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Synthesis of dense forms of B-C-N system using
chemical-vapor-deposition/high-pressure process
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Composites made up of boron, carbon, and nitrogen were studied using a combination of
chemical vapor deposition (CVD) and high pressure (HP) techniques. The CVD/HP process
comprised deposition of Cx(BN)1−x composites where x = 0.03 or 0.8, followed by heat
treatment of the deposited samples under pressures from 6 to 10 GPa using an
octahedral-anvil apparatus. Also a sample prepared by nitriding of boron and carbon to
compose x = 0.5 was studied up to 16 GPa. A diamond-type solid solution was obtained
after the C0.8(BN)0.2 sample was treated at 10 GPa and 1600◦C or at 8 GPa and 1700◦C
whereas the C0.03(BN)0.97 and C0.5(BN)0.5 samples exhibited decomposition into carbon and
BN under all the P, T conditions studied. Sintered compacts consisting primarily of the
cubic BN and carrying hardness with a maximum value of 54 GPa were obtained from
C0.03(BN)0.97. C© 2001 Kluwer Academic Publishers

1. Introduction
Carbon and boron nitride are both very intriguing ma-
terials, being similar to each other in the physical and
mechanical properties as well as the phase relations. In
particular, the cubic forms, diamond and zincblende-
type BN (z-BN), are known to be the hardest mate-
rials ever known. Also, they have the highest thermal
conductivities. For such excellent properties, there oc-
curred interest in synthesizing alloys, or solid solutions,
of diamond andz-BN. The basic idea to obtain such ma-
terials is to apply high pressure to the graphitic form,
similar to the synthesis of diamond andz-BN.

In 1981 Badzian first reported high-pressure syn-
thesis of cubic C-BN at 14 GPa and 3300 K [1].
About a decade was needed before the relevant studies
were made extensively [2–8]. The experimental results
have been rather controversial, however. Some of the
studies have reported synthesis of ternary compounds
[1, 3, 4, 6] or solid solution of carbon and BN [5], while
decomposition into a mixture of diamond (or graphite)
andz-BN has also been observed [2, 3, 7, 8]. These ex-
periments have employed BC2N (i.e., C0.67(BN)0.33) as
the starting material in many cases [2–4], eventually
similar to all the theoretical calculations [9–15].

In this regard, the amounts of boron and nitrogen
incorporated into diamond as substitutional atoms do
not exceed an order of 103 ppm and, hence, simulta-
neous addition of boron and nitrogen to diamond may

be basically difficult [16]. Thus, it would be practical
to deal with low BN concentration. Along this line, we
have studied a sample with a composition C0.8(BN)0.2
in this work. Another issues to be noted are that most of
the previous experiments have dealt with a single com-
position in Cx(BN)1−x (actually C2x(BN)1−x [2–4, 6])
system and that only a single pressure has been stud-
ied in each experiment [1–4, 6–8]. Here in this work,
C0.03(BN)0.97 and C0.5(BN)0.5 were also studied and
the pressure covered has been wide, ranging from 6
to 16 GPa. Two of the three starting materials were
prepared by chemical vapor deposition (CVD) and all
were subjected to high pressure-high temperature (HP-
HT) conditions. The combination of CVD and HP tech-
niques (CVD/HP process) has been shown to be feasi-
ble for inventing novel ceramic composites [17, 18],
and the process has also been applied to open a new
route for synthesizingz-BN [19, 20].

2. Experimental procedure
The CVD technique was employed to prepare two of the
C-BN starting materials, C0.8(BN)0.2 and C0.03(BN)0.97.
A mixture of BCl3 and CH4 was introduced into a re-
action chamber with aid of carrier gases NH3 and H2.
The samples were deposited on a graphite plate which
was heated to 1200–1900◦C. Preparation of C0.5(BN)0.5
sample was done by nitriding of a mixture of amorphous
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Figure 1 Cross-sectional view of octahedral sample cell.

boron and carbon in NH3 atmosphere [21]. All the sam-
ples were turbostratic [22] in structure as judged from
x-ray diffraction profiles. The compositions were esti-
mated from elementary analysis.

Each sample was encapsuled in a graphite tube which
in turn was placed in a hole provided in an octahe-
dral sample cell made of pyrophyllite, Fig. 1. The sam-
ple cell was pressurized with an octahedral anvil ap-
paratus [23]. The pressure generated was estimated
from a calibrated relation obtained from separate ex-
periments using resistance-related fixed points [24, 25].
At each pressure, the sample was heated to a targeted
temperature by passing an alternating current through
the graphite tube. The temperature was known by a
Pt-Pt/Rh(10%) thermocouple reading. After prolonga-
tion of 10 min at the targeted temperature, the sam-
ple was rapidly cooled (at a rate of 102–103 ◦C/S) to
room temperature and the pressure was released in or-
der to retrieve the sample to the ambient conditions. The
retrieved samples were subjected to x-ray diffraction
with reference to commercially obtained synthetic dia-
mond andz-BN powders. A limited number of samples
were analysed with soft x-ray emission spectroscopy.
For samples retrieved as sintered compacts, hardness
measurements were undertaken with an applied load of
300 gr.

3. Results and discussion
3.1. C0.8(BN)0.2 sample
Fig. 2 shows evolution of x-ray-diffraction patterns of
the C0.8(BN)0.2 sample after heat treatment at 1600◦C
at different pressures. The starting sample gives two
strong lines at angles 26.0◦ and 53.8◦ which are respec-
tively lower than the (002) and (004) lines of graphite
or graphite-type BN (g-BN). The unsplitting of the two
lines suggests that these are attributed to the (002) and
(004) lines of turbostratic form of composited C-BN. At
6 and 7 GPa, there appears an asymmetric peak at 42.4◦,
which is assignable to the (10) band of the composite,
suggesting that two-dimensional ordering is achieved.
Elevation of pressure to 8 GPa causes an appearance

Figure 2 X-ray-diffraction patterns of the C0.8(BN)0.2 sample. See text
for the asterisk.

of the graphite (100) line at 41.8◦ andz-BN (111) line
at 43.3◦, indicating that the composite has undergone
decomposition. The formation ofz-BN upon decom-
position can be interpreted by the fact that, above about
6 GPa,z-BN is readily formed from amorphous [26]
or from turbostratic [18] state without catalyst. On the
other hand, the appearance of turbostratic carbon, in-
stead of diamond, is attributed to the large excess pres-
sure required to obtain diamond without presence of
catalyst [27]. This should be compared with the exper-
iment of Sasakiet al. who, with the presence of Co,
obtained from BC2N a mechanical mixture of diamond
andz-BN at a pressure as low as 5.5 GPa [2].

At 10 GPa in Fig. 2, two new lines appear at angles la-
beled by asterisk whereas the graphite (100) andz-BN
(111) lines have almost disappeared. Thed spacings of
the new lines, 2.064̊A and 1.265Å, are respectively
between the (111) and (220) lines ofz-BN and diamond,
indicating that a solid solution of C-BN system in the
cubic diamond-like form was synthesized at 10 GPa and
1600◦C. A similar result was obtained from the sam-
ple treated at 8 GPa and 1700◦C. The disappearance of
graphite andz-BN suggests that the cubic solid solu-
tion was formed by recombination of the two species,
although our separate experiment indicated that simply
subjecting a mixture of graphite andz-BN (and also a
mixture of diamond andz-BN or a mixture of diamond
andg-BN) under the same conditions did not yield the
solid solution. The disappearance ofz-BN could not
be owing to a phase transition, for instance tog-BN or
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Figure 3 Lattice parameters of the cubic B-C-N system.¨:This
study, h: Ref. 1,5:Ref. 3,M:Ref. 4,¤:Ref. 5,¦:Ref. 6.

other polymorphs, because this form is thermodynam-
ically stable under the pertinent conditions.

From thed spacings of the two solid solution prod-
ucts, a lattice parameter of 3.576± 0.002Å was de-
duced for the cubic diamond-like structure. This is plot-
ted in Fig. 3 against the composition for Cx(BN)1−x

together with other experiments [1, 3–6]. Within the
experimental uncertainty, our data virtually falls on the
line of ideal mixing, hence following Vegard’s law [28].
In other experiments [3–6], a significant expansion of
the lattice from the ideal mixing occurs and this has
been interpreted by local stress arising from the dif-
ference between the B-N and C-C bond lengths [4]
or by nonideal volume model [5]. No interpretation
in terms of possible change in the composition or of
imperfection in the diamond-type structure has been
made although such can be readily caused by the HP-
HT treatment.

Fig. 4 shows x-ray boronK - and carbonK -emission
band spectra from the 10 GPa-1600◦C sample. The
spectrum of Fig. 4a can be interpreted on the basis of
z-BN owing primarily to the absence of a shoulder on
the higher-energy side of main peak [29, 30], although
the energy of the main peak located at 181.4 eV is
lower than that ofz-BN (182.5 eV) but is close to that
of g-BN (181.5 eV) [29, 30]. Also, the absence of the
high-energy satellite which should appear at∼191 eV
[29, 30] is in favor of this interpretation because this
satellite is only prominent when boron is three-fold co-
ordinated [31]. The carbonK spectrum, Fig. 4b, is sim-
ilar to that of turbostratic carbon with a peak located
at about 276 eV [32, 33] and is differnt from that of
diamond [32–34]. This is not surprizing because the
turbostratic form remains abundantly in the sample, as
demonstrated by the persistence of the strong line at
about 26◦ in the x-ray diffraction pattern (Fig. 2).

Figure 4 Soft x-ray-emission spectra from the C0.8(BN)0.2 sample
treated at 10 GPa and 1600◦C. (a) BoronK , (b) carbonK .

3.2. C0.5(BN)0.5 sample
This sample was studied up to 16 GPa while the temper-
ature was held at 1600◦C. Decomposition into carbon
and BN almost in equal amounts was observed under all
the conditions studied. The structure of the carbon upon
decomposition was turbostratic throughout while the
structure of the BN differed according to the pressure
regime. It was the graphite-type below about 8 GPa and
the zincblende-type at pressures greater than 10 GPa.

The appearance ofz-BN in coexistence with tur-
bostratic carbon above 10 GPa is similar to the behav-
ior of the C0.8(BN)0.2 sample exhibited at 8 GPa at the
same temperature. A different point is that no solid so-
lution was formed from this C0.5(BN)0.5 sample under
the same condition (10 GPa, 1600◦C) as the C0.8(BN)0.2
sample was studied. Another point in difference was
the appearance ofg-BN from the C0.5(BN)0.5 sam-
ple at lower pressures, whereas it was skipped in the
C0.8(BN)0.2 sample. These differences may be ascribed
to the greater interaction between the carbon and BN,
arising from the larger content in BN.

3.3. C0.03(BN)0.97 sample
X-ray-diffraction patterns of the C0.03(BN)0.97 sample
after heat treatment at 1600◦C at various pressures are
shown in Fig. 5. The diffraction pattern of the start-
ing material is somewhat different from that of the
C0.8(BN)0.2 sample in that the (002) line is accompa-
nied by a shoulder and that there appears an asymmetric
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Figure 5 X-ray-diffraction patterns of the C0.03(BN)0.97 sample.

peak at∼42◦. At 6 GPa the (002) line ofg-BN appears,
together with some other lines ofg-BN, indicating that
BN is decomposed from the starting sample. Although
the state of carbon at this pressure is difficult to know
owing to the small content in the starting sample, it is
likely that the separation of the BN is associated with
separation of carbon from the composite. At 6 GPa, in
addition, the (111) line ofz-BN is perceivable between
the (100) and (101) lines ofg-BN. Upon increasing the
pressure to 7 GPa, the (002) line ofg-BN merges into
the turbostratic (002) line and otherg-BN lines loose
their intensities, whereas the (111) line ofz-BN grows.
The (200) and (220) lines ofz-BN are also clearly ob-
served. These suggest that the transition ofg-BN into
z-BN takes place at this pressure. At 8 GPa, thez-
BN (111) line becomes predominant. No graphite or
diamond is observed in any of these patterns. This is
because the small content of carbon does not allow to
detect such lines if they were formed.

By joining results from other series of experiments to
the 1600◦C series, the lowest bound for the formation of
z-BN from the C0.03(BN)0.97 sample was delineated as
shown by the solid line on a pressure-temperature dia-
gram in Fig. 6. This line is shifted by about 600◦C from
the case of turbostratic BN being free of carbon (dotted
line) [18]. The upward shift of the boundary may be
ascribed to an extra energy required to break the C-B

Figure 6 Reaction boundary (solid line) for the C0.03(BN)0.97 sample
in comparison to turbostratic BN (dotted line, Ref. 18).z-BN can be
formed at the top-right sides of the boundaries. The straight dash-dotted
line is the thermodynamic equilibrium betweeng-BN andz-BN (after
Ref. 35).

and C-N bonds in the C0.03(BN)0.97 composite, in ad-
dition to the energy needed for formation ofz-BN. The
absence of catalyst in these systems places the two lines
apart from the thermodynamic equilibrium betweeng-
BN andz-BN (dash-dotted line in Fig. 6) [35].

Many of the C0.03(BN)0.97samples after being treated
under HP-HT conditions were retrieved as sintered
compacts, carrying micro Vicker’s hardness as shown
in Fig. 7. A general trend is that the hardness increases
with an increase in either the pressure or temperature
under which the sample was treated. The hardness of
the 7 GPa sample is close to those ofz-BN compacts
sintered with addition of metallic or ceramic binders
[36]. The sintered compacts obtained at 8 GPa exhibit

Figure 7 Micro Vicker’s hardness of the C0.03(BN)0.97 sample with re-
spect to the treated pressure and temperature.
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higher hardness comparable to that of sinteredz-BN
without using binder [36], suggesting that direct bond-
ing is achieved among thez-BN grains.

3.4. Stability of C-BN or B-C-N
The present study on three different samples in the
Cx(BN)1−x system has shown that decomposition into
carbon and BN can occur in each sample at HP-HT.
The structure of the carbon after the decomposition is
turbostratic or graphite, while either the low-pressure
graphite-type or the high-pressure zincblende-type ap-
pears as the BN species, depending on theP, T con-
ditions. Such a decomposition has been also observed
when BC4N (the same composition as the C0.8(BN)0.2
sample in the present study) was heated at 6.6 GPa
[7, 8]. In the BC2N system, decomposition into dia-
mond andz-BN was observed with [2] and without
[3] catalyst. These observations show that a mixture of
decomposed phases is thermodynamically stabler than
the B-C-N ternary compounds or C-BN solid solutions.
The observed decomposition is in harmony with the
theory of Lambrecht and Segall showing that alloys of
diamond andz-BN are in principle metastable towards
phase separation [11].

However, a solid solution of diamond andz-BN was
eventually formed in the C0.8(BN)0.2 in this study and,
as shown in Fig. 3, there have appeared a number of
experiments reporting the formation of cubic ternary
compounds [1, 3, 4, 6] or solid solutions [5]. It appears
from Fig. 3 that getting the dense phases of B-C-N
system is easier when samples with higher carbon con-
centration are employed. We also note that the samples
in some of these studies were instantaneously heated
by flash or laser [1, 5, 6]. Such techniques can achieve
nonequilibrium process, permitting the rise of temper-
ature very rapid, the duration of high temperature short,
and the cooling speed high. Similar conditions can be
met by the shock wave technique [4]. Besides, one of
the flash heating experiments is believed to have melted
the sample under study [6], presumably reaching tem-
peratures beyond the miscibility gap between diamond
andz-BN [11]. Exceptions to these are our study and
the experiment of Nakanoet al. [3], showing that syn-
thesis of cubic B-C-N system without employing the
nonequilibrium process is also possible.

Not shown in Fig. 3 but of importance is the pres-
sure studied. Again except for the studies of ours and
Nakanoet al. [3], pressures applied have been greater
than 15 GPa. In this regard, a first-principles calculation
has suggested that, at a pressure of 11 GPa, graphite-
type BC2N would transform into a denser form which is
γ -form possessing a rhombohedral configuration [15].
Application of pressure greater than 10 GPa may pro-
vide a greater chance for the formation of ternary com-
pounds or solid solutions, irrespective of the mode of
heating the sample.

The present findings and considerations, in conjunc-
tion with the earlier studies [1–8], suggest that the dense
forms of B-C-N system can be obtained from samples
with high carbon centent, at pressures beyond 10 GPa,
preferably employing nonequilibrium processes and

beyond the melting points of carbon and BN. Although
the latter two issues were not filled in this study, the syn-
thesis of the solid solution was achieved. The approach
of the solid solution to ideal mixing could be ascribed to
the equilibrated solid state process employed here. The
quenching of the synthesized product in spite of the sig-
nificantly lower speed of cooling (see the experimental
section) than that of nonequilibrium processes appears
to be enabled by the large kinetic barriers hindering the
solid solutions from decomposition [11].

4. Conclusions
The study of three Cx(BN)1−x samples under a wide
range of pressure and temperature conditions has re-
vealed that the products can be governed by the com-
position of the starting samples, by the pressure, and by
the temperature as well, as detailed below.

(1) Diamond-like form of C-BN solid solution was
obtained from C0.8(BN)0.2 after being treated at 10 GPa
and 1600◦C or at 8 GPa and 1700◦C. The lattice pa-
rameter (3.576± 0.002Å), when plotted against the
composition, falls on the ideal mixing of diamond and
z-BN. Under some otherP, T conditions, this sample
decomposed into a mixture of graphite (or turbostratic
carbon) andz-BN.

(2) From C0.5(BN)0.5, turbostratic carbon and BN
were formed under pressures up to 16 GPa and at a tem-
perature of 1600◦C. The structure of BN was graphite-
type (g-BN) below 8 GPa and zincblende type (z-BN)
above 10 GPa.

(3) Decomposition was also observed in C0.03
(BN)0.97, resulting in formation of eitherg-BN orz-BN.
The formation ofz-BN that occurred under combined
conditions of pressure greater than 7 GPa and tempera-
ture higher than 1400◦C was accompanied by sintering
to yield compacts with micro Vicker’s hardness of 28–
54 GPa.
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