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Here, we report the synthesis of cubic BC5 (c-BC5), the diamondlike B-C phase with the highest boron

content ever achieved, at 24 GPa and about 2200 K, using both a laser-heated diamond anvil cell and

large-volume multianvil apparatus. The synthesized phase is low compressible (bulk modulus of

335 GPa), conductive, and exhibits extreme Vickers hardness (71 GPa), unusually high for superhard

materials fracture toughness (9:5 MPam0:5), and high thermal stability (up to 1900 K); this makes it an

exceptional superabrasive and promising material for high-temperature electronics.
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Diamond has found a wide variety of applications in
modern science and technology due to its unique proper-
ties, such as extreme hardness, high thermal conductivity,
wide band gap, high electron and hole mobility [1]. At the
same time, it is nonresistant to oxidation and reactive with
ferrous metals. The growing demand for advanced super-
hard materials in cutting and shaping hard metals and
ceramics [2], as well as in electronic [3] and electrochem-
ical [4] applications, has stimulated the search for novel
diamondlike phases that are more thermally and chemi-
cally stable than pure diamond.

The traces of boron impurities change the electrical
properties of diamond from an insulator into a semicon-
ductor [3,4]. Moreover, boron-doped diamond was re-
ported to be a type-II superconductor with transition
temperature Tc � 5 K [5], while heavily boron-doped
diamond (�20 at% B) is predicted to be a superconduc-
tor with very high, up to 55 K, Tc [6]. However, only very
limited amount of boron (�2 at%) can be introduced into
diamond lattice by common methods of thermal chemical
vapor deposition and high-pressure synthesis. The limiting
concentration of boron that can be incorporated into dia-
mond structure has not been established yet, although
under extreme pressure-temperature conditions, this con-
tent could be significantly increased. Since all B-C mate-
rials show higher resistance to oxygen and ferrous metals
than similar carbon materials [7], the diamondlike B-C
phases with high boron content are expected to combine
the best properties of the elements including advanced
electrical and optical properties, very high hardness, and
high thermal and chemical stability.

A number of graphitelike B-C phases of different stoi-
chiometry (so called boron-substituted graphites with
boron content up to 50 at%) have been synthesized by
thermal chemical vapor deposition [8]. These materials
should be perfect precursors for diamondlike B-C phases;
however, their high-pressure, high-temperature behavior
has not been well understood so far. Recent experiments
on graphitelike BC3 showed that at 20 GPa and 2200 K in a
multianvil press, the phase decomposes into the mixture of
boron-doped diamond (�1:8 at% of boron) and boron
carbide [9]. Very recently, phase segregation of graphite-
like BC1:6 into a mixture of diamond, boron carbide, and
elemental boron was observed in a diamond anvil cell at
45 GPa and 2230 K [10]. Hence, all previous attempts to
synthesize diamondlike B-C phases with boron concentra-
tion higher than �2 at% have failed.
In the present study, we have performed a systematic

investigation of phase transformations of turbostratic
graphitelike BCx phases (t-BCx) at pressures up to
25 GPa and temperatures up to 2500 K with the aim to
establish the ultimate boron solubility in diamond and
synthesize diamondlike B-C phase(s) with a high boron
content.
Our in situ studies of t-BC and t-BC3 in the 3–7 GPa

pressure range using multianvil system MAX80 and
energy-dispersive x-ray diffraction with synchrotron radia-
tion at HASYLAB-DESY have shown that neither phase
undergoes any transformation up to 2000 K.
In situ experiments at higher pressures and temperatures

have been conducted at ID30 and ID27 beam lines of the
European Synchrotron Radiation Facility using laser-
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heated diamond anvil cell (DAC) and angle-dispersive
x-ray diffraction. At pressures above 20 GPa in the
2000–2500 K range, t-BCx phases (1 � x � 4) decompose
into boron-doped diamond (1–2 at% of boron) and boron
carbides (B4C and B50C2) that are accompanied by the
formation of cubic B-C phases (c-BCz) with lattice pa-
rameters up to 2% higher than that of diamond [Fig. 1(a)].
The decrease of the maximal temperature in an experiment
from 2500 down to 2000 K leads to a higher amount of
forming c-BCz. At the same time, the higher is the pres-
sure, the lower is the starting temperature of t-BCx decom-
position, especially in the case of the phases with high
boron content. Thus, at 41 GPa, phase segregation of
t-BC and t-BC1:5 was observed already at 1750 K. Based
on these results, one can conclude that synthesis of a pure
cubic B-C phase corresponding to the ultimate solubility
of boron in diamond may be expected only in the case
of t-BCx precursors with relatively low boron content
(x � 5).

At room temperature, compression of turbostratic BC5 is
accompanied by a pronounced decrease of intensities of
the 00l lines similar to that observed for turbostratic CBN
solid solutions [11,12]. Upon compression to 24 GPa, these
lines almost disappear [Fig. 1(b)]. Also, with increasing
pressure, the profile of the two-dimensional 10 reflection
becomes more symmetric, and the intensity of this line
increases. These features, observed independently on the
diffraction geometry in relation to the compression axis
[12,13], point to the reconstruction of the turbostratic
graphitelike sp2-layers into the disordered sp3-structure,

previously reported for other graphitic phases of the B-C-N
system [12,14].
At 24.0 GPa, no change in the diffraction patterns of

t-BC5 has been observed below 1550 K [Fig. 1(b)]. At
higher temperatures, the profile of the only broad line of
the pattern that is located in the region of 111 reflection of
diamond shows the appearance of a fine structure. Finally,
at 2200 K, the formation of the cubic BCz phase has been
observed, and the diffraction pattern exhibits only 111,
220, and 311 lines of the cubic (or, to be precise, pseudo-
cubic) lattice, which indicates that the sample contains a
single crystalline phase. Since no amorphous phase has
been observed in the quenched samples by both transmis-
sion electron microscopy and Raman spectroscopy, one
can assume that the composition of the cubic phase is the
same as that of the precursor, namely, BC5. The 1:5 boron-
to-carbon ratio has been additionally confirmed by electron
energy loss spectroscopy (GIF2000, Gatan) and by elec-
tron microprobe analysis (Cameca SX-50, Camebax).
Being instantly heated up to 2440 K at the same pres-

sure, the as-synthesized cubic phase undergoes the decom-
position into boron-doped diamond (�2 at% of boron
according to the lattice parameter) and boron carbide
B4C [Fig. 1(b)]. The relatively narrow temperature range
(�200 K) of the c-BC5 formation clearly indicates the
metastable character of this phase; e.g., its slight over-
heating leads to the phase segregation into more thermo-
dynamically stable boron-doped diamond and boron
carbides. Thus, the value of 16 at% of boron may be
considered as a concentration limit of existence of meta-
stable diamondlike B-C phases. These metastable phases
do not participate in the phase equilibria in the B-C system
at high pressures and temperatures, while the p-T-x do-
main of their formation is determined by the boron con-
centration dependencies of the activation barriers for
t-BCx and c-BCx decomposition, and t-BCx into c-BCx

transformation.
According to the transmission electron microscopy

(JEM 2010HR, JEOL), cubic BC5 quenched down to am-
bient conditions occurs as nanocrystalline aggregates with
clearly visible but very small (average size: 10–15 nm)
grains. The three strongest diffraction rings of the selected
area electron diffraction (SAED) patterns, i.e., 111, 220,
and 311, allowed us to evaluate the lattice parameter of
cubic BC5 as a ¼ 0:359ð7Þ nm. The more precise value of
lattice parameter was established by angle-dispersive x-ray
diffraction with synchrotron radiation and was found to be
a ¼ 0:3635� 0:0006 nm, which is larger than those of
both diamond (0.35667 nm for single crystal diamond
according to JCPDS No. 6-0675, and 0.35688 nm for
nanodiamond [15]) and cubic boron nitride (0.36158 nm,
JCPDS No. 35-1365). This is consistent with the fact that
the B-C bond is longer than C-C and B-N bonds [16] due to
the weakened bonding caused by the electron-deficit char-
acter of the B atoms.
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FIG. 1 (color online). (a) Representative diffraction patterns of
the BC3 and BC samples quenched from 26 GPa and 2400 K.
Both phases decompose into boron-doped diamond with �1:8 at
% of B (BDD), cubic BCz phase (according to lattice parameters,
BC9 and BC5 for starting t-BC3 and t-BC, respectively), and
boron carbides B4C and B50C2. (b) Typical laser-heating se-
quence of diffraction patterns of BC5 sample taken in situ at
24 GPa and several temperatures. The bottom pattern corre-
sponds to t-BC5 at ambient conditions.
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The a-value for cubic BC5 expected from ideal mixing
(Vegard’s law) between diamond and ‘‘diamondlike
boron’’ (a ¼ 0:404 nm corresponding to the B-B bond
length of 0.175 nm [16]) is 0.3646 nm that is in good
agreement with the experimental value [Fig. 2(a)]. The
theoretical simulations performed by Lowther for hypo-
thetical diamondlike boron-carbon structures [17] have
also shown a satisfactory correspondence between calcu-
lated lattice parameters of cubic BC and BC3 and the
Vegard law [see Fig. 2(a)]. The ideal mixing approach
has allowed us to evaluate the compositions of quenched
c-BCz phases formed during phase segregation of t-BCx

(x ¼ 1–5) at pressures above 20 GPa and various tempera-
tures [inset of Fig. 2(a)]. Thus, one can conclude that there
exists a continuous series of c-BCz solid solutions (be-
tween 0 and 16 at% of B), and c-BC5 corresponds to the
metastable ultimate solubility of boron in diamond.

The Raman spectrum (Dilor XY system, 514.5 nm Arþ
ion laser) of cubic BC5 [Fig. 2(b)] is different from that of
pure diamond (one prominent �0

25 band at �1332 cm�1),

but is very similar to the spectrum of boron-doped diamond
(�2 at% B) [18]. To date, the Raman spectra of such
phases are not well understood. The comparison of the
Raman data with the dispersion curves for phonons in
diamond [19] shows that all observed band frequencies
are very close to that of diamond. The appearance of new
active modes may be attributed to a translation disordering
in diamondlike structure due to the boron incorporation in
the structure, when the Raman selection rules fail and we
observe a phonon density of state. In addition to diamond
modes, some local vibrations corresponding to the B-C and
B-B (due to boron coupling in structure) bondings may

appear [18]. The electron-deficit character of these bond-
ings should give rise to the interaction of phonons with a
continuum of charge carriers; that could lead to the appear-
ance of additional modes. Thus, the Raman spectrum is
consistent with a diamondlike structure of the synthesized
phase, and one may suggest that the boron distribution in
c-BC5 is similar to that of known B-doped diamonds with
lower (1–2 at%) boron concentration.
The 300-K equation of state of cubic BC5 has been

measured up to 40 GPa in three independent runs.
Nitrogen and 4:1 methanol-ethanol mixture have been
used as a pressure medium to maintain quasihydrostatic
conditions. The fit of the two-parameter Birch equation of
state to the experimental data have given the values of bulk
modulus B0 ¼ 335� 8 GPa and its first pressure deriva-
tive B0

0 ¼ 4:5� 0:6, with the zero-pressure cell volume

V0 ¼ 0:04802� 0:00005 nm3. The bulk modulus of cubic
BC5 is smaller than those of diamond (446 GPa [20]) and
cBN (377 GPa [21]), that is expected from a weaker
bonding between B and C atoms in comparison to the
C-C and B-N bondings.
To synthesize a bulk sample of c-BC5 for hardness

measurements, etc., we have performed a number of
quenching experiments in a large-volume V7 Paris-
Edinburgh press combined with a ‘‘T-cup’’ multianvil
stage [22] under the same p, T-conditions as for the
DAC synthesis. We have succeeded to obtain two single-
phase millimeter-sized bulk samples in the experiments
when the precursor was not overheated. X-ray powder
diffraction analysis, transmission electron microscopy,
and electron energy loss spectroscopy have revealed that
the synthesized phase is identical to the cubic BC5 ob-
served in the DAC experiments.
The Vickers hardness measurements of bulk cubic BC5

under loads from 1 to 20 N have shown that the calculated
microhardness decreases with the load and reaches its
asymptotic value at 2–3 N. As recommended for hard
and brittle materials [23], the sample hardness was esti-
mated in the asymptotic-hardness region as HV ¼
71ð8Þ GPa. This value is close to the Vickers hardness of
nanostructured bulk cubic BC2N, the second-hardest
known phase [11], and is in excellent agreement with the
value predicted in the framework of the thermodynamic
model of hardness, i.e., 70.6 GPa [24]. Under the 10 and
20-N loads, we have observed the cracks that allowed us to
calculate the reliable load-independent value of fracture

toughness, KIc ¼ 9:5ð2:5Þ MPam1=2, by the method de-
scribed in Ref. [25]. Nanoindentation measurements have
also shown the extremely high value of c-BC5 nanohard-
ness, i.e., 73(7) GPa. In Table I, we compare c-BC5 with
diamond, cBN, and boron carbide in terms of mechanical
properties [25–28].
The thermal stability of cubic BC5 at ambient pressure

in a nonoxidizing environment has been in situ studied by
x-ray diffraction with synchrotron radiation using MAX80
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FIG. 2 (color online). (a) Lattice parameters of boron-
substituted diamonds versus boron content. The dashed line
represents Vegard’s law, while the symbols show the result of
present work (circle with error bar) in comparison with other
experimental (circles) [9] and theoretical (triangles [17]) data.
The open circles in the inset show the lattice parameters and
ideal mixing estimate for compositions of quenched c-BCz

phases formed during phase segregation of t-BCx (x ¼ 1–5) at
p-T conditions under study. (b) Raman spectrum of cubic BC5 at
ambient conditions (514.5 nm excitation wavelength). The ver-
tical bars represent the phonon frequencies observed by inelastic
neutron scattering in pure diamond [19].
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system at HASYLAB-DESY. The sequence of the powder
diffraction patterns taken in the course of c-BC5 heating
has shown that the phase is stable up to 1890 K, while at
higher temperatures, it decomposes into disordered graph-
ite and amorphous boron and/or boron carbides. Hence,
c-BC5 is about 500 K more thermally stable than nano-
crystalline diamond with the same grain size [15]; that can
be attributed to the increase of decomposition activation
barrier due to the presence of boron in the diamondlike
lattice.

The room temperature electrical resistivity of cubic BC5

was measured by the standard four-point probe dc tech-
nique combined with van der Pauw method, and was found
to be �0:6 � �m, which is the typical value for semi-
conductors.

Thus, diamondlike BC5 phase that corresponds to the
ultimate solubility of boron in diamond has been synthe-
sized under well-controlled pressure-temperature condi-
tions using a laser-heated diamond anvil cell. Well-
sintered millimeter-sized bulks of nanostructured c-BC5

have been produced in a large-volume multianvil press.
The material exhibits extreme hardness and fracture tough-
ness, and very high thermal stability, which makes cubic
BC5 an exceptional superabrasive overcoming diamond.
The fortunate combination of the electrical conductivity,
band structure that is unusual for diamondlike phases due
to electron deficiency of boron atoms, and high thermal
stability will eventually allow the expansion of the bounda-
ries of high-temperature electronics and electrochemistry
at extreme conditions.
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TABLE I. Mechanical properties of superhard phases of the B-
C-N system.

Phase Vickers hardness

[GPa]

Nanohardness

[GPa]

Fracture toughness

[MPam0:5]

c-BC5 71 73 9.5

B4C
a 38b 3–4b

cBNc 62b 55b 2.8b; 6.8d

c-BC2N
e 76d 75d 4.5d

diamondf 115b 5.3b,d

aRefs. [26,27].
bSingle crystal, (111) face. Polycrystalline material.
cRef. [25].
dPolycrystalline material.
eRefs. [11,25].
fRef. [28].
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