stress, there is a dramatic drop in shear stress
to 27.82 GPa at ε = 0.227. After the shear stress decreases
to 16.95 GPa at ε = 0.245, it fluctuates with increasing shear
strain, implying the structural failure. As shown in Fig. 1(a),
the shear-stress-shear-strain relationship of B4C at T = 0 K
exhibits different behaviors from that of the finite temperature,
when the shear strain increases above ε = 0.20. To determine
whether the deformed B4C structure is metastable or not at
T = 0 K, we performed AIMD simulations at ε = 0.227. The
results show that B4C keeps the original structure after 3 ps of
MD run, suggesting it is intrinsically metastable. Thus, the
difference of the room temperature shear-stress-shear-strain
curve at large strain from that of T = 0 K is due to the tem-
perature effect instead of the dynamical instability.

Figures 1(b)–1(f) and 2(a)–2(d) show the structures and the
isoelectron surface (at 0.85) from the ELF analysis at various
critical strains at T = 0 and 300 K, respectively, along the
(001)/[100] slip system. Figure 1(b) shows the intact struc-
ture. As the shear strain increases to ε = 0.227, corresponding
to the maximum shear stress, the distance of the B-C bond
between neighboring icosahedra increases by 23% to 2.043 Å,
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FIG. 1. The shear-stress-shear-strain relationships, calculated
isosurfaces (at 0.85) of the electron localization function (ELF) and
the structural evolution of B4C shearing along the (001)/[100] slip
system at T = 0 K. (a) the shear-stress-shear-strain relationships. (b)
The initial structure. (c) The structure at ε = 0.227 corresponding to
the maximum shear stress, where the B-C bond between icosahedra
is stretched. (d) The structure at ε = 0.245, where the B-C bond
between icosahedra is broken. (e) The structure at ε = 0.297 after
the first stress drop, where the sudden bending of the 3-atom chain
occurs that initiates the destruction of icosahedra. (f) The structure at
ε = 0.331, where the icosahedra are fully deconstructed simultane-
ously, resulting in structural failure. The boron and carbon atoms are
represented by the green and sienna balls, respectively.

as shown in Fig. 1(c). Continuous shearing to ε = 0.245 leads
to a small stress decrease arising from the breaking of the
B-C bond between icosahedra because the distance of the B-C
bond increases to 2.227 Å, and its ELF moves totally to the
icosahedral carbon, as displayed in Fig. 1(d). As the shear
strain increases to ε = 0.297 [Fig. 1(e)], the sudden bending
of the 3-atom chain occurs, forming new B-B bonds between
neighboring icosahedra and chains. This then initiates the
destruction of icosahedra. Finally, continuous shear totally
disintegrates the icosahedral clusters simultaneously, leading
to amorphization, thereby resulting in structural failure, as
displayed in Fig. 1(f).

To characterize the amorphization in B4C, we then calcu-
lated the radial distribution function (RDF) to distinguish the
crystal and amorphous phases. As shown in Fig. S4 of the
Supplemental Material [40], the RDF plot of undeformed B4C
structure has well-defined peak features and displays long-
range order which is associated with the crystal structure. The
well-defined peaks correspond to different B-C, B-B, and C-C

FIG. 2. Calculated isosurfaces (at 0.85) of the electron localiza-
tion function (ELF) and the structural evolution of B4C shearing
along the (001)/[100] slip system at T = 300 K. (a) The structure
at ε = 0.209 corresponding to the maximum shear stress, where no
bond breaks nor forms. (b) The structure at ε = 0.227, where one
of the icosahedra is deconstructed. (c) The structure at ε = 0.245,
where one layer of icosahedra is disintegrated. (d) The structure at
ε = 0.314, where all icosahedra are deconstructed, causing structural
failure. The boron and carbon atoms are represented by the green and
sienna balls, respectively.

separations. As the shear strain increases to ε = 0.331, the
B4C structure is deconstructed. The distinctive sharp peaks in
the RDF disappear, indicating the formation of the amorphous
phase. It is worth noting that this failure mechanism is differ-
ent from the ideal shear deformation [19], where the C-B-C
chain reacts with the carbene formed by breaking the icosahe-
dral B-C bond. Instead, the middle B atom in the C-B-C chain
interacts with the B atom in the cage, leading to the failure.
This suggests that the mechanical loading mode significantly
influences the deformation and failure mechanism of B4C.

The details of deformation processes for B4C shearing
along the (001)/[100] slip system at the finite temperature
(T = 300 K) are displayed in Figs. 2(a)–2(d). As the shear
strain increases, the B4C system deforms elastically, causing
the shear stress to increase continuously until reaching the
maximum value of 42.44 GPa at ε = 0.209. No bond breaks
nor forms in the process, as shown in Fig. 2(a). With further
shear to ε = 0.227, one of the icosahedra is deconstructed,
which initiates the amorphization of B4C [Fig. 2(b)]. At ε =
0.245, one layer of B11CP icosahedral clusters is disintegrated,
forming an amorphous shear band [Fig. 2(c)]. As the shear
strain further increases continuously, the shear stress mono-
tonically increases to 20.70 GPa without totally fracturing
icosahedra. At critical failure strain ε = 0.314, all icosahedra
are totally disintegrated, causing structural failure, as dis-
played in Fig. 2(d). Therefore, the structural failure of B4C
at finite temperature initiates very locally from deconstructing
one icosahedron, and then this cage deconstruction propagates
to form one layer of amorphous region.

Next, we examine the shear deformation of B4C along
the (111)/[112̄] slip system expected to be favorable for the
formation of twins along the (111) plane, where the 3-atom C-
B-C chains are perpendicular to the slip direction (Fig. S1(c)
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FIG. 3. The shear-stress-shear-strain relationships, calculated
isosurfaces (at 0.85) of the electron localization function (ELF) and
the structural evolution of B4C shearing along the (111)/[112̄] slip
system at T = 0 K. (a) The shear-stress-shear-strain relationships.
(b) The initial structure. (c) The structure at ε = 0.209, where the
B1-C1 bond between icosahedra is broken causing a slope change
in the shear-stress-shear-strain curve. (d) The structure at ε = 0.539
corresponding to the maximum shear stress, where a new 3c−2e
C2-B2-B3 bond forms; the isosurface of the ELF shown in the zoom
apart is at 0.8. (e) The structure at ε = 0.565, where new 2c−2e
B2-B3 and B2-B4 bonds form; the isosurface of the ELF shown
in the zoom apart is at 0.8. (f) The structure at ε = 0.590, where
the 3-atom chain is broken without fracturing icosahedra. The boron
and carbon atoms are represented by the green and sienna balls,
respectively.

of the Supplemental Material [40]). The shear-stress-shear-
strain relationships at both T = 0 and 300 K are displayed
in Fig. 3(a). Here, the shear strength of B4C at T = 300 K
(43.23 GPa) is 12% lower than that at T = 0 K (49.15 GPa),
implying a lower stress barrier of structural failure in B4C at
finite temperature. The structures and the isoelectron surfaces
(at 0.85) from the ELF analysis at various critical strains are
displayed in Figs. 3(b)–3(f) to illustrate the failure mechanism
shearing along the (111)/[112̄] slip system at T = 0 K. As the
intact structure [Fig. 3(b)] is sheared along the (111)/[112̄]
slip system, the B-C bond (B1-C1) between icosahedra is
stretched, while the distances between the middle B atom (B2)
in the 3-atom chain and the B atoms (B3, B4) in neighboring
icosahedra decrease, leading to an almost linear increase in
shear stress [Fig. 3(a)]. As shown in Fig. 3(c), when the shear

FIG. 4. Calculated isosurfaces (at 0.85) of the electron localiza-
tion function (ELF) and the structural evolution of B4C shearing
along the (111)/[112̄] slip system at T = 300 K. (a) The structure
at ε = 0.276 corresponding to the maximum shear stress, where the
B1-C1 bond between icosahedra is stretched. (b) The structure at
ε = 0.299, where the B1-C1 bond between icosahedra is broken.
(c) The structure at ε = 0.440, where a new 3c−2e C2-B2-B3 bond
forms; the isosurface of the ELF shown in the zoom apart is at 0.8.
(d) The structure at ε = 0.465, where the C5-B5 bond in the 3-atom
chain is broken, causing the neighboring icosahedron to fracture
followed by the structural failure. The boron and carbon atoms are
represented by the green and sienna balls, respectively.

strain increases to ε = 0.209, the ELF of the B1-C1 bond
between icosahedra moves totally to the icosahedral carbon,
indicating that the B1-C1 bond is broken, thereby causing a
slope change in the shear-stress-shear-strain curve [Fig. 3(a)].
Thus, the shear-stress-shear-strain curve exhibits nonlinear
behaviors before the shear stress reaches its maximum value.
As the shear strain increases to ε = 0.539, corresponding to
the maximum shear stress of 49.15 GPa, the C2 chain atom,
the B2 chain atom, and the icosahedron B3 atom form a new
three-center–two-electron (3c-2e) bond, as displayed in the
zoom part of Fig. 3(d). At ε = 0.565, the ELF in Fig. 3(e)
shows the B2 chain atom forms a new bond with the B3 and
B4 atoms in the neighboring icosahedra, which is considered
as the two-center–two-electron (2c-2e) bond, leading to the
broken C2-B2 chain bond [Fig. 3(f)], relieving the shear stress
to 2.59 GPa at ε = 0.590 [Fig. 3(a)]. This failure process sug-
gests that brittle failure of B4C shearing along the (111)/[112̄]
slip system arises from the deconstruction of 3-atom chains
without disintegrating icosahedra, which may explain the for-
mation of the (111) type of twin in B4C during hot-pressed
synthesis processes [7,49].

At T = 300 K, the fracture mode of B4C shearing along
the (111)/[112̄] slip system displays a character like that at
T = 0 K, as shown in Figs. 4(a)–4(d). As the shear strain in-
creases to ε = 0.276, the B4C system is uniformly resistant to
the elastic deformation, where the B-C bond (B1-C1) between
icosahedra is stretched yet not breaking, as shown in Fig. 4(a).
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At ε = 0.299, since the ELF of the B1-C1 bond moves totally
to the icosahedral carbon [Fig. 4(b)], the B1-C1 bond between
icosahedra is broken, causing a slight decrease in shear stress
from 35.66 to 35.54 GPa. Meanwhile, the distances between
the B atom (B2) in the 3-atom chain and B atoms (B3, B4)
in neighboring icosahedra decrease, but the new B-B bond
has not been formed yet. With further shear to ε = 0.440,
corresponding to the maximum shear stress of 43.23 GPa,
there is a new 3c−2e C2-B2-B3 bond formation, which is
displayed in the zoom part of Fig. 4(c). Finally, the C5-B5
bond in the 3-atom chain is broken [Fig. 4(d)], leading the
neighboring icosahedron to fracture while relieving the shear
stress to 5.62 GPa at ε = 0.465. However, most icosahedra are
still identifiable in this process. This failure process indicates
that, at finite temperature, the icosahedron is deconstructed,
which arises from the interaction with the neighboring broken
chain, causing local structural failure.

The finite-temperature deformation mode of B4C suggests
that the icosahedra in B4C are gradually deconstructed at finite
temperature, which is significantly different from that of B4C
at T = 0 K, where all icosahedra are disintegrated simultane-
ously. This then leads to local amorphization in B4C, thereby
giving rise to a lower stress barrier of amorphous shear band
formation in B4C at finite temperature.

B. Improved ductility of B4C through boron enrichment

Previous experimental and theoretical studies demon-
strated that the formation of amorphous shear bands in B4C
may be mitigated by boron enrichment [41,42,46]. Thus, in
this paper, we examine the underlying mechanism by sim-
ulating the shear deformation of boron-rich boron carbide
(B13C2), which is formed by substituting the B11CP icosa-
hedron with the B12 icosahedron. The same slip systems
(001)/[100] and (111)/[112̄] are considered.

Figure S2(b) of the Supplemental Material [40] displays
the shear simulation model of B13C2 shearing along the
(001)/[100] slip system, where the B-B bond between neigh-
boring icosahedra is stretched under the shear deformation.
The shear-stress-shear-strain relationships of B13C2 at both
T = 0 and 300 K are shown in Fig. 5(a). The critical shear
stress for B13C2 at T = 300 K is 30.57 GPa, which is much
less than that at T = 0 K (43.95 GPa), implying a lower stress
barrier of structural failure at finite temperature. To examine
how the structure changes of B13C2 under shear deformation,
Figs. 5(b)–5(f) and 6(a)–6(d) show the structures and the iso-
electron surface (at 0.85) from ELF analysis at various critical
strains at T = 0 and 300 K, respectively. Figure 5(b) shows
the initial structure of B13C2 before shear deformations. As
the shear strain increases, the B-B bond between icosahedra
stretches continuously, as shown in Figs. 5(c) and 5(d). The
ELF analysis indicates that the B-B bond between icosahedra
becomes significantly weaker but still exists at ε = 0.380
[Fig. 5(d)], leading to a slight loss of shear stress to 40.44 GPa
from the maximum value of 43.95 GPa at ε = 0.348. With
further shear to ε = 0.397, there is a sudden bending of the 3-
atom chain, causing the formation of new B-B bonds between
neighboring icosahedra and chains, as shown in Fig. 5(e).
Then the icosahedra start to fracture, and the shear stress grad-
ually drops until reaching its minimum value of 10.79 GPa at

FIG. 5. The shear-stress-shear-strain relationships, calculated
isosurfaces (at 0.85) of the electron localization function (ELF) and
the structural evolution of B13C2 shearing along the (001)/[100]
slip system at T = 0 K. (a) The shear-stress-shear-strain relation-
ships. (b) The initial structure. (c) The structure at ε = 0.136, where
the B-B bond between icosahedra is stretched. (d) The structure
at ε = 0.380, where the B-B bond between icosahedra becomes
significantly weaker but still exists. (e) The structure at ε = 0.397,
where the sudden bending of the 3-atom chain occurs that initiates
the destruction of icosahedra. (f) The structure at ε = 0.429, where
one layer of the icosahedra is deconstructed. The boron and carbon
atoms are represented by the green and sienna balls, respectively.

ε = 0.429. Finally, one layer of B12 icosahedra in B13C2 is
disintegrated [Fig. 5(f)], which is different from that of B4C,
where all icosahedra are totally destroyed simultaneously
[Fig. 1(f)]. The failure process suggests less amorphization as
the increase of boron content.

The detailed deformation processes of B13C2 shearing
along the (001)/[100] slip system at T = 300 K are shown
in Figs. 6(a)–6(d). As shown in Fig. 6(a), the B13C2 system
deforms elastically as the shear strain increases to ε = 0.079.
Then continuous shear leads to the bending of the 3-atom
chain with random orientations, as displayed in Figs. 6(b) and
6(c). After passing the critical strain, one layer of icosahedra
deconstructs at ε = 0.262 [Fig. 6(d)], leading to the fracture
failure of B13C2, thereby causing the shear stress to drop from
the maximum value of 30.57 to 16.11 GPa.

Next, we investigated the shear deformation of B13C2

along the (111)/[112̄] slip system, where the 3-atom C-B-C
chains are perpendicular to the slip direction, as displayed
in Fig. S2(c) of the Supplemental Material [40]. Figure 7(a)
shows the shear-stress-shear-strain relationships of B13C2 at
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FIG. 6. Calculated isosurfaces (at 0.85) of the electron localiza-
tion function (ELF) and the structural evolution of B13C2 shearing
along the (001)/[100] slip system at T = 300 K. (a) The structure at
ε = 0.079, where the system deforms elastically. (b) The structure at
ε = 0.191, where some 3-atom chains are bending. (c) The structure
at ε = 0.245 corresponding to the maximum shear stress, where all
3-atom chains are bending with random orientations. (d) The struc-
ture at ε = 0.262, where one layer of the icosahedra is deconstructed.
The boron and carbon atoms are represented by the green and sienna
balls, respectively.

both T = 0 and 300 K. The stress barrier of B13C2 at T =
300 K is 41.04 GPa, which is 18% lower than that at T = 0 K
(49.89 GPa). The detailed deformation processes of B13C2

shearing along the (111)/[112̄] slip system at T = 0 K are
displayed in Figs. 7(b)–7(f). As the intact structure [Fig. 7(b)]
is sheared, the B-B bond (B1-B2) between icosahedra is
stretched. Different from breaking the icosahedral B-C bond
in B4C, the ELF analysis shows that, although the icosahedral
B-B bond in B13C2 becomes significantly weaker, it is not
broken before the structural failure, as displayed in Figs. 7(c)–
7(e). As the shear strain increases to ε = 0.369, the interaction
between the chain B atom (B3) and B atoms (B4, B5) in neigh-
boring icosahedra is enhanced, due to the decreased distance,
as displayed in Fig. 7(c). With further shear to ε = 0.392, the
chain B3 atom is bonded to icosahedral B4 and B5 atoms,
forming new weak B3-B4 and B3-B5 bonds between the
3-atom chain and the neighboring icosahedra, as shown in
the zoom part of Fig. 7(d). This leads to a slight decrease in
shear stress from 44.13 to 43.14 GPa, as shown in Fig. 7(a).
Then as the shear strain increases to ε = 0.514, the B3-B4 and
B3-B5 bonds become stronger due to the decreased distance
[Fig. 7(e)], leading to the continuous increase of the shear
stress until reaching its maximum value of 49.89 GPa. Finally,
continuous shear breaks the C2-B2 bond, destroying the 3-
atom chain without fracturing icosahedra [Fig. 7(f)], thereby
giving rise to a dramatic drop in shear stress to a negative
value of −1.50 GPa.

Figures 8(a)–8(d) display the detailed deformation pro-
cess of B13C2 shearing along the (111)/[112̄] slip system at
T = 300 K. As the shear strain increases to ε = 0.345, the

FIG. 7. The shear-stress-shear-strain relationships, calculated
isosurfaces (at 0.85) of the electron localization function (ELF) and
the structural evolution of B13C2 shearing along the (111)/[112̄] slip
system at T = 0 K. (a) The shear-stress-shear-strain relationships.
(b) The initial structure. (c) The structure at ε = 0.369, where the B-
B bond between icosahedra is stretched and the interaction between
chain B3 atom and icosahedra B4 and B5 atoms is enhanced. (d) The
structure at ε = 0.392, where new weak B3-B4 and B3-B5 bonds
between the 3-atom chain and icosahedra are formed; the isosurface
of the ELF shown in the zoom apart is at 0.8. (e) The structure at
ε = 0.514, where the B3-B4 and B3-B5 bonds become stronger; the
isosurface of the ELF shown in the zoom apart is at 0.8. (f) The
structure at ε = 0.539, where the 3-atom chain is deconstructed. The
boron and carbon atoms are represented by the green and sienna
balls, respectively.

B13C2 system undergoes elastic deformations, and its shear
stress reaches the maximum value of 41.04 GPa [Fig. 7(a)],
where no bond breaks nor forms in the process, as shown in
Fig. 8(a). With further shear to ε = 0.369, there are dramatic
changes in some 3-atom chains, leading to the first shear stress
drop. As displayed in Fig. 8(b), the C1-B1 bond in the 3-atom
C1-B1-C2 chain is broken. Meanwhile, the bending of the
3-atom C3-B2-C4 chain occurs, leading to the formation of
a new B2-B3 bond between the chain and the icosahedron,
thereby causing a gradually and dramatically drop in shear
stress [Fig. 7(a)]. These deformations of 3-atom chains then
initiate the destruction of icosahedra, as shown in Fig. 8(c).
However, it is interesting that, as the shear strain contin-
uously increases to ε = 0.440, some deconstructed 3-atom
chains and icosahedra can be self-healed, leading to the local
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FIG. 8. Calculated isosurfaces (at 0.85) of the electron localiza-
tion function (ELF) and the structural evolution of B13C2 shearing
along the (111)/[112̄] slip system at T = 300 K. (a) The structure
at ε = 0.345, where B13C2 deforms elastically. (b) The structure at
ε = 0.369, where some 3-atom chains are broken. (c) The structure
at ε = 0.392, where some icosahedra are deconstructed. (d) The
structure at ε = 0.440, where the B13C2 structure local recovers. The
boron and carbon atoms are represented by the green and sienna
balls, respectively.

recovery of the structure, as shown in Fig. 8(d). The local
recovery of B13C2 demonstrated the excellent capability of
the icosahedral cluster at finite temperature and may be very
useful for improving the ductility of superhard icosahedral
solids.

The deformation mode of B13C2 indicates that the failure
mechanism of B13C2 does not involve the B-B bond breaking
between icosahedra, which differs from that of B4C, where
the B-C bond between icosahedra is stretched and broken
to form a reactive carbene. This may explain why the twins
play quite different roles in the B4C and B13C2 structures
[36,46]. The modified icosahedral interaction may improve
the ductility by favoring local destruction in B13C2 instead
of fully deconstructed where all icosahedra are disintegrated.
Thus, variations in stoichiometry, particularly boron enrich-
ment, offer a potential path for improving the ductility of
boron carbide and its shock performance.

C. Improved ductility of B4C through replacing the 3-atom
chain with a 2-atom chain

The amorphization of B4C may also be suppressed by
replacing the 3-atom chain with a 2-atom chain [33,34,47,48].
Here, we examine the shear deformation of B12P2 to illustrate
this design strategy for improved ductility. Figure S3(b) of
the Supplemental Material [40] shows the shear simulation
model of B12P2 along the (001)/[100] slip system. The shear-
stress-shear-strain relationships of B12P2 shearing along the
(001)/[100] slip system at both T = 0 and 300 K are shown
in Fig. 9(a). The critical shear stress for B12P2 at T = 300 K is
40.38 GPa, which is slightly less than the value of 43.20 GPa
at T = 0 K, suggesting that the stress barrier of structural
failure in B12P2 decreases at finite temperature. To explain

FIG. 9. The shear-stress-shear-strain relationships, calculated
isosurfaces (at 0.85) of the electron localization function (ELF) and
the structural evolution of B12P2 shearing along the (001)/[100] slip
system at T = 0 K. (a) The shear-stress-shear-strain relationships.
(b) The initial structure. (c) The structure at ε = 0.262, where the
P-P bond and icosahedral B-B bond are stretched. (d) The structure
at ε = 0.380, where the P-P bond is broken. (e) The structure at
ε = 0.397, where the icosahedral B-B bond is broken. (f) The struc-
ture at ε = 0.444, where new icosahedral B1-B2 and B3-B4 bonds
are formed. The boron and phosphorus atoms are represented by the
green and purple balls, respectively.

the structure changes of B12P2 shearing along the (001)/[100]
slip system, Figs. 9(b)–9(f) and 10(a)–10(d) show the struc-
tures and isoelectron surface (at 0.85) from ELF analysis
at various critical strains at T = 0 and 300 K, respectively.
Figure 9(b) shows the intact structure where ELF indicates
the P-P single bond formed in the chain. As the shear strain
increases to ε = 0.262, the P-P bond stretches from 2.25 to
2.39 Å, while the B-B bond between icosahedra stretches
from 1.74 to 2.04 Å. However, they are not broken [Fig. 9(c)],
leading to the monotonic increase in shear stress until reaching
its maximum value of 43.20 GPa, as shown in Fig. 9(a). With
further shear to ε = 0.380, the P-P bond is broken [Fig. 9(d)],
which leads to a lone pair on each P atom. The icosahedral
B-B bond increases to 2.55 Å without breaking. Then at
ε = 0.397, the shear stress dramatically drops to 20.78 GPa,
which arises from the breaking of the icosahedral B-B bond,
as shown in Fig. 9(e). As the shear strain increases continu-
ously to ε = 0.444, new B1-B2 and B3-B4 bonds are formed
between icosahedra [Fig. 9(f)], leading to structural changes,
thereby causing the shear stress to drop to a negative value of
−12.54 GPa.
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FIG. 10. Calculated isosurfaces (at 0.85) of the electron localiza-
tion function (ELF) and the structural evolution of B12P2 shearing
along the (001)/[100] slip system at T = 300 K. (a) The structure
at ε = 0.245, where B12P2 deforms elastically. (b) The structure at
ε = 0.262, where one of the icosahedra is deconstructed. (c) The
structure at ε = 0.280, where the P-P bonds near the deconstructed
icosahedron are broken. (d) The structure at ε = 0.314, where one
layer of the icosahedra is disintegrated. The boron and phosphorus
atoms are represented by the green and purple balls, respectively.

The detailed deformation processes of B12P2 shearing
along the (001)/[100] slip system at T = 300 K are shown in
Figs. 10(a)–10(d). As the shear strain increases to ε = 0.245,
the B12P2 structure is uniformly resistant to the elastic defor-
mation, leading to the maximum shear stress to 40.38 GPa. No
bond breaks nor forms, as shown in Fig. 10(a). With further
shear to ε = 0.262, one of the icosahedra is disintegrated
[Fig. 10(b)], causing a sudden drop in shear stress. As the
shear strain increases to ε = 0.280, the P-P chains near the
deconstructed icosahedron are broken, as displayed in Fig.
10(c), leading to a significant drop in shear stress to 19.06
GPa again. Finally, as the shear strain further increases con-
tinuously to ε = 0.341, one layer of B12 icosahedral clusters is
disintegrated [Fig. 10(d)], thereby giving rise to a significant
drop in shear stress to 14.09 GPa. The failure process sug-
gests the local structural failure of B12P2 at finite temperature,
thereby causing the lower stress barrier.

Next, we examine the shear deformation of B12P2 along
the (111)/[112̄] slip system, where the 2-atom P-P chains
are perpendicular to the slip direction, as shown in Fig. S3(c)
of the Supplemental Material [40]. Figure 11(a) displays the
shear-stress-shear-strain relationships of B12P2 at both T = 0
and 300 K. The critical shear stress for B12P2 at T = 300 K
is 40.57 GPa, which is slightly lower than that at T = 0 K
(40.97 GPa), implying a lower stress barrier of B12P2 at finite
temperature. The detailed deformation processes of B12P2

shearing along the (111)/[112̄] slip system at T = 0 K are dis-
played in Figs. 11(b)–11(f) to illustrate the failure mechanism.
Figure 11(b) shows the intact structure. As the shear strain
increases to ε = 0.322, the P-P bond is stretched from 2.25
to 2.41 Å, and the B-B bond between icosahedra is stretched
from 1.74 to 2.68 Å. The ELF analysis shows that, although
the P-P and B-B bonds become weaker significantly, they
still exist in the process, leading to the maximum shear stress
of 40.79 GPa, as shown in Fig. 11(c). With further shear to

FIG. 11. The shear-stress-shear-strain relationships, calculated
isosurfaces (at 0.85) of the electron localization function (ELF) and
the structural evolution of B12P2 shearing along the (111)/[112̄] slip
system at T = 0 K. (a) The shear-stress-shear-strain relationships.
(b) The initial structure. (c) The structure at ε = 0.322, where the
P-P bond and icosahedral B-B bond are stretched. (d) The structure
at ε = 0.369, where the P-P bond and icosahedral B-B bond are
broken. (e) The structure at ε = 0.465, where the lattice is rotated. (f)
The structure at ε = 0.489, where a new n-B12P2 structure is formed,
indicating the structural transition. The boron and phosphorus atoms
are represented by the green and purple balls, respectively.

ε = 0.369, both the P-P bond and icosahedral B-B bond are
broken [Fig. 11(d)], resulting in a significant drop in shear
stress to 13.33 GPa. Then continuous shear to ε = 0.465 leads
to the lattice rotation, causing the monotonically increase in
shear stress to 43.86 GPa, as displayed in Fig. 11(e). This
suggests that the 2-atom P-P chain enables the icosahedra to
accommodate additional shear by rotating instead of breaking
bonds. Finally, at ε = 0.369, a new B12P2 structure, denoted
as the n-B12P2 structure, is formed [Fig. 11(f)], leading to the
structural transition, so that the shear stress drops dramatically
to 6.69 GPa. This failure process indicates that the structural
failure of B12P2 arises from the structural transition instead of
amorphization.

Concerning the n-B12P2 structure, its crystal symmetry
is orthorhombic with the CCCM space group, as shown
in Fig. S5 of the Supplemental Material [40]. The opti-
mized lattice parameters of the n-B12P2 structure are a =
8.054 Å, b = 10.446 Å, and c = 6.137 Å, leading to a density
of 2.46 g/cm3. The n-B12P2 structure is 2.46 eV/unit cell
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higher in energy than B12P2 based on QM calculations. To
determine the stability of the n-B12P2 structure, we computed
the enthalpy of formation with respect to the stable forms of
boron (α-B12) and phosphorus (P42). The calculated enthalpy
of formation for the n-B12P2 structure is −0.614 eV per atom,
suggesting the probability of synthesizing this new predicted
material. To further validate that the n-B12P2 structure is stable
at finite temperature, we performed AIMD simulations on
the n-B12P2 structure at room temperature. The results show
that n-B12P2 is not decomposed after 3 ps of the MD run,
suggesting it is intrinsically metastable at finite temperature.
Then to examine the mechanical stability of the n-B12P2

structure, we used QM to predict its elastic constants and
elastic modulus and compared with that of B12P2. The cal-
culated elastic constants and elastic modulus of the B12P2

and n-B12P2 structures are listed in Tables S1 and S2 of
the Supplemental Material [40], respectively. As shown in
Table S1 of the Supplemental Material [40], the calculated
elastic constants of B12P2 and n-B12P2 structures satisfy the
Born stability criteria simultaneously [60] (see Eq. (S1) of the
Supplemental Material [40]), indicating that they are mechan-
ically stable. The bulk modulus (B) and shear modulus (G)
are predicted by using Voigt-Reuss-Hill averaging [61]. We
find B = 163.9 GPa, G = 139.4 GPa for the n-B12P2 struc-
ture, which is 18.1% and 27.2% lower than B and G for
the B12P2 structure (B = 200.1 GPa, G = 191.6 GPa), respec-
tively. In general, the strength of materials is often judged by
indentation hardness, which measures the resistance of ma-
terials to deformation at a constant compression load. Thus,
our calculated Vickers hardness (Hv) based on G/B [62] for
the n-B12P2 structure is Hv = 26.7 GPa, which is 29.9% lower
than that of B12P2 (Hv = 38.1 GPa).

Figures 12(a)–12(f) show the detailed deformation pro-
cesses of B12P2 shearing along the (111)/[112̄] slip system
at T = 300 K. As the shear strain increases to ε = 0.209,
the B12P2 system deforms elastically where the P-P bond
and icosahedral B-B bond are stretched yet not breaking, as
shown in Fig. 12(a). With further shear to ε = 0.276, the
ELF analysis shows that the B-B bond between icosahedra
becomes weaker significantly [Fig. 12(b)]. Then the shear
stress dramatically drops from the maximum value of 40.57
to 23.39 GPa at ε = 0.299, arising from the breaking of the
P1-P2 and B1-B2 bonds [Fig. 12(c)]. While in the process, all
P-P bonds and icosahedral B-B bonds are not broken except
for the P1-P2 and B1-B2 bonds. As the shear stress increases
to ε = 0.345, in addition to the P1-P2 and B1-B2 bonds,
the P3-P4 and B3-B4 bonds are also deconstructed, resulting
in the second significant stress drop to 6.44 GPa, as shown
in Fig. 12(d). Figure 12(e) displays the structure before the
third significant stress drop at ε = 0.616, where all P-P bonds
and icosahedral B-B bonds still exist except for the P1-P2,
P3-P3, B1-B2, and B3-B4 bonds. As the shear stress further
increases to ε = 0.642, all P-P bonds and the stretched icosa-
hedral B-B bonds are broken [Fig. 12(f)], leading to structural
changes, thereby causing the shear stress to drop significantly
to 18.85 GPa. However, the icosahedra in B12P2 are still intact
without fracturing, which leads to improved ductility.

In addition, our previous QM studies showed that R-B6O
shearing along the (011)/[21̄1̄] slip system has the lowest
ideal shear stress, resulting in icosahedra disintegration that

FIG. 12. Calculated isosurfaces (at 0.85) of the electron localiza-
tion function (ELF) and the structural evolution of B12P2 shearing
along the (111)/[112̄] slip system at T = 300 K. (a) The structure
at ε = 0.209, where the P-P bond and icosahedral B-B bond are
stretched. (b) The structure at ε = 0.279, where the icosahedral B-B
bond becomes weaker significantly. (c) The structure at ε = 0.299,
where the P1-P2 bond and icosahedral B1-B2 bond are broken.
(d) The structure at ε = 0.345, where P1-P2 and P3-P4 bonds and
icosahedral B1-B2 and B3-B4 bonds are broken. (e) The structure at
ε = 0.616 before the second shear stress drop. (f) The structure at
ε = 0.642, where all P-P bonds and the stretched icosahedral B-B
bonds are broken, leading to the structural changes. The boron and
phosphorus atoms are represented by the green and purple balls,
respectively.

leads to the formation of an amorphous shear band along the
(011) plane [63]. Since B12P2 has a similar crystal structure
to that of R-B6O, we also examined the deformation process
of B12P2 shearing along the (011)/[21̄1̄] slip system at T = 0
and 300 K, as shown in Figs. S6 and S7 of the Supplemental
Material, respectively [40]. The failure process suggests that
the deconstruction of icosahedra does not occur in B12P2, and
the main deformation mechanism is the icosahedral slipping
caused by the breaking of chains.

The deformation mode of B12P2 suggests that, since the
strength of the icosahedron in B12P2 is stronger than that of the
chain bond, the accumulated stress can be released by icosahe-
dral slipping without fracturing icosahedra, which is achieved
by breaking the chain. This indicates that the dislocation and
deformation twinning may be formed in B12P2 at high-stress
conditions, leading to improved ductility. Thus, modifying the
chain structure from the 3-atom chain to a 2-atom chain and
making sure the strength of the 2-atom chain is less than that
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of the icosahedron can be a promising way to improve the
ductility of boron carbide.

D. Discussion

In this paper, we focus on the shear deformation of B4C
along two important slip systems which are closely related to
the amorphization of B4C and then propose several strategies
to suppress the amorphization. Since amorphization is the on-
set of structural failure in B4C, suppressing the amorphization
can effectively improve the ability of B4C to resist abnormal
brittle failure and may improve the ductility. The ductility of
B4C may also be associated with other activated slip systems
under specific loading conditions as well as superimposed
pressures and high temperatures in shock loading and hy-
pervelocity impact. Future experimental or theoretical studies
may provide more insights on the improved ductility of B13C2

and B12P2 suggested from this paper.
In this paper, we demonstrated that replacing the B11CP

icosahedron in B4C with the B12 icosahedron to form boron-
rich boron carbide (B13C2) may modify the deformation
mechanism from full destruction where all icosahedra are
disintegrated to local destroy, resulting in improved ductility.
Altering the 3-atom chain with a 2-atom chain is another
strategy to improve ductility because the accumulated stress
can be released by icosahedral slipping without fracturing the
icosahedra.

Defects, such as twinning and grain boundaries, are ubiq-
uitous in B4C. However, the previous experiments on the
amorphization of B4C showed that the amorphous band is
not close to the planar defects, nanotwins [9]. This paper sug-
gests that the local amorphization of B4C occurs if the local
stress is higher than the critical shear stress. In addition, the
transgranular fracture in B4C is an important fracture mode
in polycrystalline boron carbide with sharp and clean grain
boundaries, and the fracture is closely related to the amor-
phization of B4C. Our design strategy in this paper should
also be helpful to suppress the amorphization within the grain.
Thus, although the role of defects is not considered in this
paper, it is also important and meaningful to understand the
design strategies for improving the ductility of B4C.

IV. CONCLUSIONS

In summary, we performed AIMD simulations to inves-
tigate the finite-temperature deformation behaviors of B4C
shearing along two plausible slip systems (001)/[100] and

(111)/[112̄] for explaining the effect of temperature on its
deformation mechanism. Under pure shear deformation along
the (001)/[100] slip system, the failure mechanism of B4C
involves the deconstruction of icosahedra caused by the in-
teraction of the C-B-C chains with the icosahedral clusters.
Under pure shear deformation along the (111)/[112̄] slip sys-
tem, the brittle failure of B4C arises from the destruction of
3-atom chains without disintegrating icosahedra. At the finite
temperature T = 300 K, the stress threshold of B4C is lower
than that at T = 0 K, which arises from the different failure
mechanisms. Particularly, the icosahedra in B4C are gradually
destroyed at finite temperature instead of fully disintegrated
simultaneously at T = 0 K, leading to local amorphous shear
band formation, thereby giving rise to a lower stress barrier of
amorphization in B4C.

We then examined the deformation process of B13C2

and B12P2 shearing along (001)/[100] and (111)/[112̄] slip
systems to illustrate the design strategies toward improved
ductility of B4C. The B13C2 exhibits local structural fail-
ure under shear deformation instead of full destruction of
the whole simulation supercell, which arises from the modi-
fied icosahedral interaction, thereby mitigating the amorphous
shear band formation and then improving ductility. The major
deformation mechanism for B12P2 is the icosahedral slipping,
which is achieved by the broken chains while avoiding the
icosahedral fracture that leads to brittle failure, because the
strength of the 2-atom P-P chain is less than that of the
icosahedron. This may suppress the amorphization and then
improve ductility.

Therefore, we proposed two strategies to improve the duc-
tility of boron carbide:

(1) variations in the stoichiometry of boron carbide, par-
ticularly boron enrichment, and

(2) replacing the 3-atom CBC chain with a 2-atom chain
and meanwhile decreasing the strength of the chain to make it
lower than that of the icosahedron.

Finally, we identified a new B12P2 phase, denoted as
n-B12P2, when we shear the B12P2 along the (111)/[112̄] slip
system. This n-B12P2 phase is metastable at finite temperature
and exhibits less hardness than B12P2.
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