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By controlling the microstructure of the starting materials, i.e., by ball-milling a commercial
hexagonal boron nitride (h-BN) to an amorphous boron nitride (a-BN), the subsequent high-
pressure and high-temperature (HP—HT) induced phase transformation has been signifi-
cantly facilitated. Namely, cubic boron nitride (c-BN) forms at 900 °C and achieves
accomplishment at 1350 °C under 7.7 GPa, which are significantly less-extreme conditions
than that of crystalline h-BN under similar HP—HT treatments. High-resolution transmis-
sion electron microscopy (HRTEM) and electron energy loss spectroscopy (EELS) clarified
the nucleation mechanism at an atomic scale. It demonstrated that the c-BN phase nucleates
directly from the sp3-hybridized amorphous matrix, which is originally induced by ball-milling
and is therefore responsible for the reduced HP—HT conditions. This ¢c-BN nucleation
mechanism is completely different from the so-called diffusionless “puckering” mechanism
involved in the HP—HT experiments starting from crystalline h-BN but very similar to one
of the proposed mechanisms involved in the chemical vapor deposition (CVD) of diamond
and c-BN. It turns out that the present experimental results provide not only a less-extreme
way to synthesize nanocrystalline c-BN material but also key clues to the understanding of
the nucleation mechanisms involved in the CVD diamond or ¢-BN, which are still under
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controversy.

Introduction

The fascinating properties of cubic boron nitride (c-
BN) such as the extreme hardness, high melting point,
and wide band gap have motivated many experimental
and theoretical studies on this material. In contrast to
diamond, c-BN is not dissolved in iron and steel, and
based upon this premise, studies to utilize this material
as a coating of high duty tools are in progress.

There are two sp?-bonded graphite-like—and two
sps-bonded diamond-like—polymorphic modifications of
boron nitride. The former corresponds to hexagonal
(h-BN) and rhombohedral (r-BN) BN and the latter to
cubic zinc blende (c-BN) and hexagonal wurzite-type
(w-BN) BN. In addition, there are two other disordered
BN phases which are called turbostratic BN (t-BN)! and
amorphous BN (a-BN). In t-BN, the stacking of the sp?
layers is random, and the layers are rotated randomly
along the c-axis. a-BN is characterized by an atomic
level structural disorder. Bulk ¢c-BN is usually synthe-
sized by applying high pressure and high temperature
(HP—HT) to induce the so-called hexagonal-to-cubic
transformation. Structurally, direct compressing along
the c-axis of h-BN produces w-BN (a so-called “pucker-
ing” mechanism?), and w-BN transforms to c-BN via a
dislocation mechanism. The definite orientation rela-
tionships, i.e., (0002)n//(0002)\//(111), [1120]n//[1120]w//
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[110].,%4 being present among the h-, w- and c-BN
phases are direct verifications of such a mechanism. A
complete conversion to ¢c-BN in the puckering mecha-
nism requires a pressure higher than 8.5 GPa and a
temperature higher than 2000 °C,5~7 which are very
crucial experimental conditions. Therefore, since the
first successful synthesis of c-BN, efforts have been
continued in searching for new synthesis means so as
to get c-BN at less extreme conditions.8~1% By using a
catalyst effect®=12 or by controlling the grain size or
crystallinity of the starting h-BN,13715 the synthesis
pressure and temperature are reduced appreciably. By
using a-BN as a starting material,** it was found that
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a small amount of c-BN phase arises at pressures higher
than 6 GPa and temperatures greater than 800 °C with
a small amount of w-BN also present. It was also
reported that t-BN undergoes a direct transformation
to c-BN at 6 GPa and 1000 °C, and w-BN was claimed
to be not present in the products.’® There still exist
discrepancies in the phase transformation routes in
direct transformation of disordered BN under HP—HT
conditions. In addition, the underlying mechanisms
involved in both the catalyst effect and the grain size
or crystallinity effect are unclear.

In this paper, the ball-milling (BM) technique was
employed to control the crystallinity of the starting
h-BN powders so as to investigate the mechano-chemi-
cal effect on the phase transformation of h-BN under
HP—HT conditions. We demonstrate that a mechano-
chemical effect induced by BM can affect the hexagonal-
to-cubic transformation significantly, and the HP—HT
conditions are reduced appreciably. The underlying
mechanism responsible for this significantly facilitated
phase transformation was clarified by atomic scale
structural investigations including high-resolution trans-
mission electron microscopy (HRTEM) and electron
energy loss spectroscopy (EELS).

Experimental Section

Commercial h-BN powders with high crystallinity and large
grain size (millimeter scale) were milled in a planetary-type
ball mill under the protection of a nitrogen atmosphere.
Possible contamination from the milling tools was analyzed
by inductively coupled plasma atomic emission spectroscopy
(ICP-AES), which showed that there was essentially no W, C,
or Co contamination (less than 50 ppm). The milled powders
were then subjected to HP—HT conditions of 7.7 GPa and 800—
1600 °C for 15 min. The phases and microstructures of the
retrieved samples were characterized by X-ray diffraction
(XRD), HRTEM, and EELS. HRTEM observation was per-
formed in a high-voltage electron microscope (model H-1500)
operated at an accelerating voltage of 800 kV with a point
resolution of 0.14 nm. EELS experiments were carried out in
a HF-3000 field emission gun (FEG) TEM equipped with a
Gatan 666 parallel electron energy-loss spectrometer. The
operating voltage was 300 kV. The probe diameter was about
2 nm, and the energy resolution was about 1.5—2 eV (full-
width at half-maximum of the zero-loss peak). To acquire
EELS, the typical photodiode readout times were 10—30 s for
the core-loss and 25 ms for the valence-loss spectra. Beam
convergence and collection angles were limited by microscope
apertures to be about 10 and 20 mrad, respectively. Corrections
for the photodiode dark current and fixed readout pattern were
made to the data. All the core-loss spectra shown in the paper
have had a smooth background subtracted from beneath the
boron edge. The background was modeled by a power-law
curve, fitted in the preedge region. TEM samples were
prepared both by suspending the powders on carbon-coated
microgrids or by a normal sample preparation method involv-
ing mechanical grinding, dimpling, and subsequent ion beam
milling.

Results

Phase Determination by XRD. Figure 1 shows the
XRD patterns of the starting h-BN powders and the
milled one. The sharp diffraction peaks in the starting
material (Figure 1a) are replaced by two broad amor-
phous-like haloes in the milled powders (Figure 1b),
indicating that an amorphous-like phase is produced by
BM. This is further confirmed by HRTEM investiga-
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Figure 1. XRD patterns of the starting h-BN (a) and h-BN
after 33 h of ball-milling (b).
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Figure 2. A HRTEM image with the corresponding EDP as
inset from an a-BN sample synthesized by ball-milling of h-BN
for 33 h.

tions, which showed that the end product is essentially
a mixture of a nanocrystalline and an amorphous phase
(Figure 2). The grain sizes of the nanocrystals are less
than 3 nm, and their stacking is entirely turbostratic.
The electron diffraction pattern (EDP) also exhibits
amorphous haloes (Figure 2, inset), being consistent
with the XRD result. The XRD patterns of the h-BN and
the a-BN samples after HP—HT treatment are depicted
in Figures 3 and 4, respectively. It is seen from Figure
3 that a small amount of c-BN and w-BN phases appear
at 1450 °C, but the h-BN phase only partly transforms
to the c-BN phase even at a temperature as high as 1600
°C. In contrast, it is seen from Figure 4 that the majority
of the a-BN and h-BN transform to the c-BN phase at
1000 °C, and an almost single c-BN phase is produced
at 1350 °C.

Microstructure and Phase Characteristics Re-
vealed by HRTEM. The above XRD results are further
confirmed by HRTEM investigations. Figure 5 shows
an HRTEM image from an a-BN sample pressed under
900 °C at 7.7 GPa. In this picture, besides the h-BN
phase which is crystallized from the a-BN phase,
surprisingly, the c-BN phase is readily detected at such
a low temperature, even though one cannot identify it
clearly from the XRD as shown in Figure 4, owing to
the broadening and overlapping of the ¢c-BN (111) and
the h-BN {10} reflections. The identification of c-BN
phase is based on the two-dimensional lattice images
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Figure 3. XRD patterns of h-BN after pressing for 15 min at
7.7 GPa and at various temperatures as shown in the figure.
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Figure 4. XRD patterns of a-BN after pressing for 15 min at
7.7 GPa and at various temperatures as shown in the figure.

which enable one to determine the two sets of (111)
planes and the included angles between them clearly.
The c-BN grains are less than 3 nm in size, and they
are nucleated from the amorphous matrix directly. It
is interesting to note that twinning, a typical defect
found in chemical vapor deposition (CVD) diamond?® or
CVD c¢-BN,!7 readily takes place even at the nucleation
stage. The grain size of the h-BN phase is less than 5
nm, and various lattice defects such as dislocations and
shearing of the lattice planes can be found. Previous
investigations showed that any imperfections in the
h-BN phase favor the c-BN formation,3# which is also
consistent with recent atomic-scale structural charac-
terization results on the nucleation process of c-BN
deposited from the vapor phase.!8 The ¢-BN grains grow
at the expense of the surrounding h-BN and a-BN
phases with an increasing temperature. Figure 6a,b
depicts HRTEM images of an a-BN sample after HP—
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Figure 5. A HRTEM image of an a-BN sample after pressing
for 15 min at 7.7 GPa and at 900 °C, showing the nucleation
of c-BN phase from the amorphous matrix or from the edge of
small h-BN grains; “a”, “h”, and “c” represent amorphous BN,
h-BN, and c-BN phases, respectively. The three circled c-BN
grains show near [110] orientation lattice images and therefore
can be identified clearly. The white-edged black lines denote
twining in a ¢c-BN grain.

Figure 6. HRTEM images from an a-BN sample after
pressing for 15 min at 7.7 GPa and at 1000 °C, showing the
coexistence of a-BN and c-BN (a), and the coexistence of h-BN,
a-BN, and c-BN (b). “h”, “a”, and “c” denote h-BN, the
amorphous, and cubic phase, respectively.

HT treatment of 7.7 GPa and 1000 °C, showing c-BN
grains arising from the amorphous matrix (Figure 6a)
or from the edge of h-BN grains (Figure 6b). It should
be mentioned that the a-BN phase was detected in all
the samples after HP—HT conditions of 7.7 GPa and
temperatures less than 1000 °C. The bonding nature of
the a-BN phase present at different conditions was
analyzed by EELS, and details will be described later.
We will show that the presence of the a-BN phase is
significant to the c-BN nucleation. At 1350 °C, TEM
observations showed that a homogeneous tetrahedral-
shaped nanocrystalline c-BN phase is synthesized, and
typical TEM micrographs are displayed in Figure 7.
From Figure 7a,b, it is seen that the grain size of the
¢c-BN grains is about 30 nm; the grain boundaries are
slightly strained and are thus clearly visible. The
corresponding electron diffraction pattern in Figure 7c
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Figure 7. TEM micrographs from an a-BN sample after
pressing for 15 min at 7.7 GPa and at 1350 °C: (a) bright-
field image; (b) dark-field image; (c) corresponding electron
diffraction pattern. Circle marks the diffraction used for the
dark-field image in (b).

can effectively be indexed as that of c-BN, which further
confirms the XRD result (Figure 4e). It should be
mentioned that HRTEM investigations revealed clearly
that w-BN is not formed in the product, which clarifies
the debate in previous experiments.12-15

In summary, our results showed that, starting from
an a-BN fabricated by BM, cubic phase starts to appear
at 900 °C and achieve accomplishment at 1350 °C under
7.7 GPa. The c-BN grains nucleate directly from the
amorphous matrix and grow via a diffusional process.

Discussion

EELS Evaluation of the Bonding State of Dif-
ferent BN Materials. The above nucleation mecha-
nism is significantly different from the diffusionless
puckering mechanism operated in the HP—HT experi-
mentals carried out with high-crystallinity h-BN pow-
ders as a staring material,®# in which c-BN nucleation
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Figure 8. Low-energy loss spectra from (a) polycrystalline
h-BN grains, (b) a-BN prepared by ball-milling, (c) amorphous
regions in the a-BN after pressing at 7.7 GPa and 900 °C, (d)
amorphous regions in the a-BN sample after pressing at 7.7
GPa and 1000 °C, (e) amorphous regions around c-BN grains
in the a-BN sample after pressing at 7.7 GPa and 1000 °C,
and (f) c-BN grains. Note that the peak position of the bulk
plasmon mode varies with the sample types.
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Figure 9. EELS spectra showing B—K absorption edges of
(a) polycrystalline h-BN grains, (b) a-BN prepared by ball-
milling, (c) amorphous regions in an a-BN sample after
pressing at 7.7 GPa and 900 °C, (d) amorphous regions in an
a-BN sample after pressing at 7.7 GPa and 1000 °C, (e)
amorphous regions around c-BN grains in an a-BN sample
after pressing at 7.7 GPa and 1000 °C, and (f) c-BN grains.

always proceeds through a w-BN intermediate, and
definite orientation relationships exist among h-, w-,
and c-BN. w-BN forms from h-BN by direct compress
along the c-axis while c-BN forms from w-BN by a
dislocation glide mechanism. The starting temperature
for c-BN formation is 1450 °C while a complete conver-
sion needs a temperature as high as 2000 °C, which are
appreciably higher than that starting from the amor-
phous materials.

The above comparison shows a clear mechano-chemi-
cal effect on the HP—HT synthesis of c-BN. To get a
further insight into the mechano-chemical effect, we
investigated the bonding state of the various BN phases
by the EELS technique, and typical EELS spectra
obtained are shown in Figures 8 and 9. Namely, a series
of plasmon-loss and of core-loss spectra obtained from
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the polycrystalline h-BN (a), ball-milled a-BN (b), a-BN
in samples after HP—HT conditions of 7.7 GPa and 900
°C (c), 1000 °C (d), a-BN around c-BN (e), and nanoc-
rystalline c-BN (f) are shown in Figures 8 and 9. The
most notable feature of the low-loss spectra shown in
Figure 8 is that the peak positions of the bulk plasmon
mode are different, and they shift from 24 eV of the
polycrystalline h-BN phase (a) to 31 eV of the ¢c-BN
phase (f), indicating an increase of the density in the
corresponding materials. The EELS spectrum from
h-BN (Figure 8a) has a peak at about 6 eV, correspond-
ing to transition between  and 7* states. This inter-
band transition peak was not observed in the a-BN
sample (Figure 8b). The & to &* transition peak in
amorphous carbon (a-C) is much weaker and broader
than that in hexagonal graphite due to the existence of
sp® hybridization and the poor crystallinity in a-C.2° The
same is true for our a-BN sample. The broad peak and
weak intensity make such a peak easily masked by the
tail of the elastic peak and thus indiscernible. It should
be noted that the relative intensity of the & to 7*
transition peak in single-crystal graphite is very sensi-
tive to the beam/specimen orientation as a result of the
strong directionality of the 7 bond.?® The same is true
for our a-BN sample if only a limited number of
crystallites are radiated. How to eliminate the orienta-
tion effect is described later. In the core-loss spectra
shown in Figure 9, the peak in the region from 188 to
196 eV results from excitations of electrons in the
ground-state 1s core levels to the vacant z*-like anti-
bonding states. Excitations to the higher lying o* states
occur above 190 eV. It is seen that the intensity of the
m* peak and the o* peak differs from sample to sample.
To a good approximation, the ratio of the integrated
areas under the 7* and the o* energy windows is
proportional to the relative number of #* and o *
orbitals, which is 1/3 for 100% sp?-bonded BN and 0/4
for completely sp3-bonded BN. If there is a fraction of
sp2-bonded BN, X, it can be estimated using the for-
mu|a20,21

[ ] T ] = 3XI(4 — X) 1)

where I« is the integrated intensity in the range from
190 to 195 eV, I, is the intensity range from 198 to 208
eV, and the subscripts u and h refer to the ratio
determined from a sample with unknown sp?/sp? ratio
and h-BN. It is well-known that the I+/1,~ ratio can be
changed appreciably with the crystal orientation in
graphite-like materials. To eliminate orientation effects,
a lot of spectra were collected from small-grained h-BN
phase with different orientations and then mathemati-
cally average the #* and the ¢* components over all
equally likely orientations. The results of the quantita-
tive analysis of the boron K-edge are summarized as
follows. First, there is about 30% sp3-bonded a-BN in
the a-BN sample prepared by BM. Considering there
exist a number of dangling bonds which contribute to
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the intensity of the n* peak,?? the real fraction of
sp3-bonded a-BN may even be larger than 30%. Second,
the sp? fraction in the amorphous phase increases with
the rise of pressing temperature, say from 39% at 900
°C to above 50% at 1000 °C, and even completely
sp3-bonded a-BN was found in the a-BN sample pressed
at 1000 °C, a typical EELS spectrum of which is shown
in Figure 9e. This spectrum was collected from an
amorphous area surrounding the c-BN grains as shown
in Figure 6a. It is seen that EELS spectrum from such
amorphous regions exhibit similar profile to that of
¢-BN, indicating a sp3-hybridized a-BN is readily formed.
The core-loss spectrum from c-BN (Figure 9f) is reason-
ably consistent with that obtained by other research-
ers.?® The similarity in profile between a-BN (Figure 9e)
and c-BN (Figure 9f) is attributed to the fact that the
amorphous structure may actually comprise of fine
clusters of c-BN. It is difficult to discriminate clearly
the fine-grained nanocrytals from amorphous materials
even by HRTEM.

From the above HRTEM and EELS results, it is
reasonable to propose that the sp3-hybridized structural
units in the a-BN phase obtained by BM act as effective
nucleation sites of the c-BN phase in the subsequent
HP—HT experiments and thus facilitate the hexagonal-
to-cubic transformation.

Catalyst Effect of B,Os or H,O. However, it is
speculated that residual B,O3 in the commercial h-BN
powders may induce a catalyst effect and therefore
facilitated the c-BN synthesis.1? Others claimed that
B,O3; does not have a catalytic effect, but NH3-based
substance such as ammonium borate (NH4B505-4H,0)
resulted from the reaction of the starting h-BN with
water may act as a flux and thus facilitate the synthesis
of ¢c-BN.10 In our experiments, during the transition of
the milled powder to the HP—HT apparatus, the freshly
milled powder is so active that it reacts with water in
the air immediately and release heat and ammonia gas,
as evidenced by the strong ammonia smell in the air
and also revealed by the oxygen energy-loss peak in the
EELS spectrum of the a-BN sample.?* Possible reaction
involved in this process could be?> BN + 3H,0O — NH;3
+ H3BO3. Further reaction undergone during the HP—
HT experiments is unclear. However, according to ref
10, those catalysts that produce ammonia borate with
large ammonium content favor the hexagonal-to-cubic
transformation. It is interesting to note that both
ammonium and water, proving to be effective catalysts,
are comprised of highly sp3-like hybridization structural
units, which are speculated to be the effective nucleation
sites in CVD diamond.2627 It turns out that although
the HP—HT and CVD methods appear to be entirely
different synthesis routes, i.e., in the former high-
pressure and high-temperature are involved while in
the latter low pressure normal or less higher temper-
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ature are usually applied; nevertheless, the underlying
nucleation mechanism exhibits common characteristics,
namely, a high sp® hybridization in the starting materi-
als favors the diamond or c-BN nucleation and twins
were found in both cases. As such, the present experi-
mental results may provide not only a less extreme way
to synthesize nanocrystalline c-BN but also key clues
to understand the nucleation mechanisms involved in
the CVD diamond and c¢-BN, which are still under
controversy.

About the sp® Bonds in the Ball-Milled a-BN. The
origin of the sp® hybridization is also a matter of
concern. It is suggested that the high pressure induced
by BM (2—6 GPa)?® might be an important factor
accounting for the production of sp® a-BN. It is possible
that this sp® a-BN may be transformed from sp? a-BN,
which may be a manifestation of the same kind of first-
order phase transition as that occurred in amorphous
ice in which it was reported that there exists a phase
transformation from low-density state to high-density
state under high pressure.?® Another explanation comes
from the fact that any curvature of the sp2-bonded
hexagonal network in h-BN will induce some degree of
sp® hybridyzation.3%31 HRTEM images indeed verify
that curvature is a common structure feature of
ball-milled BN. In CVD diamond or c¢c-BN, the initial
sp3-hybridized structural units were suggested to be
originating from etching of hydrogen along the prismatic
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planes of graphite?6 or from the compressive stress
induced by ion sputtering or other reasons.?7:32-35

Conclusions

Using an a-BN fabricated by ball-milling as a starting
material for the HP—HT experiments, the transforma-
tion to c-BN phase has been significantly facilitated.
Namely c-BN appears at 900 °C and achieves ac-
complishment at 1350 °C under 7.7 GPa, which are
significantly less-extreme conditions than that of crys-
talline h-BN under similar HP—HT experiments. HR-
TEM and EELS provide clear evidence that the c-BN
phase nucleates directly from the sp® or highly sp3-like
hybridized structural units induced by ball-milling,
which is responsible for the reduced HP—HT conditions.
The present c-BN nucleation mechanism is completely
different from the diffusionless puckering mechanism
involved in the HP—HT experiments starting from
crystalline h-BN, but very similar to one of the proposed
mechanisms involved in the CVD diamond and c-BN.
Therefore, the present experimental results provide not
only a less-extreme way to synthesize nanocrystalline
c-BN material but also key clues to the understanding
of the nucleation mechanisms involved in the CVD
diamond or c-BN, which remain unclear.
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