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Ultrafine boron nitride (B ¢Ny o) powders have been prepared by the spray-pyrolysis of borazine
and then used to explore their potentialities to form three-dimensional boron nitride (B; N1 )
by additive-free conventional sintering. Complete characterization of the B; (Nyo powders by
SEM, HRTEM, X-ray diffraction (XRD), infrared spectroscopy (FTIR), and Raman demonstrated
that samples form elementary blocks containing slightly agglomerated nanocrystalline particles
with s1zes rangmg from 55 to 120 nm. On the basis of the BET specific surface area (SSA; 34.6 +
0.7 m* g ') and the helium density of powders (d = 1.95 & 0.02 g cm ™), an average particle
size (APS) of 89 nm has been calculated. Ultrafine B; (N9 powders were successfully used to design
microstructured disk-shaped boron nitride materials with a very high relative density (96.3%),
a homogeneous microstructure, and an average hardness throughout the cross-section of § HV
(78 MPa) at a temperature (1840 °C) lower than those currently applied to sinter boron nitride with
sintering additives. Sintering resulted in the orderly arrangement of the boron nitride platelets

parallel to the pressing direction.

Introduction

Boron nitride is a synthetic binary compound discov-
ered in the early 19th century which proposes similarities
in its crystal structure with carbon.' In the same way that
carbon exists as graphite and diamond, boron nitride can
be synthesized in a layered (hexagonal; 2-BN) or a tetra-
hedrally (cubic; c-BN) structure. The former, in which the
in-plane atoms are bonded through localized sp” hybri-
dization while the out-of-plane layers are bonded by
delocalized weak st orbital, displays interesting properties
for many technical applications. The layered lattice struc-
ture of 4-BN provides good lubricating properties; it is
stable at high temperature (at least 2000 °C) in a nitrogen
atmosphere, is not wetted by most molten metals, glasses,
and salts, and hence has a high resistance to chemical
attack; and it displays high dielectric breakdown strength,
high volume resistivity, and good resistance to oxidation.
Therefore, it is usually prepared as hot (isostatic) pressed
shaped parts to be used as thermocouple protection
sheaths, crucibles, and linings for reaction vessels.?
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The preparation of dense bulk boron nitride is con-
ventionally achieved by nitridation of boric oxide fol-
lowed by sintering at elevated temperatures.® Beside the
fact that the use of boric oxide as a precursor inherently
induces the presence of boron oxynitride phases BN,O,,
in the derived BN material,* a first disadvantage of
the sintering process of boron nitride lies in the use of
sintering additives which remain as a second phase in
the resulting materials. The second disadvantage is the
limitation to design the material structure at nano-
scale using this conventional solid-state route. These
drawbacks negatively influence the properties of the
sintered material and therefore encourage research
groups to seek alternative strategies which supply
pure, highly dense, and even nanostructured bulk mate-
rials.

It is now clearly established that enhanced physical
and chemical properties as well as unusual properties
can be generated when the composition of the desired
material is controlled and fixed at atomic scale in the
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starting precursor and the dimensions of at least one
of the constituents of the desired material are reduced
to the nanometric scale.”® These two requirements taken
together provide great interests to prepare nanocom-
posites by combining two phases (one being at nano-
meter scale) with distinct attributes’ or macroscopic
sintered materials in the desired composition.® In parti-
cular, one of the present challenges in material science
to fabricate large-scale nanostructured components is
focused on the use of powders with particle sizes reduced
to the nanometric scale to be sintered, while main-
tening the structure at a nanometric scale throughout
consolidation.

The synthesis of A-BN powders with small sizes
has already been reported using various methods. The
preparation of BN powders was first reported in
1990.° In this patent, authors prepared powders with
small sizes (<1 um) through low-temperature chemical
vapor deposition using boron trichloride (BCl;) and
ammonia (NH3). However, as-prepared powders with
helium density in the range 1.6—1.9 g cm ™ contained
impurities such as oxygen and carbon which are
known to alter the properties of the material. Using
the same precursors, powders with small sizes and
high BET specific surface area (from 185 to 234 m* g™ )
were synthesized by heating the precursors through a
high powered continuous wave CO, laser."” Nano-
metric boron nitride powders have been deposited
on specific substrates by PECVD from a borane—
ammonia mixture, but the material contained a
large quantity of hydrogen.'' These processes are
usually very complex and require heavy equipment
which drastically increase the cost of the resulting
materials. Intensive efforts have been made by
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Paine et al.'> These authors used an aerosol assisted vapor
synthesis from liquid ammonia solutions of poly(borazi-
nylamine), from boric acid as well as from organoborate
precursors. For all the employed precursors, the BN
powders, which were mesoporous in some cases,'*
exhibited spherical morphologies, final sizes of ~1 um,
and relatively low oxygen and carbon contents, but a
postpyrolysis annealing was required to reach these re-
duced proportions of oxygen and carbon. Following a
similar strategy, Bando et al. prepared submicrometer
spherical BN particles with diameters ranging from 50 to
400 nm by using a two-step synthetic process from solu-
tion of trimethoxyborane (or trimethyl borate)."** No
traces of carbon and oxygen have been detected by EELS
as mentioned in ref 13a. However, in a more recent
article,'*® Tang et al. admitted that they could not obtain
oxygen-free BN particles by the CVD process from
trimethoxyborane with ammonia followed by a second-
stage ammonia annealing, even at 1400 °C. Oxygen-free
BN particles could be generated using argon instead of
ammonia during the second stage of the process.'*®
Another article reported the preparation of boron nitride
particles through a two-step process. Shi et al. synthesized
hexagonal boron nitride particles in the diameter range
0.5—1.5 um by spray-drying a mixture of HBOj3 and
Na,B407 at 250 °C which was subsequently mixed with
(NH»),CO to be heated in air at 900 °C. As-made particles
were nitrided at different temperatures from 1200 to
1500 °C."* More recently, Sneddon et al. synthesized
freestanding pure boron nitride particles (~8—10 um in
diameter) with micro- and nanoscale features using frus-
tules of diatoms as microscale nanostructured templates
and soluble polyborazylene as starting precursor.'>*

A reliable single-step powder synthesis process lead-
ing to the synthesis of highly pure ultrafine powders
(~100 nm) from a single-source precursor is not available
today. Furthermore, no attempts have been made on the
sintering of the powders which are described in the
previously quoted articles. Within this context, we pro-
pose a two-stage methodology which uses in a first stage a
spray-pyrolysis (SP) process for the synthesis of ultrafine
boron nitride powders and in a second stage a conven-
tional sintering process of the latter for consolidation of
the three-dimensional boron nitride material. The first
part of the present paper reports a single-step access to
ultrafine BN powders by combining a liquid oxygen-free
precursor synthesis with a SP process. The oxygen-free
precursor approach is the only solution to produce high
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purity and chemically homogeneous nanostructured bor-
on nitride,'®"2! while SP, known to be a cost-effective
powerful technique, offers a tremendous versatility in
terms of compositions, morphologies, and sizes.** Bor-
azine was selected as a single-source molecular precursor.
It is currently used as a molecular precursor to prepare
inorganic polymers, polyborazylene or analogues, then
shaped-boron nitride materials including micropowders,
fibers, and nanotubes/wires.'>~!” Furthermore, it repre-
sents a suitable liquid candidate with an adequate vapor
pressure to be used in CVD-based processes and produce
nanomeshs and nanotubes.'® ! In a second part of this
paper, we demonstrate that borazine-derived B; oNgg
powders are appropriate candidates for consolidation of
microstructured boron nitride materials with the desired
purity (B;oN-;o) and a very high density through an
additive-free sintering process.

Experimental Section

Materials. The synthesis of borazine was carried out in an
argon atmosphere, using argon/vacuum lines, and Schlenk-type
flasks. Argon (>99.995%) was purified by passing through
successive columns of phosphorus pentoxide, siccapent, and
BTS catalysts. Schlenks were dried at 120 °C overnight before
pumping under vacuum and filling them with argon for the
synthesis. Sodium borohydride (NaBHy, =98.5%, powder from
Sigma-Aldrich), ammonium sulfate (NH4)>SO4, =99.0% from
Sigma-Aldrich), and tetraethylene glycol dimethyl ether (CH;0-
(CH,CH»0)4CH3, 99.0% from Sigma-Aldrich) were used as-
received. It should be mentioned that ammonium sulfate was
dried at 120 °C inside an oven for three days and then put under
vacuum during cooling for 1 h. Manipulation of the chemical
products was made inside an argon-filled glovebox (Jacomex
BS521; Dagneux, France) dried with phosphorus pentoxide.

Borazine Synthesis. The operating procedure, adapted from
the literature,?® was previously reported in our paper.'® IR (Csl
windows/cm ~1): ¥(N—H) = 3451 m; »(B—H) = 2509 m; »(B—
N) = 1454 5; (B—N—B) = 897m. '"H NMR (300 MHz/CDCls/
ppm): 6 = 3.30—5.35 (quadruplet, 3H, BH), 5.35—6.05 (triplet,
3H, NH). "B NMR (96.29 MHz/C¢D¢/ppm): 6 = 30.1 (br).
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Ultrafine Powder Preparation. The SP process has been
described in detail in our previously published papers.®®® The
experimental setup (Figure 1) is composed of a nebulized spray
generator (RBI, Meylan, France), where the spray is generated
by a piezoelectric device (barium titanate). Frequency (800 kHz)
and power (100 W) alimentations were adjusted to obtain the
aerosol. The aerosol temperature was first held at 15 °C by a
regulated water circulation to avoid borazine evaporation and/
or condensation.

The piezoelectric device generated an ultrasound beam which
was directed to the liquid—gas interface; a fountain formed at
the surface followed by the generation of the spray resulting
from vibrations at the liquid surface and cavitations at the gas—
liquid interface.* The borazine was directly introduced in the
aerosol generating chamber under nitrogen, then aerosolized
and carried to the pyrolysis furnace with a 0.5 mL min~'
nitrogen flow rate. The thermal decomposition of borazine
was performed in a hot alumina tube containing an isothermal
zone of 0.1 m in length. The fast heating rate implied gaseous
species generation leading to powder formation by a chemical
vapor condensation route. The particles were finally trapped
into two collectors placed before the vacuum pump and contain-
ing filter-barriers made of microporous alumina (pore size of
1 um). Yield was estimated to be 0.22 g min~'. After their
synthesis, trapped powders were stored inside an argon-filled
glovebox. In a typical experiment, 27 mL (21.9 g) of borazine are
used to produce 6.5 g of white color powders. However, the
exact yield is difficult to estimate because of the design of the SP
system. A non-negligible quantity of powders, deposited in the
furnace tube, could not be recovered. Anal. Found (wt %):
H, <0.3;B,44.4; N, 54.7; O, 0.8 [B yINj o by omitting hydrogen
and oxygen contents]. Calcd (wt %): B, 43.56; N, 56.44.

Sintering Process. Ultrafine powders were used to process
bulk boron nitride. Preparation of samples for sintering was
performed inside an argon-filled glovebox. A total of 1.5 g of
powders were processed by conventional sintering in nitrogen,
at 0.1 T as thin disks of 16 mm diameter into a graphite mold.
Papyex foils were placed between BN powders and graphite to
avoid carbon contamination of the nanopowders. The disks
were then hot pressed under 0.1 T under vacuum up to 600 °C
before switchingthe vacuum to nitrogen atmosphere. Above
1100 °C, the temperature was automatically monitored and
regulated by an optical pyrometer focused on the surface of
the die, and a load of 40 MPa was applied. After a dwelling time
of 1 h at 1840 °C, the furnace was allowed to cool down at
8 °C.min_' with a gradual removal of the load (up to RT) to
avoid the appearance of cracks in the piece.

Characterization. Bulk compositional evolution of powders
was made by the Service Central de Microanalyse de Vernaison
(Vernaison, France) for boron, carbon, and hydrogen and in
the SPCTS lab (Limoges, France) for nitrogen and oxygen
elements. The methods included thermal decomposition of
powders under oxygen to measure carbon and hydrogen con-
tents, under inert atmosphere for the measurement of nitrogen
and oxygen contents, and by ICP for boron content. In
addition, powders were analyzed by energy-dispersive X-ray
(EDX). An EDX system EDAX Genesis 4000 coupled with a
SEM (Hitachi S800) was used to quantify boron, nitrogen,
oxygen, and carbon elements. As-prepared BN powders
were characterized and analyzed by a transmission electron

(24) Langlet, M.; Joubert, J. C. In Chemistry of Advanced Materials —
A Chemistry for the 21Ist Century; Rao, C. N. R., Ed.; IUPAC,
Blackwell Scientific: Oxford, U.K., 1993; p 55.
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Figure 1. SP setup (SEM micrograph of borazine-derived powders, inset).

microscopy (TEM) with a TOPCON 002B working at 200 kV.
Samples were characterized using a Philipps PW 3040/60
X’Pert PRO X-ray diffraction system. Powder samples were
prepared by placing ~100 mg on the XRD sample holder
(PVC), and the sintered pieces were put down on the XRD
sample holder for data collection. Cu Ka (4 = 1.54 1&)
radiation with a Ni filter was used with a working voltage
and a current of 40 kV and 30 mA, respectively. Scans were
continuous from 10 to 90° 26 for powders and 20—80° 26 for
sintered boron nitride with a time per step of 0.85 s in incre-
ments of 0.017° 26. Peak positions and relative intensities were
characterized by comparison with JCPDS files of the standard
material (JCPDS card No. 34—0421). Debye—Scherrer line
broadening was used to calculate the average crystallite sizes
(ACS) from each XRD pattern. Infrared spectroscopy of
powders and derived 3D materials was taken with a Nicolet
380 FT-IR spectrometer coupled with the attenuated total
reflectance (ATR) accessory. It should be mentioned that the
FTIR spectrum of borazine was recorded from a Nicolet
Magna 550 Fourier transform infrared spectrometer by intro-
ducing the liquid molecule between two KBr windows. A
Renishaw model RM 1000 Raman microscope operating at
lambda = 514.5 nm was used for Raman spectroscopy. The
specific surface area (SSA) of powders was measured on a
Micromeritics-ASAP 2010, BET 8 pts. Samples (450 mg) were
degassed at 250 °C for 12 h. Analysis was run at 77 K with N.
The BET specific surface area was calculated from the nitrogen
adsorption data in the relative pressure range from 0.05 to 0.3.
The true densities of powders and derived bulk samples were
measured by helium pycnometry (Micromeritics AccuPyc
1330) from approximately 100 mg of samples. The SSA and
true density of powders were used to calculate the average
particle size (APS). The microstructure of sintered boron
nitride was characterized on polished surfaces (up to 9 um
silicon carbide) by scanning electron microscopy (SEM) and
optical microscopy with Hitachi S800 scanning electron micro-
scopy and Olympus BX60 optical apparatus, respectively. The
hardness was measured on the monolith surface with a Vickers
indentor (Model ZWICK Materialpriifung 312002/00 instru-
ment). Several measurements were performed using a load of
0.3 kg applied during 15 s.

ring-opening |

Results and Discussion

The objectives of the current study are to detail the
synthesis and characterization of ultrafine boron nitride
powders which have been synthesized through a single
step access and then explore their potentialities for sin-
tered boron nitride preparation.

Powder Synthesis. Compared to other techniques
which have been used to produce boron nitride powders,
the proposed SP route does not require the use of organic
solvent and/or ammonia atmosphere during pyrolysis.
Furthermore, according to the fact that there is clear
phenomenological evidence that the ceramic retains a
memory of its molecular origin, we focused on a rational
design criterion to our choice of precursors, that is, use of
chloride-, oxygen-, and carbon-free inorganic precursors,
and we choose borazine. Referring to its chemical for-
mula H3;B3N3H3 and structure, borazine represents a
single-source molecule with both boron and nitrogen
elements in the correct boron-to-nitrogen ratio and sym-
metry. In addition, it offers the advantage of being fluid
with an adequate vapor pressure which can be sprayed to
generate ultrafine boron nitride powders in inert atmo-
sphere.

Borazine was prepared and purified similarly to the
procedure developed by Wideman and Sneddon.”® 'H
NMR confirmed the purity of the as-synthesized mole-
cule through the appearance of the BH quadruplet be-
tween 3.30 and 5.35 ppm and the NH triplet between
5.35 and 6.05 ppm (Supporting Information SI.1). The
experimental SP setup consists of an aerosol/generator
producing precursor droplets, a tube furnace equipped
with an alumina tube, (1400 °C) along with appropriate
mass flow controllers that allow for the continuous
delivery of the borazine aerosol into the hot-zone
through a controlled flow rate of the carrier gas (nitro-
gen). The experimental setup for SP is shown in Figure 1
(see Experimental Section for details).
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Figure 2. TEM micrographs of as-synthesized ultrafine powders (SAED, inset of part a).

The borazine exhibited an excellent ability to be
sprayed and then pyrolyzed at 1400 °C in a nitrogen
atmosphere to produce boron nitride powders. Keeping
in mind that the borazine is unstable at RT, the tempera-
ture of the aerosol generating chamber was maintained at
15 °C during the whole experiment (30 min). As a con-
firmation of the stability of borazine at 15 °C, FTIR and
'"H NMR spectra of the recovered borazine did not
change after experiments (Supporting Information
SI.1). The chemistry involved during the borazine-to-
boron nitride conversion is thought to include a complex
sequence of structural and chemical changes based on
molecular rearrangements and evolution of dihydrogen
which gradually created nanostructural boron nitride as
depicted in Figure 1. In more detail, borazine is nebulized
into a white aerosol, and the stream consisting of tiny
borazine droplets suspended in the carrier gas is trans-
ported by the carrier gas to be passed through the
preheated tubular furnace at 1400 °C. In the hot-zone,
the formation of nanoparticles by SP of borazine can be
understood as follows: the conversion of the nebulized
precursor occurs through molecular condensation and
ring-opening mechanisms involving evolution of dihy-
drogen and producing vapors of BN ring-based species.
The latter, reacting to form the consolidated boron
nitride network, are swept by the nitrogen carrier-gas
flow and then condensed into a white product getting
collected into the cooling traps near the outlet of the
furnace. It should be mentioned that the conversion
process generates significant amounts of H, which have
to be continuously removed from the apparatus by an
efficient nitrogen carrier-gas flow. As-trapped powders
were immediately stored inside an argon-filled glovebox.

Scanning Electron Microscopy (SEM) of Ultrafine Pow-
ders. SEM is not really suited for observing nanosized
materials, but it provides a view of the general particle
population. The SEM image in Figure 1 (inset) shows that
the particle population is relatively homogeneous includ-
ing small particles which are of rounded shape and an
extremely low proportion of particles with large size. It is
therefore reasonable to suggest that the most important
operating factors including the properties of the starting
precursor, the pyrolysis temperature, the nitrogen flow
rate, the residence time, and the heating rate of the droplet
particles are controlled during processing.

Transmission Electron Microscopy (TEM) of Ultrafine
Powders. The TEM micrograph of as-received powders

was investigated to assess the morphology and the overall
particle size of samples. An example of a characteristic
TEM micrograph of as-synthesized powders is shown in
Figure 2a. The low-magnification TEM bright field image
shows that the sample forms elementary blocks which are
composed of slightly agglomerated nanosized particles.
The particle size ranges from 55 to 120 nm.

This agglomeration phenomenon is well-known for
ultrafine powders and nanoparticles,”>*>>® but we should
point out that particles can be easily dispersed in acetone
through ultrasonification with dispersion staying stable
up to 96 h without sedimentation. As a consequence, it is
reasonable to assume that the small particles are unag-
gregated.

The corresponding selected area electron diffraction
(SAED) pattern, inset in Figure 2a, is composed of
weak large diffraction rings which reveal a poorly crystal-
lized BN phase. However, it should be mentioned that
elementary blocks were deposited on a carbon coating
for TEM observations; thereby the amorphous halo
can result from this carbon coating. As a consequence,
we investigated HRTEM to refine structural infor-
mation and to corroborate SAED results. Figure 2b
offers a high-resolution TEM (HRTEM) image which
was used to gather information on powder nanostruc-
ture. The HRTEM image of the particle core demon-
strates that the specimen consists of very fine nano-
crystalline boron nitride (nc-BN) embedded in an
amorphous boron nitride (a-BN). These nc-BN grains,
in which sp® layers are significantly buckled in a disor-
dered stacking sequence, exhibit size corresponding
to less than 6 atomic basal planes, whereas their length
does not exceed 50 A.

X-ray Diffraction (XRD) of Ultrafine Powders. X-ray
diffraction allowed assessment of the average crys-
tallite size (ACS) and the interplanar distance dy, which
both are indicative of the level of crystallinity of the
BN phase. In XRD analysis, #-BN is identified by
the presence of peaks at 26.76° (002), 41.60° (100),
43.87° (101), 50.15° (102), 55.16° (004), 75.93° (110),
82.18° (112), and 85.52° (105).%” In a general way, two
disordered BN phases, turbostratic-BN (-BN) and amor-
phous-BN (a-BN), are found in addition to #-BN, and
XRD patterns of such phases are significantly distinct

(25) Pratsinis, S. E. Prog. Energy Combust. Sci. 1998, 24, 197-219.
(26) Vemury, S.; Pratsinis, S. E. J. Aerosol. Sci. 1996, 27, 951-966.
(27) Pease, R. S. Acta Crystallogr. 1952, 5, 356-361.
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Figure 3. XRD pattern of as-synthesized ultrafine powders and Lorentz-
type XRD pattern as the inset.

from that of 4-BN.?*% Although difficulties have been
encountered in analyzing the powders probably due to the
very fine crystallite sizes which considerably broaden the
XRD pattern (Figure 3), the layer disorder is evident from
both the two-dimensional lattice type (10) reflection and
the shift of the (002) reflection to lower angles (260 =
24.10°) compared with 2-BN. The XRD pattern reports
only three peaks which can be attributed to the (002)
plane, the (100)/(101)/(004) planes and the (110) plane.
However, the resolution of the XRD pattern of powders
is similar to those recorded for boron nitride powders
with higher sizes obtained through a two-step process
from oxygen-containing precursors.'>!?

As a result of the poor resolution of the XRD pattern,
difficulties arise to determine the ACS of powders. In
particular, the accurate measurement of the in-plane
coherence length (L,) is uncertain from the XRD pattern
according to the fact that the peak corresponding to the
(100) plane overlaps those which are attributed to (101)
and (004) planes. To assess the average crystallite size in
both a (in-plane coherence length, L,)- and ¢ (out-plane
coherence length, fc)—axesfo a deconvolution of the
XRD pattern was performed, and the multipeak Lorentz
function®' was the best method to fit the experimental
data. The Lorentz-type XRD pattern reported in Figure 3
as an inset is based on five Lorentz fitting peaks in the 26
range 10—90°. We only reported the 26 range 30—65° to
display the separation of the (100), (101), and (004) peaks
with deconvolution.

Consistently with a decrease in stacking order com-
pared to 1-BN, a dy> value of 3.68 A has been calculated.
Such a value confirms that the stacking sequence of
the sp” layers is random and that the latter are disorien-
ted around the c-axis. Samples also show low L. and L,

(28) Thomas, J. Jr.; Weston, N. E.; O’Connor, T. E. J. Am. Chem. Soc.
1963, 84, 4619-4622.

(29) Bernard, S.; Chassagneux, F.; Berthet, M. P.; Cornu, D.; Miele, P.
J. Am. Ceram. Soc. 2005, 88, 1607-1614.

(30) (a) Bernard, S.; Chassagneux, F.; Berthet, M.-P.; Vincent, H.;
Bouix, J. J. Eur. Ceram. Soc. 2002, 22, 2047-2059. (b) Bernard,
S.; Ayadi, K.; Létoffé, J.-M.; Chassagneux, F.; Berthet, M.-P.;
Cornu, D.; Miele, P. J. Solid State Chem. 2004, 177, 1803-1810.

(31) Breit, G.; Wigner, E. Phys. Rev. 1936, 49, 519-531.
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values: L, (obtained from the fwhm of the nondeconvol-
uated (002) peak’®®) = 10 A and L, (obtained from the
fwhm of the deconvoluated (100) peak’®?) = 36.4 A.Asa
consequence, the consolidation of the boron nitride
structure is not fully achieved in as-synthesized powders.
We therefore concluded that only partial crystallization
takes place within the SP process of borazine at 1400 °C
under nitrogen. To discuss these claims, FTIR, Raman,
and chemical analyses have been investigated.

Infrared and Raman Spectroscopies and Composition of
Powders. Figure 4a shows IR spectra of borazine and
derived powders. A comparison of the spectra reveals that
the bands corresponding to B—H (2509 cm™ ') and N—H
(3451 and 897 cm™ ') bonds disappeared, whereas the
absorption band of the B—N shifted and broadened on
SP. The strong and broad absorption band centered at
1338 cm™ ! and the sharp weak band at 787 cm™ ! in
powders are representative of the specific types of chemi-
cal bonds B—N in 4-BN.?%-*

These bands, which are assigned to the in plane ring
vibration at 1368 cm™' (E;, mode) and out of the plane
ring vibration at 805 cm~ ! (A,, mode) in A-BN, are
significantly shifted in borazine-derived powders in rela-
tion with the partial occurrence of the crystallization
process during SP. However, the absence of the bands
corresponding to N—H and B—H bonds support the
fact that borazine is fully converted into boron nitride
in a chemistry point of view. This is reflected in the
chemical composition of as-made powders. Results
obtained by parallel bulk analytical techniques and
EDX experiments give evidence that the bulk composi-
tion of powders is close to stoichiometric boron nitride
despite the fact that each experiment gives slight quanti-
tative differences. According to the bulk eclemental
analysis (H, <0.3 wt %; B, 44.4 wt %; N, 54.7 wt %;
0O, 0.8 wt %), we measured an empirical formula of
B oNpo by omitting hydrogen and oxygen contents.
EDX analysis revealed characteristic peaks for boron
(0.18 keV), nitrogen (0.39 keV), and oxygen (0.523 keV)
giving an empirical formula of By ¢N; ,Og ; (see Support-
ing Information SI.2). The detection of oxygen by EDX
probably results from physisorbed/chemisorbed water.
Despite differences in the B/N ratio, analysis provides
evidence that the powders are pure, and we took into
account the results from bulk analysis given an empirical
formula of B ¢Ngo.

It can be concluded that the complex mechanistic
sequence involving the design of the intermediate steps
(to convert the sprayed borazine into a-BN powders)
and the annealing treatments (to change a-BN pow-
ders into the desired final nanostructure, i.e., A-BN
powders) has been stopped during the latter. The Raman
spectrum of the product (Figure 4b) is in good agree-
ment with such a postulate. The spectrum shows one peak
at 1369.4cm™ ' (FWHM = 57.9 cm™ ') which is attributed
to the E,, vibration mode of #-BN (B—N in plane atomic

(32) Nemanich, R.J.; Solin, S. A.; Martin, R. M. Phys. Rev. B1981, 23,
6348-6356.
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Figure 4. FTIR spectra of the borazine and derived powders (a) and Raman spectrum of powders (b).

displacements). This mode is located at 1368 cm™' in
polycrystalline #-BN powders.*> Nemanish et al. showed
that the peak corresponding to the E,, vibration mode
broadened and shifted to higher frequency as the crystal-
lite size (L,) decreased.* In our powders, this peak is
shifted to a small increment, but the FHWM value is
significantly higher than the one reported for micrometric
powders (13 cm ™) in ref 32. This corroborated definitely
the fact that the crystallite size is very small in our
powders. To confirm the nanometric size of powders
measured by TEM, we investigated helium pycnometry
and BET.

Helium Pycnometry, BET Specific Surface-Area (SSA),
and Average Particle Sizes (APS) of Powders. According
to the low degree of crystallization of powders, their
density has been anticipated to be lower than the density
of h-BN (d = 227 g cm ). The helium density of
powders has been measured to be 1.95 £ 0.02 g cm ™.
This value can be compared to the density (1.85 g cm™?)
we found for BN fibers in a previous article.*® It should be
mentioned that density is closely related to both the
pyrolysis process during which gaseous byproducts are
removed (dihydrogen for sprayed borazine and pro-
bably low molecular weight species) and the crystal-
linity level of the corresponding BN materials. The
density of precursor/polymer-derived boron nitride ma-
terials is commonly in the range 1.85—1.95 g cm 2>
whereas the density of boron (oxi-)nitride powders
produced from organoborate precursors with diameters
of 0.2—2 um is in the range 1.55—2.1 gcm > after the first
step of the two-step synthesis process.'*? Taking into
account such data, it is reasonable to consider that
borazine-derived powders are relatively dense. In addi-
tion, the BET SSA value of 34.6 0.7 m* g~ ' is indicative
of the low level of open porosity. Such a value is com-
monly found for nanosized powders.>**>733 Equation 1
shows how the SSA and density (d) can be used to
calculate the average particle size (APS in nm) of powders

(33) (a) Hinklin, T.; Toury, B.; Gervais, C.; Babonneau, F.; Gislason, J.
J.; Morton, R. W.; Laine, R. M. Chem. Mater. 2004, 16, 21-30. (b)
Azurdia, J. A.; Marchal, J.; Shea, P.; Sun, H.; Pan, X. Q.; Laine, R.
M. Chem. Mater. 2006, 18, 731-739.

by assuming the spherical particle shapes:
APS = 6000/(SSA x d) (1)

An APS of 89 nm is calculated for borazine-derived
powders confirming the local size measurement range
made by TEM.

Ceramic Processing. The sintering of ultrafine B; ¢Ng o
powders is a scientific and technological topic that affects
the manufacture of bulk materials and the understanding
of the stability of powders. Here, ultrafine B; oNg ¢ pow-
ders have been used to prepare dense boron nitride
materials. However, the consolidation of such nanosized
powders and more generally nitride materials without
sintering additives has not been explored yet, probably
because of the difficulties to prepare pure powders with
small sizes and to sinter boron nitride without sintering
additives. In the second part of this study, we therefore
describe the preparation of highly dense boron nitride by
additive-free sintering of the elementary building blocks
containing the B; Ny ¢ particles as schematically depicted
in Figure 5. This two-step process represents an alter-
native to the conventional solid-state route for the pre-
paration of bulk boron nitride with inhomogeneous
compaction and oxygen incorporation.

As previously mentioned, boron nitride is known to
exhibit poor sinterability.*** It is therefore required to
use oxide sintering additives such as B,O3; and CaO to
obtain boron nitride with a density approaching the
density of pure boron nitride (~90%). However, it is
not possible to obtain fully dense and impurity-free boron
nitride in such conditions. In the present article, preli-
minary experiments showed that we succeeded in the
preparation of highly dense and pure boron nitride by
conventional sintering of ultrafine B; oN ¢ powders with-
out sintering additives. To our knowledge, it is the first
time that 3D boron nitride materials are obtained by
additive-free sintering. It should be mentioned that the
preparation was made inside an argon-filled glovebox.

(34) Masazumi, N.; Hiroshi, N.; Suminiko, K. U.S. Patent 5334339,
August 2, 1994.
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Figure 5. Schematicillustration of the approach for preparing highly dense boron nitride. The first step corresponds to the SP of borazine. The second step
corresponds to the controlled sintering of the elementary blocks containing the B ¢N o particles into a representative disk-shaped BN specimen.

B oNo.9 powders were first cold pressed with a load of
0.1 T and then heated under vacuum from RT to 600 °C
before switching the vacuum to nitrogen atmosphere
and increasing the temperature to 1100 °C. A pressure
P, (40 MPa) was applied during heating to 1840 °C. From
1100 °C, the temperature was monitored and regulated by
an optical pyrometer focused on the surface of the die.
After a dwelling time of 1 h at 1840 °C, the furnace was
allowed to cool down at 8 °C min~' with a gradual
removal of the load to avoid appearance of cracks in
the piece. The temperature dependence of the shrinkage
for the sample indicated that ultrafine B; (N ¢ powders
started to densify at 1650 °C, with a densification kinetic
reaching a maximum at 1750 °C. The densification rate
was achieved at the beginning of the isothermal dwelling
step (1840 °C). Therefore, sintering was stopped after 1 h.
It is interesting to note that the applied sintering tem-
perature is lower than those currently used for sintering
boron nitride from micrometer or submicrometer sized
counterparts.” This most probably results from the
extremely small size and the high surface-to-volume ratio
of By oNpo powders. Figure 5 shows a representative
picture of a bulk boron nitride sample consolidated
from nanosized B; (Ng¢ powders, then polished up to a
9 um silicon carbide. The final dimension of the disk-
shaped sample is 16 mm in diameter and approximately
2.4 mm in thickness, and the determined bulk composi-
tion after grinding inside a glovebox (B;oN-jo; B =
44.3 wt %, N = 55wt %, O = 0.7 wt %) is close to that
determined for ultrafine By (Ngo powders. This means
that ultrafine B; (No ¢ powders are relatively stable from a
chemistry point of view. The specimen is free of macro-
scale defects such as circumferential or transversal cracks
without apparent open porosity indicating sufficient
compaction energy to obtain pore-free samples. Further-
more, optical micrographs of the polished specimen con-
ventionally sintered at 1840 °C for 1 h (see Supporting
Information SI.3) pointed to the fact that pull-out and/or
cracking did not occur during polishing and that the
boron nitride cylindrical part displayed an excellent
machinability.

Attempts to consolidate B; ¢Ng o powders in ceramics
by conventional sintering resulted in the formation of
highly dense structures as illustrated by helium picno-
metry results. The helium density of powders has been
measured to be 2.19 + 0.001 g cm > giving a density of
96.3% of the theoretical density of #-BN (2.27 gecm ™). It
should be mentioned that measurements were performed
on several parts of the sample presented in Figure 5 to
examine piece homogeneity and to be representative of

the specimen. Results were reproducible as reported
in Supporting Information SI.4. In 1967, Kuznetsova
and Poluboyarinov produced sintered boron nitride
with an apparent density ranging from 2.06 and 2.08 g
cm >, but the material was not pure due to the use
of sintering additive.*®> Hubacek et al. studied the
effect of the addition of copper in hot-pressed boron
nitride.>®*°  Sintering of copper-free BN powders
(0.64 um) at 1950 °C with 30 MPa of pressure led to
relative density of around 90%, but no details on the
purity of starting boron nitride powders have been sup-
plied. In the present paper, the use of ultrafine By o(Ngo
powders allowed reaching the highest density in the
derived bulk boron nitride specimens at a lower sintering
temperature. Keeping in mind that the density is a key
parameter for structural ceramics since it controls their
strength and crack resistance to a high extent, such
materials have a great potential.

Figure 6 reports representative micrographs of the
fracture surface of sintered boron nitride prepared from
ultrafine By ¢N ¢ powders. The SEM images of a fracture
surface show a dense homogeneous and a nearly isotropic
microstructure with BN grains facets (Figure 6a) having a
slight parallel orientation with the sintering load axis. In
Figure 6b, we can observe that the grain size is higher than
the size of By ¢Ny¢ particles indicating that grain growth
occurred during sintering.

According to the fact that the SP of borazine at 1400 °C
did not allow powders with high degree of crystallization
(see HRTEM and XRD) to be obtained, it is clear that
larger grains in the derived By oN. o samples are caused
by recrystallization of metastable By ¢Ng ¢ powders dur-
ing sintering. Therefore, we concluded that the sintering
of ultrafine B; oNoo powders at 1840 °C enhances the
densification of bulk boron nitride but leads to uncontrol-
lable grain growth causing the material to lose nanocrys-
talline characteristics. Grain growth is only limited by the
surrounding grains. The microstructure of the bulk boron
nitride is similar to that observed in the study of Hubacek
and Ueki after a hot-pressing of commercially available
BN submicropowders at 1950 °C with a load of 30 MPa.*

The XRD pattern of the bulk B; (N, sample (Fig-
ure 7) considerably changed compared to the latter
(Figure 3), whereas the infrared spectrum is identical
(See Supporting Information SI.5) and the Raman spec-
trum does not exhibit peaks. For the latter, this is most
probably due to luminescence effects which are more

(35) Kuznetsova, I. G.; Poluboyarinov, D. N. Refractories and Indus-
trial Ceramics; Springer: New York, 1967; Vol. 8, pp 190—195.
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Figure 6. SEM micrographs of a representative bulk BN specimen.
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Figure 7. XRD pattern of a representative bulk specimen derived from
ultrafine By (N ¢ powders.

pronounced in bulk materials. It should be mentioned
that the disk-shaped boron nitride is placed in a position
so that the pressing direction is perpendicular to the
incidence plane for XRD experiments.

The XRD pattern of the bulk B; (N __; o sample exhibits
the (hkl) peaks of h-BN in the 20—80° range with strong
modification compared with the XRD pattern of ultra-
fine By ¢Ng o powders (Figure 3). In particular, the initi-
ally unresolved (100)/(101)/(004) peak in ultrafine
B oNoo powders (Figure 3) is clearly separated in the
sintered boron nitride derived therefrom, while an addi-
tional (102) peak appeared. The appearance of additional
peaks characteristic of 4-BN is indicative of a strong
enhancement in the structural ordering from ultrafine
B oNy.o powders to the bulk By (IN.; g sample. In support
of these claims, we have compared the dyy, spacing and
the average crystallite sizes. The dy, spacing (dyp, = 3.34 A)
is strongly reduced and relatively close to the theore-
tical value (3.327 A). It corresponds to the spacing of
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Figure 8. Orderly arrangement of the BN platenets in a representative
bulk specimen.

relatively close-packed planes in a perfect 2-BN crystal.
The experimental (002) and (100) peaks are sharp ,which
is the consequence of large crystallite sizes in the ¢- and a-
axes (L. = 88.8 A, L, = 615.9 A). Besides, it is interesting
to note that the (002) and (100) peaks respectively ex-
hibited lower and higher intensities in comparison to the
corresponding peaks in 2-BN (JCPDS card No. 34-0421).
This is supported by the low intensity of the (004) peak.
Such observations indicated that (100) planes tend to be
parallel to the X-ray beam, that is, perpendicular to the
pressing direction, whereas (002) planes tend to be per-
pendicularly oriented to the surface, that is, parallel to the
pressing direction. This confirmed SEM observations of
the surface fracture (Figure 6) which highlighted a slight
parallel orientation with the sintering load axis. As a
consequence, the unidirectional hot pressing process
probably results in the orderly arrangement of the boron
nitride platelets parallel to the pressing direction as
illustrated in Figure 8. This can affect the mechanical
properties of sintered boron nitride. In this regard, the
microhardness of samples was measured.

An average value of 8 HV (78 MPa) was found for the
microhardness throughout the cross-section. However,
there is a lack of evidence or discussion in the literature to
support our contentment with regards to microhardness
of sintered boron nitride. Hubacek and Ueki*® obtained a
range of mean values starting from 15 to approximately
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28 Hv for copper-activated hot-pressed boron nitride.
More recently, a calculation gave a rough estimate of the
BN theoretical hardness value.?® In the latter, authors
demonstrated that the theoretical hardness value of 130—
160 MPa for 4-BN crystal is controlled by the cleavage of
the van der Waals bonds between the (002) layers. Taking
into account that the hardness measurements have been
performed in a direction parallel to the pressing direction
and that (002) layers tend be oriented parallel to the
pressing direction in bulk B;(N.;, samples, the HV
value is probably minimized in our case in this direction.

Conclusion

The SP process of borazine followed by an additive-free
sintering of derived ultrafine B; (Ng ¢ powders have been
combined for the first time to process pure bulk boron
nitride (B; oN1 ) with a very high density and a homo-
geneous microstructure. This two-step process represents
a novel approach to generate dense, crack-free, and pure
bulk hexagonal—boron nitride materials at temperatures
lower than those reported for micrometer or submicrom-
eter counterparts. Grain growth occurred during sinter-
ing leading to a micrograined sintered B; N~ product
and probably causing the macroscopic material to lose
the nanocrystalline characteristics of B; gN ¢ powders.

A major challenge in the preparation of bulk materials
from nanosized particles is the limitation of grain growth
during sintering. In our case, we suggest to overcome this
problem, that is, control the metastable-to-stable transi-
tion phase, to some extent through three methods which
are under investigation. Very high densification and con-
trolled grain growth could be obtained by a careful opti-
mization of the sintering process using the spark plasma
sintering process. SPS enables a powder compact to be

(36) Petrescu, M. 1. Diamond Relat. Mater. 2004, 13, 1848—1853.
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sintered to high density at relatively low temperatures and
in short time, typically a few minutes, in comparison to
conventional sintering. The second method focuses on the
enhancement of the crystallinity level of B ¢N o powders
to avoid recrystallization during further sintering, and the
third method is to investigate the pressure applied during
sintering which is another variable that strongly influ-
ences the final grain size of a sintered product.

An important aspect of the current research is the
extension of the underlying processing method to a
wider range of nonoxide materials including binary
systems, nanocomposites, and solid solutions. To date,
the combination of SP of oxygen-free molecules and
sintering of derived ultrafine nonoxide nanopowders
has never been applied to prepared 3D nonoxide materi-
als. However, because of the versatility of SP, this two-
step approach should open the way to a very broad set
of nonoxide materials using single-source molecules
or a dual source. These opportunities are now being
addressed. It is anticipated that this will lead to a host
of structural and functional applications for a new gene-
ration of materials.
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