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First principles study of post-boron carbide phases
with icosahedra broken∗
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Boron carbide (B4C) is a rhombic structure composed of icosahedra and atomic chains, which has an important
application in armored materials. The application of B4C under super high pressure without failure is a hot spot of research.
Previous studies have unmasked the essential cause of B4C failure, i.e., its structure will change subjected to impact,
especially under the non-hydrostatic pressure and shear stress. However, the change of structure has not been clearly
understood nor accurately determined. Here in this paper, we propose several B4C polymorphs including B4C high pressure
phases with non-icosahedra, which are denoted as post-B4C and their structures are formed due to icosahedra broken and
may be obtained through high pressure and high temperature (HPHT). The research of their physical properties indicates
that these B4C polymorphs have outstanding mechanical and electrical properties. For instance, aP10, mC10, mP20,
and oP10-B4C are conductive superhard materials. We hope that our research will enrich the cognition of high pressure
structural deformation of B4C and broaden the application scope of B4C.

Keywords: boron carbide, structural transformation, icosahedra broken, physical properties, first principles

PACS: 31.15.E–, 61.50.Ks, 71.20.–b, 91.60.Gf DOI: 10.1088/1674-1056/aba097

1. Introduction

Boron carbide (B4C), as the third hardest material next to
diamond and cubic boron nitride, has remarkable mechanical
properties such as large elastic moduli including bulk mod-
ulus, shear modulus and Young’s modulus,[1,2] large fracture
toughness and flexure strength,[1,3,4] high hardness,[3–5] high
Hugoniot elasitc limit (HEL 15 GPa–20 GPa),[6] which make
B4C possess numerous applications in military and industry
areas, with the B4C serving as tank armor, bulletproof vests,
wear-resistant, and cutting tool material, etc.[7–9]

However, experimental dynamics on B4C shows that
its resistance against higher velocity threats was severe
discounted.[10–12] For the dynamic impact study, the B4C lost
its shear strength as the shock stress exceeded its HEL due
to a probable phase transition,[13,14] or amorphization.[8,15]

And under shock compression and decompression, a macro-
scopic slip system plays an important role in the transition
of B4C,[16] and the shear localization band is intimately con-
nected with shear amorphization.[17] With regard to the static
stress, there was no phase transition nor amortization ob-
served during compressing the B4C through diamond anvil
cell (DAC) with the hydrostatic pressure until 126 GPa.[18–20]

Amorphization or phase transition depends strongly on degree

of non-hydrostatic pressure in DAC,[21,22] or scratching and
nanoindentation.[23–26] The amorphization of B4C is associ-
ated with the destruction of the C–B–C chains, sp2-bonded
aromatic carbon clusters formed and amorphous boron clus-
ters created by dynamic indentation.[25,26]

Previous studies have pointed that the bending of the
chain with the intermediate atoms of the chain bonding to the
adjacent icosahedral atoms plays a very dominant role in the
stress-induced amorphization of B4C, and the icosahedra ap-
pear more stable than the linear chain under high pressures.[27]

However a direct evidence has proved that the formation of
amorphous shear bands in B4C results from the disassem-
bly of the icosahedra during shear deformation.[28] And ac-
tually, the icosahedra are less stable than the chains, and the
chain–icosahedron bonds are unexpectedly strong,[29] which
corroborates the hypothesis suggested by previous QM sim-
ulations that the chain–icosahedron interactions trigger shear
amorphization.[30]

To figure out the failure of B4C, the structure evolution
has also been surveyed via theoretical research. The Gibbs
free energy calculations has revealed that the collapse of B4C
leads B12 to be segregated from amorphous carbon,[15] which
is in excellent agreement with recent TEM results presented
by Chen et al.[8] First-principles simulations reveal that the
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depressurization amorphization results from pressure-induced
irreversible bending of C–B–C atomic chains cross-linking 12-
atom icosahedra at the rhombohedral vertices.[22]

It is known through studying the mechanism for amor-
phization of B4C under uniaxial compression that the B4C be-
comes amorphous at a uniaxial strain 0.23, with its maximum
stress being 168 GPa. The amorphous state is the consequence
of structural collapse associated with the bending of the three-
atomic chain, and the B4C may collapse under a much smaller
shear strain (stress) than the uniaxial strain (stress).[31,32] Then
An et al.,[30] and An and Goddard[33] found that the lowest
shear strength slip system (011̄1̄)/(1̄101) brings about a defor-
mation in which B in the CBC chain bonds to C in the icosa-
hedron and then triggers the destruction of this icosahedron,
which leads to negative pressure and cavitation, resulting in
crack opening and then B4C material failure.

Although no amorphous phenomena were observed from
the B4C under hydrostatic pressure, theoretically the research
gives a unique insight.[34,35] Under hydrostatic stress up to
70 GPa, the C–B–C chain can be bent reversibly, however,
non-hydrostatic stress abruptly manifests reversible bending,
which facilitates the displaced central B atom in the chain and
the atoms in the nearby icosahedra forming weak bonds, with
the structure being disordered.[34,35]

In 2017, Zhang et al. reported a B4C polymorphs with
P3221 space group (denoted as rH15), which is the high-
pressure stable phase with triatomic rings rather than icosahe-
dron. While the rH15 is unstable at ambient pressure.[36] Pre-
vious studies have unmasked the essential cause of B4C fail-
ure: its structure will change subjected to impact, especially
under the non-hydrostatic pressure and shear stress. However,
the change of structure has not been clearly understood nor
accurately determined. In this paper, we propose several B4C
polymorphs including a kind of B4C high-pressure phase with
non-icosahedra, which may be obtained through B4C under
high pressure. We study the physical properties of the struc-
ture after deformation, and the relationship between physical
properties and pressure. This research will enhance the cogni-

tion of high-pressure structural deformation of B4C.

2. Computational methods

The structural search for B4C polymorphs has been per-
formed in the crystal structure analysis by particle swarm opti-
mization (CALYPSO) code,[37,38] which has been successfully
applied to the search for superhard materials.[39] The struc-
tural relaxations were implemented in the CASTEP code by
using generalized gradient approximation (GGA) in the frame
of density functional theory (DFT).[40] The local exchange-
correlation functional in CASTEP is PBESOL.[41] To give
well converged total energy of 1 meV, the plane-wave basis set
with an energy cutoff of 310 eV was adopted, with the ultra-
soft pseudopotential and k-points separation (2π× 0.04 Å−1)

being assigned to generate a k-point grid through using the
Monkhorst–Pack grid parameters. During the calculation of
elastic constants, the maximum strain amplitude was 0.3% and
the calculation was carried out in nice steps for each strain. In
order to obtain precise electrical properties, the hybrid func-
tional HSE06 was employed to calculate the electronic band
structure and density of states.[42] Other specific parameters
not mentioned above are set to be of ultrafine quality.

3. Results and discussion
3.1. Optimization of crystal structures

Experimental research reveals that B4C is mainly
composed of po-B4C, which has also been verified
theoretically.[27,43–45] As shown in Fig. 1(a), the po-B4C con-
sists of C–B–C chains and B11Cp icosahedra. The other
common structures of B4C are eq-B4C (C–B–C chains and
B11Ce icosahedra) and ch-B4C (C–C–C chains and B12

icosahedra).[27] Like po-B4C, the cP30 is of icosahedron
(B12), and four B12 icosahedra are connected with one C atom
as shown in Fig. 1(b). In fact, the icosahedral configuration is
the result of a tendency for three-centered covalent bonds due
to deficiency of valence electrons.[46]

(a) (b) (c)
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Fig. 1. Structural models for (a) po, (b) cP30, and (c) oP10.
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According to the structural searching of CALYPSO and
DFT research, several B4C polymorphs are predicted. Based
on information such as about the crystal system, lattice type
and the number of atoms contained in the unit cell, these
structures are named Pearson symbols. However, none of all
the other discovered B4C polymorphs has icosahedra, but has
three-centered covalent bonds. It is an unusual phenomenon
for boron-rich materials. For example, oP10, displayed in
Fig. 1(c), is connected by five-atomic structural units sharing
one vertex or edge. In fact, these structural units are com-
prised three triangles with the three-centered covalent bonds.
Especially, mC10-B4C (Fig. S1(a) in Supporting information)
is C linked borophene, and can be viewed as a sandwich struc-
ture formed by alternating layers of B and C. In fact, it is
clearly seen that mC10-B4C is a three-dimensional structure
comprised of five-atomic units, which are combined by shar-
ing a vertex or an edge. And the other B4C polymorphs are
exhibited in Figs. S1(b)–S1(f). All the structural information
is listed in Table S1. At ambient pressure, the predicted B4C
polymorphs all have higher densities than the B4C with icosa-
hedra (po, 2.554 g/cm3, and cP30, 2.645 g/cm3).

3.2. Stability analysis

According to the Born elastic stability criteria in various
crystal systems,[47]

for cubic crystal system:

C44 > 0; C11−C12 > 0; C11+2C12 > 0; (1)

for hexagonal crystal system:

Cii > 0; (i = 4,6); C11 > |C12| ;
2C2

13 <C33(C11 +C12); (2)

for tetragonal (4/m) crystal system:

C44 > 0; C11 > |C12| ;
2C2

13 <C33(C11 +C12); 2C2
16 <C66(C11−C12); (3)

for orthorhombic crystal system:

Cii > 0; (i= 1,4,5,6); C11C22 >C2
12;

C11C22C33 +2C12C13C23−C11C2
23−C22C2

13−C33C2
12 > 0; (4)

for rhombohedral (3̄m) crystal system:

C44 > 0; C11 > |C12| ; C2
13 < 0.5C33(C11 +C12);

C2
14 < 0.5C44(C11−C12)≡C44C66. (5)

For low-symmetry system as triclinic and monoclinic, all
eigenvalues of the stiffness matrix should be positive.[47]

The calculated values of independent Ci j of rH15, tP15,
hP20, cP20, and cP30 are listed in Table S2, the simplest form

of elastic matrices for aP10, mC10, mP20, and oP1 are dis-
played below. According to the criteria, all newly discovered
B4C polymorphs with rH15 are mechanically stable at ambient
pressure.

Furthermore, the curves of calculated ground state
phonon dispersion and the phonon density of states (Fig. S2)
of for newly discovered B4C polymorphs show no imaginary
frequency in whole Brillouin zone, indicating their dynamic
stability in ambient condition. These results confirm that these
B4C polymorphs are metastable phases in ambient condition.
Here, the rH15 B4C is also studied, and the imaginary fre-
quency indicates that it is unstable at ambient pressure, which
is in accordance with the result reported by Zhang et al.[36]

The phonon dispersion curves and the phonon density of states
of po-B4C are also investigated at ambient pressure. As shown
in Fig. S3(a), there is no imaginary frequency, which veri-
fies the dynamic stability of po-B4C. Meanwhile, the curves
of phonon dispersion and the phonon density of states of po-
B4C at high pressure (150 GPa) are studied and displayed in
Fig. S3(b). The obvious imaginary frequency indicates that
the po-B4C may go through structural deformation under high
pressure.

3.3. Phase transformation under pressure

The relationship between relative enthalpy and pressure
for B4C polymorphs is investigated and displayed in Fig. 2.
Here the reported high-pressure phase rH15-B4C with boron
channel-based structure is studied.[36] The ambient-pressure
stable phase po-B4C first transforms to rH15-B4C at 83.7 GPa,
which is consistent with the reported phase transformation,
however, smaller than the reported value 96 GPa.[36] Their
difference may be caused by the difference in computational
method including the exchange-correlation potential, energy
cutoff, etc. With the pressure increasing, all discovered B4C
polymorphs become more stable than the po-B4C. In other
words, they are all postB4C phases whose structures are trans-
formed due to icosahedra broken. As is well known, the
rH15 can be stable only at a certain high pressure, even if it
can be stable at ambient pressure, the predicted oP10, mC10,
and aP10 have more advantageous energy than rH15, and the
mP20 has the comparable energy with rH15. The other poly-
morphs including cP20, hP20, and tP15 with high symmetry
may exist as metastable phases.

The phonon dispersion spectra and phonon density of
state of several B4C polymorphs at a certain high pressure such
as 150 GPa are investigated. As shown in Fig. S4, the phonon
dispersion spectra of these B4C polymorphs with high symme-
try including cP30, cP20, and hP20 reveal that there are imag-
inary frequency, which indicates that these structures become
“soft” and tend to be transformed at 150 GPa. However, the
other B4C polymorphs with low symmetry all maintain their
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structural stability due to the fact that there is no imaginary fre-
quency but only the maximum vibration frequency of phonon
spectrum which increases with pressure increasing. As for
rH15, it is dynamically instable at ambient pressure due to the
existence of imaginary frequency, while it is dynamically sta-
ble at 150 GPa.
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Fig. 2. Curves of enthalpy (relative to cP30) versus pressure for various B4C
polymorphs.

It is similar to B that the stable phase at ambient pres-
sure is α-B within B12 isosahedon,[44] the first high pressure
phase is γ-B (19 GPa–89 GPa) consisting of icosahedral B12

clusters and B–B pairs in a NaCl-type arrangement.[48,49] With
pressure increasing, the icosahedral B12 clusters are replaced
by crinkled B layers consisting of B–B–B triangles, the crin-
kled B layers are connected by B–B covalent bonds, and then
the second high pressure phase (α-Ga type B above 89 GPa)
is formed.[48,50] The α-B→ γ-B→ α-Ga-B phase transforma-
tion reveals that the B12 icosahedra will collapse and form
B3 triangles under rigorous pressure condition. As shown in
Fig. S5, the five-atom (four kinds of B atoms and one C atom)
units in oP10-B4C are similar to that of γ-B28,[48] which is
composed of one B1atom, two B2 atoms and two B3 atoms,
and marked by red lines. Extreme condition like high pres-
sure and high temperature (HPHT), provides tremendous en-
ergy to overcome the reaction energy barrier and obtain the
metastable phase. The recent study of d-BC5 indicates that
it has metastable character in a relatively narrow temperature
range (∼ 200 K) and can be synthesized at 24 GPa and about
2200 K.[51] Under HTHP, the central B atom in the C–B–C
chain form bonds to B atoms in the nearby icosahedra accom-
panied by the chain disappearing and new 3-atom triangles
forming. Accompanied with the B11C icosahedra fragmentiz-
ing, the five-atom structural units of oP10-B4C form. So, the
oP10-B4C is very likely obtained through HPHT technology,
like the γ-B28 and d-BC5 that are achieved through the HPHT.
Inspired by the atomically thin, crystalline two-dimensional
boron sheets can be synthesized atomically thin by molecu-
lar beam epitaxy (MBE),[52] and the similarity between boron
layers in oP10-B4C and boron sheets, oP10-B4C film may be
synthesized by the MBE.

3.4. Mechanical properties

The physical properties of B4C, especially the mechan-
ical properties, deserve extensive attention. Here we inves-
tigate the mechanical properties including bulk modulus B,
shear modulus G, Young’s modulus E, Poisson’s ratio ν , and
Vickers hardness Hv for each of three commom B4C phases
(ch, eq, and po) with the newly discovered polymorphs. Based
on the calculated independent Ci j, the mechanical moduli (B,
G, E) and Poisson’s ratio ν are easy to be determined.[53] And
then the values of Hv are solved based on improved empirical
formula[54,55]

Hv = 0.92κ
1.137G0.708 with κ = G/B. (6)

All the calculated physical properties of various B4C
polymorphs are listed in Table 1. The hardness value
of po-B4C is in good agreement with the measured value
30.7 GPa.[5] Among all the discovered B4C polymorphs,
aP10, mC10, mP20, oP10, tP15 are all superhard B4C poly-
morphs, mC10-B4C is the hardest phase, 54.8% higher than
the hardness of po-B4C. The mP20 and tP15 are only a little
bit higher than the thresholds for superhard materials. How-
ever, cP30 and hP20 have the low hardness, with a value not
exceeding 10 GPa, only one-quarter of the hardness of po-B4C
actually.

Table 1. B, G, E, ν , and Hv (in units of GPa) for various B4C poly-
morphs at ambient pressure.

B G E ν Hv

po 239.44 196.75 463.34 0.177 30.97
aP10 215.39 225.17 500.95 0.112 44.80
mC10 275.33 271.75 613.43 0.129 47.94
mP2 278.80 250.26 577.87 0.155 40.60
oP1 261.14 252.88 573.52 0.134 44.59
tP15 215.21 214.36 482.79 0.126 40.95
hP20 290.18 102.36 274.78 0.342 7.45
cP20 230.97 147.31 364.46 0.237 18.92
cP30 284.03 109.17 290.32 0.330 8.60

Table 2. Values of B, G, E, ν , and Hv (in units of GPa) for various B4C
polymorphs at high pressure of 150 GPa.

B G E ν Hv

aP10 704.36 361.12 925.24 0.281 27.84
mC10 728.72 456.61 1133.15 0.241 41.30
mP20 713.44 402.81 1017.02 0.262 33.57
oP10 723.43 399.79 1012.80 0.267 32.59
tP15 720.76 370.91 949.81 0.280 28.50
rH15 736.85 534.69 1291.65 0.208 54.57

For assessing the brittle behavior and ductile behavior of
crystal, Poisson’s ratio ν is used as a quantitative index for dis-
tinguishing them, here the value of ν is taken to be 0.333, and
the hP20 has the largest ν value of 0.342, beyond the thresh-
old, suggesting that its ductility is better than others. The cP30
has the second largest ν value of 0.330, which is very close to
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the threshold. The others, except cP20, all have superhard na-
ture and their Poisson’s ratio ν values are all smaller than that
of po, which illustrates that they are brittle.

High pressure can significantly affect the mechanical
properties of materials, hence we also calculate the elastic con-
stants of these B4C polymorphs at high pressures as 100 GPa
and 150 GPa which satisfy the stability under pressure based
on the phonon vibration analysis above. As shown in Table S3
and Table 2, of all the B4C polymorphs under study, the rH15
has the largest mechanical moduli (B, G, E) and hardness. The
smallest Poisson’s ratio also indicates that rH15 is a brittle ma-
terial. Compared with these mechanical properties obtained
at ambient pressure and high pressure (100/150 GPa), the me-
chanical moduli (B, G, E) of all B4C polymorphs increase with
pressure increasing, while their hardness all decrease, which
indicates that all B4C polymorphs turn softer. This is con-
sistent with the variation trend of Poisson’s ratio, which has
an increase trend with pressure increasing and suggests that
the material becomes more ductile. Among all the B4C poly-
morphs mentioned above, the mC10 is the one that stands out
with an excellent ability of hardness maintained. The newly

discovered B4C polymorphs notably improves the mechanical
properties of B4C and enriches the industrial applications of
B4C.

3.5. Electronic properties

Based on the GGA, the electronic band structure of po-
B4C at ambient pressure is studied to analyze its electrical
properties. The calculated band structure is replotted and dis-
played in Fig. 3(a). It is apparent that the valence band maxi-
mum (VBM) and conduction band minimum (CBM) are sep-
arated by a forbidden band with a gap of 2.832 eV. Also the
highest value of valence band is located at G point, while the
lowest value of conduction band is situated at Z point. Hence,
the po-B4C is an indirect gap semiconductor. It is considered
that the calculation based on the GGA may underestimate the
gaps.[56,57] Therefore, an exact hybrid functional HES06 is
adopted. It is obvious that po-B4C is an indirect gap semi-
conductor with a larger gap of 3.822 eV than that calculated
by GGA, which is in good agreement with 4.13 eV reported
by Ektarawong et al.[58]
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VMB, and CMB, respectively.

Consider the fact that the gaps calculated by GGA are
underestimated,[56,57] the accurate band structures of various
B4C polymorphs at ambient pressure are calculated based on
the hybrid functional HSE06,[42] and the results are shown in
Fig. 4. All but for the tP15 and cP20 possess metallicity. For
mC10, hP20, and cP30, VBM, and CBM overlap to a certain
extent near the Fermi level, while none of the aP10, mP20
and oP10 has any overlap between VBM and CBM, but their
VBM and CBM cross the Fermi level. As for tP15 and cP20,
their VBM and CBM are separated by band gap. Since nei-

ther of the highest value of valence band and the lowest one of
conduction band is at the same highly symmetric point, they
are both indirect bandgap semiconductors, respectively, with a
gap of 0.910 eV and 1.314 eV.

Based on the HSE06, the partial densities of states
(PDOSs) of these conductive phases including aP10, mC10,
mP20, oP10, hP20, and cP30 are explored and exhibited in
Fig. 5. It can be seen from the PDOS that all these B4C poly-
morphs are indeed conductive due to the obvious electrons ex-
isting at the Fermi level. Through the PDOS analysis about
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all the nonequivalent atoms listed in Table S1, all these poly-
morphs are identified to possess electrical conductivity in three

dimensions due to all different species of atoms contributing
to the electrons at the Fermi level.
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Here, the oP10 istaken for example, the PDOSs of the
five kinds of atoms (C, B1, B2, B3, and B4, Fig. 5(d) are cal-
culated to analyze the origin of the metallic conductivity. It is
obvious that the electrical conductivity is contributed by all of
B4 and B2 atoms with rival electrons at Fermi level. While the

B3, B1, and C atoms all contribute the conductive electrons far
less than B4 and B2 atoms (no more than one-third of them)
in the conducting behavior.

Further, electron orbital calculations are carried out to
confirm the conductive directions in the oP10-B4C, and the
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calculated electron orbitals are obtained from the summation
of the electronic bands across the Fermi level. As displayed
in Fig. 6, the electron orbitals around all the atoms in the
five-atom unit overlap. Whatever the directions including the
[100], [010], and [001], the electron orbitals near the Fermi
level are connected, indicating the conductive along the three-
dimensional metallicity in the oP10-B4C.

a

C

B1

B2

B3

B4

a
c

b

b

c

(a) (b)

Fig. 6. Orbits near Fermi-level of oP10-B4C at ambient pressure, viewing
along axis (a) a and (b) c, respectively, with isovalue being 0.02 e/Å3.

The physical performances of materials are heavily in-
fluenced by pressure. Conductivity is generally expected for
most of semiconductors at high pressures because atoms are
closely packed and the electron overlap will increase, so that
the electron will no longer belong to a single atom nor a bond
at this time. In other words, the so-called delocalization elec-
tron is formed, which means that the band gap is reduced and
even metallized. According to the classical band theory, un-
der the action of high pressure, the lattice parameters become
smaller, the Brillouin region becomes larger, and the band
widening results in the band gap decreasing. A typical case
is metallic hydrogen.[59]

It is a very painful and tremendous timeconsuming job to
calculate the accurate band structures based on HSE06, hence
all the B4C polymorphs are selected to calculate their band
gaps under different pressures by the GGA method. Also
the electron band structure at normal pressure is investigated
based on GGA, and the results are presented in Fig. S6. Com-
paring the band structures acquired by GGA and HSE06, we
find that there is no other difference except the sole difference
in the band gap underestimation. For the tP15 it has a gap of
0.211 eV, and for the cP20 it has a gap of 0.569 eV, which are
both significantly lower than the calculated values based on
HSE06.

The relationship of bandgaps with pressure is obtained
and plotted in Fig. S7. For tP15 and cP20, they both expe-
rience the process of the band gap decreasing. As pressure
reaches 25GPa, the tP15 will lose its band gap, with the high-
est VB and the lowest CB both equaling zero. And the cP20
will become metallically conductive due to both the highest
VB increase and the lowest CB decreasing to the Fermi level
once pressure rises to 87.5 GPa. Then with the pressure in-
creasing, both tP15 and cP20 keep metallically conductive.

Their relationship of bandgaps with pressure accords with the
common trends mentioned above.

4. Conclusions
In this work, we propose several B4C polymorphs includ-

ing a metastable phase of B4C with icosahedra (cP30) and a
series of B4C high pressure phases with non-icosahedra. The
B4C high pressure phase (e.g., mC10) is the postB4C whose
structure is transformed due to icosahedra being broken, and
may be obtained through the HPHT. By studying mechanical
properties, wefind that up to now, the cP30 is the most ductile
B4C structure, mC10, aP10, and tP15 are three hardest struc-
tures with superhard nature. The study of electrical properties-
reveals that the cP20 and tP15 are both semiconductors with
smaller indirect gaps and the other new B4C structures possess
metallicity. Under pressure, all B4C polymorphs except aP10
tend to be conductive (ch, eq, po, cP20, and tP15) or keep their
original electrical conductivity values (mC10, mP20, oP20,
hP20, and cP30) in the pressure range we studied. The gap
of aP10 increases with pressure increasing, similar to an in-
sulated sodium appearing due to high pressure compression.
For the superhard B4C, an accurate hybrid functional is em-
ployed to analyze the electronic band structure. The aP10 and
tP15 are both indirect gap semiconductors and mC10 is metal
with three dimensional conductivity. As the most stable phase
of high pressure, mC10 has excellent ability to maintain hard-
ness. We hope that our research will enrich the cognition of
high pressure structural deformation of B4C.
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