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Abstract

The structural, morphological and textural characteristics of BN coatings processed by CVD from (BCl3, NH3, H2) gas mixtures,

at low pressure (P=1.3 kPa) and low temperature (T=800 �C), with different QNH3/QBCl3 gas flow rate ratios, have been investi-
gated. Whereas the as-processed coatings are amorphous, a high degree of crystallisation can be achieved after a post-deposition
heat treatment. The sole post-elaboration heat treatment does not allow the improvement of the crystallisation degree of the boron

nitride. The presence of a small amount of oxygen, resulting from a simple exposure of the coating to a controlled atmosphere
(temperature, moisture rate), is also necessary. For given temperature and pressure, a wide range of microstructures of the heat-
treated BN coatings, from isotropic to anisotropic, can be observed by varying the QNH3/QBCl3 ratio.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The development of BN coatings for aeronautic
engine applications has been motivated by the will of
improving the mechanical properties and the lifetime of
non-oxide ceramic matrix composites (CMCs). Boron
nitride as an interphase material (e.g. in SiC/SiC com-
posites) is indeed an interesting alternative to pyr-
ocarbon that is generally used. Carbon and boron
nitride both display hexagonal crystallographic struc-
tures with a low interplanar bond energy (17 kJ/mol for
hexagonal BN1 and 7 kJ/mol for graphite) and a high
intraplanar bond energy (636 kJ/mol for hexagonal BN2

and 524 kJ/mol for graphite). In standard CVD condi-
tions, the most organised forms of boron nitride and
carbon are only turbostratic, i.e., they show stacking
faults of the (002) planes. The (002) planes are generally
observed to be parallel to the surface of the fibres, an
orientation promoting the deflection of the matrix
cracks from mode I to mode II in the fibre/matrix (FM)
interfacial zone.3

The main advantages of boron nitride as an inter-
phase in SiC/SiC composites with regard to carbon are
(i) its better oxidation resistance (the temperature onset
of oxidation is 800 �C versus 450 �C for carbon) and (ii)
the formation of B2O3 in a condensed form (owing to its
low volatilisation pressure in dry air up to about 950 �C)
during oxidation.4,5 However, the oxidation resistance
of the boron nitride coatings depends on their crystal-
lisation degree.5

The BN coatings are commonly processed by chemi-
cal vapour deposition (CVD) or infiltration (CVI) from
various gas precursors. The (BCl3, NH3, H2) gas mix-
tures give rise to high coating rates at temperatures as
low as 800 �C. The (BF3, NH3, Ar) gas system leads to a
boron nitride better organised than that obtained from
the (BCl3, NH3, H2) system. However, BF3 and HF (the
latter resulting from the reaction of BF3 with NH3)
being very aggressive with regard to the SiC fibres, the
(BF3, NH3, Ar) gas system is not much used.6,7
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By covering large domains of � ratio (�=QNH3/QBF3,
where Qi is the gas flow rate specie i) T and P condi-
tions, Jacques et al. and Rebillat et al.8,9 have obtained
BN coatings from the (BF3, NH3, Ar) system, with
microtextures ranging from isotropic to anisotropic. In
the same way, a significant effect of the processing
parameters upon the microtexture of the coatings can be
expected for the (BCl3, NH3, H2) system.

Boron nitride coatings, processed from the (BCl3,
NH3, H2) gas system in standard CVD/CVI conditions
(i.e. low temperature and pressure), are not stable in air
at room temperature.10�13 This instability results from
an absorption of oxygen-bearing species such as O2 and/
or H2O. Some authors have therefore carried out post-
deposition heat treatments at high temperatures (ran-
ging from 1000 to 1700 �C5,12,14) to reduce the reactivity
of the boron nitride deposits with oxygen. This effect is
obtained by achieving the decomposition of the unreac-
ted species and by increasing the crystallisation degree
of the coating. However, Lacrambe12 established that
the ability of boron nitride to crystallise during a post-
deposition heat treatment depends on the initial pre-
sence of oxygen in the coating. The influence of oxygen
on the crystallisation of boron nitride had already been
investigated by Thomas et al.15 These authors have
indeed showed that a turbostratic BN powder (BNt) was
transformed into the hexagonal BN phase (BNh) at a
temperature as low as 1450 �C, by adding a B2O3 pow-
der, whereas the BNt!BNh transformation in the
absence of B2O3 generally occurs beyond 2000 �C.

The present paper deals with the influence of the pro-
cessing conditions on the microstructure/texture of
CVD-BN coatings, by means of various and com-
plementary techniques. Besides the typical CVD para-
meters (�=QNH3/QBCl3, T), the effect of a post-
deposition heat treatment associated with a careful
monitoring of the oxygen amount in the coating has
been particularly examined.
2. Experimental procedure

2.1. CVD processing conditions and materials studied

The boron nitride coatings were deposited in a hot-wall
low-pressure chemical vapour deposition (CVD) reactor
from the (BCl3, NH3, H2) gas system. Because of the high
reactivity of BCl3, the temperature and the pressure were
chosen relatively low and maintained constant. The inlet
composition of the gas phase is defined from the gas flow
rates (Qi), by the two parameters �=QNH3/QBCl3 and
�=QH2/(QBCl3+QNH3).QBCl3 andQH2 were maintained
constant whereasQNH3 and therefore �, was varied (with
14�1<�2<�3). The coatings were deposited on sintered
a-SiC substrates or SiC-based fibres (Hi-Nicalon from
Nippon Carbon). The thickness of the coatings deposited
with �1, �2 and �3 ratios was respectively 2–4, 7–8 and
10–16 mm. The various processing conditions investi-
gated are summed up in the Table 1. The as-processed
coatings were further submitted to heat treatments in
pure argon at a temperature T ranging from 1000 to
1300 �C. The as-processed CVD-coatings were tempora-
rily exposed to ambient air at room temperature before
the heat treatment (see Section 3.2.1).

Structures of the studied coatings were compared with
those of commercial boron nitrides supplied by
Advanced Ceramics and Aldrich. The boron nitride
sample from Advanced Ceramics (referred to as AC–
BN) is a bulk material processed by CVD also from the
(BCl3, NH3, H2) gas system but at a temperature of
about 2000 �C. The boron nitride from Aldrich (noted
A-BN) is a crystalline powder prepared from boron
oxide and ammonia.

2.2. Structural and chemical characterisation

The microstructure of the BN coatings was char-
acterised by X-ray diffraction (XRD) with a �/2� dif-
fractometer (Siemens D5000, lCuKa1

=0.15405 nm). A
small amount of silicon powder was used to correct the
position of the diffraction peaks. The dimensions of the
coherent domains, La and Lc, were calculated from the
Scherrer’s equation L ¼ kl=Gcos�, where the k constant
is taken equal to 1.54 or 0.9 (respectively for the hkl or
00l line), � is full width at half height (in radian), l the
wavelength of the Cu-K

a1
line and � the diffraction angle.

The pole figures corresponding to (00l) planes were
recorded from coatings deposited on a flat substrate to
show the distribution of the orientation of the (00l) planes
with respect to the substrate. The X-ray source and
detector were set horizontally in the (00l) Bragg condi-
tions and the intensity of the diffracted beam was recor-
ded versus the horizontal tilt angle w (ranging from 0 to
90�). The anisotropy degree of the coating is directly rela-
ted to the decreasing rate of diffracted intensity when w
increases from 0� (i.e., of the sharpness of the pole figure).

The Raman microspectrometry (RMS) analyses (Lab-
ram 10 spectrometer from Jobin Yvon) were carried out
from the surface of the boron nitride coatings, without
any specific preparation of the sample. The monochro-
matic exciting source was the 514.5 nm line of an Ar+

laser. The analyses were performed in the punctual mode
and the lateral resolution of the laser spot was of the
order of 1–2 mm with a 100� objective. The power of the
Table 1

Processing conditions of the BN coatings at T=800 �C and P=1.3kPa
�
 �
 Coating rate (mm/h)
BN(�1)
 �151
 0.5
 1.8
BN(�2)
 �2=�1+0.3
 0.4
 6
BN(�3)
 �3=�1+0.6
 0.4
 10
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incident laser was maintained below 0.5 mW to avoid
any local heating of the sample. The fluorescence of some
of the samples made difficult the RMS analyses. This phe-
nomenon of fluorescence, which is only observed for the
CVD-BN coatings, would be explained by the presence of
impurities such as oxygen and carbon.16 Hexagonal BN is
characterised by two Raman active modes, with an E2g

symmetry. These two modes are due to in-plane atomic
vibrations. Whereas the first one (E2g1) involves a shear
displacement between successive planes, the second one
(E2g2) corresponds to the elongation vibration of intra-
layer B–N bonds.16

Transmission electron microscopy (TEM) measure-
ments were performed with a Philips CM30ST micro-
scope, having a resolution of 0.2 nm. The analyses were
carried out according to conventional procedures, i.e.,
the (002)-dark field, selected area electron diffraction
(SAD) and (002)-lattice fringe high-resolution modes, to
compare the microtexture/structure of the coatings at
different stages of their processing. The misalignment of
the boron nitride layers with respect to the anisotropy
plane affects the shape of the 002 reflections on the SAD
pattern to form arcs instead of the two opposite spots
ideally observed for a single crystal.

The electron energy loss spectroscopy (EELS) was
used to evidence and quantify the elements present in
the sample (Gatan, PEELS 666). The atomic concen-
tration ratios were calculated from the energy peak
areas (for example, 188 eV for B and 401 eV for N) on
the EELS spectra and compared for the various boron
nitride coatings.

The as-processed coatings, because of their high sen-
sibility to air were deposited as thin films (<0.25 mm)
on carbon grids and were observed without any further
preparation, to avoid any structural modification of the
sample.

The heat-treated samples, because of their higher
chemical stability, were prepared following usual tech-
niques (epoxy mount, mechanical thinning, polishing
and ion-milling with a Gatan Duo-mill).

Auger electron spectroscopy (AES) analyses were
performed with a scanning microprobe (VG Microlab
310-F) equipped with a field emission gun and an Ar+

ion-sputtering gun for depth profiling. The intensities
(peak area mode) of the Auger electron peaks (B-KLL,
C-KLL, N-KLL, O-KLL transitions) were plotted as a
function of the sputtering time (sputtering rate: 0.3 nm/
min with Ta2O5 as reference).
3. Results and discussion

3.1. CVD coating rates

The significant and regular increase of the coating
rate with the � ratio suggests that the yield of the reac-
tion is not optimum in the case of the �1 and �2 values
(Table 1). The BN yield calculated from the thermo-
dynamic data should be nevertheless expected to be
maximum for a ratio �=QNH3/QBCl3 equal to 1. How-
ever, despite the NH3 excess (�>1), the formation of
ammonium chloride in the gaseous phase strongly
reduces the NH3 concentration, limiting the reaction
with BCl3 and therefore the formation of boron nitride.

3.2. Influence of the post-deposition heat treatments

3.2.1. Role of oxygen on the crystallisation of boron
nitride

The furnaces used for the CVD processing and the
heat treatment of the coatings being different, the as-
processed BN coatings were temporarily exposed to air
before the post-deposition heat treatment. The high
reactivity of the as-processed BN (poorly crystallised
and still containing some unreacted species) makes the
absorption of oxygen inevitable. The amount of oxygen
absorbed by the BN coating (as measured by AES) can
reach a concentration as high as about 8 at.% after 1
day of exposure to ambient air at room temperature. To
better show the role of oxygen in the ability of the
boron nitride to crystallise at a relatively low tempera-
ture (41300 �C), the XRD spectra of BN coatings
obtained according to various processing conditions
have been compared (Fig. 1). The three spectra shown
in Fig. 1 respectively correspond to (i) an as-processed
BN coating, (ii) a BN coating covered with a CVD SiC
layer deposited in the same furnace as that used for the
BN and subsequently heat treated (i.e., without any
exposure to air of the BN) and (iii) a BN coating pre-
viously exposed to air before being covered with a SiC
layer and heat treated.

Whereas the third BN coating contains oxygen, AES
analyses have shown that the second one, not exposed
to air, is oxygen-free. The comparison of the three
spectra shows that the crystallisation degree of the oxy-
gen-free coating is unchanged after heat treatment,
Fig. 1. Effect of oxygen on the crystallisation of the BN coatings.
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whereas the boron nitride containing oxygen has
obviously crystallised to some extent.

These features clearly show that the presence of oxy-
gen is essential to achieve the crystallisation of the
boron nitride coatings at a relatively low temperature
(41300 �C).

3.2.2. Thermogravimetric analyses
A sample of BN coating, previously exposed to air,

was heat treated at a temperature of 1300 �C for 2 h 30
min in pure argon and its mass variation recorded
during the heat treatment, by thermogravimetric ana-
lysis (TGA, Fig. 2). The mass loss is about 15% after a
2 h 30 min treatment. The main part of the mass loss
occurs during the temperature rise and is about 14% of
the total mass of the Hi-Nicalon fibres coated with BN,
i.e., about 18% of the initial mass of BN. The mass
loss observed during the dwell at 1300 �C is low (1%)
and almost constant after 20 min. The crystallisation
process occurring at 1300 �C is thought to be related to
the volatilisation observed by TGA. Previous studies
have showed that the crystallisation of boron nitride at
high temperature does not significantly depend on the
annealing time at a given temperature but rather on the
temperature. Choi and Kang17 have shown that at a
temperature allowing the turbostratic!hexagonal BN
conversion (T=1350 �C) and in presence of H3BO3,
the transformation was fully completed after only few
minutes. The duration chosen here for the treatment of
the BN coatings (2 h 30 min) was therefore supposed
to be long enough to achieve the organisation of the
coating.

3.2.3. Gas analysis
The mass loss and the crystallisation of the boron

nitride at high temperature correspond to the emission
of volatile species. To identify the gaseous species
formed during the heat treatment of the boron nitride
coatings, a gas analysis coupled with the TGA was car-
ried out. The gaseous phase was taken from the hot
zone and driven into a mass spectrometer. The ions
(molecular and fragments) derived from the molecules
of the gaseous phase are discriminated according to
their mass and their electronic charge (m/z ratio with z
being mainly equal to 1). The intensity of the ion cur-
rent recorded during the analysis is proportional to the
amount of ionised species formed in the spectrometer.
The evolution of the ion currents corresponding to the
m/z values reported in the Table 2 has been recorded
versus time. The attribution of the ion masses to the
gaseous species is sometimes difficult, especially for the
low m/z values. The release of various gaseous species is
detected from the evolution of the ion current, depend-
ing on the temperature range and the m/z values. Four
main temperature domains are observed at about 225 �C
(for the 14, 15, 16, 17, 18, 70, 81 and 83 m/z ratios),
930 �C (m/z=26, 27), 1060 �C (m/z=12, 14, 22, 28, 43,
44, 45, 46, 48) and 1300 �C (m/z=12, 14, 28, 44).

In spite of few uncertainties due to the fact that dif-
ferent compounds may have similar m/z values, the
volatilisation of some species can be evidenced from the
evolution of the ion currents of the molecular species
and their fragments. The lowest temperature domain
(about 225 �C) corresponds to the emission of the BN
gaseous precursors (NH3 and BCl3), probably unreacted
and trapped within the coating as well as H2O, resulting
from the exposure of the coating to the air. The second
temperature domain (about 930 �C) corresponds to the
formation of HCN. BH3 and H2BO2 are emitted within
the third temperature domain (T�1060 �C) and in a
lower extent, within the fourth domain (up to 1300 �C).
Fig. 2. Thermogravimetric analysis of a heat treated BN coating.
Table 2

m/z Ratios and gaseous species investigated by mass spectrometry
m/z
 Gaseous species
 m/z
 Gaseous species
 m/z
 Gaseous species
2
 H2
 27
 HCN/BO
 46
 NO2
12
 C/BH
 28
 N2/CO/C2H4/B2H6/HBO
 46–48
 BCl/CHCl/H2BCl/C4/O3
14
 N/BH3/CH2
 30
 N2H2/NO/H2CO
 62
 H3BO3/NO3/C2HCl/BOCl
15
 NH/CH3
 32
 O2/N2H4
 70
 B2O3
16
 NH2/O/CH4
 35–37
 Cl
 70–74
 Cl2

17
 NH3/OH
 36–38
 HCl/B2O/C2N/C2
 81–85
 BCl2/B3N3H6/NO2Cl
18
 H2O
 40
 Ar/NCN
 116–122
 BCl3

20
 Ar
 43
 BO2/HNCO
 132
 H3B3O6
26
 CN/C2H2
 44
 CO2/HBO2/N2O/C2H4O
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The AES analyses showed that the BN coatings do
not contain carbon, excepted a slight contamination at
the very near surface. The m/z ratios were therefore
preferentially attributed to carbon free species. A release
of HCN was nevertheless observed, which might arise
from a possible interfacial reaction between the carbon
of the fibre and the BN coating at high temperature.

The high temperature mass loss associated with the
volatilisation of BH3 and H2BO2, which is still observed
up to the end of the heat treatment, suggests that the
physico-chemical phenomena occurring during the heat
treatment be not fully achieved. However the volatilisa-
tion is weak after 2 h 30 min at 1300 �C, while no sig-
nificant improvement of the crystallisation degree is
expected at this temperature with a longer treatment.

The crystallisation of the BN coating occurs simulta-
neously with the volatilisation of gaseous species, bear-
ing respectively boron and nitrogen. The volatilisation
of the boron and the nitrogen of the coating are thought
to be responsible for the structural reorganisation of the
coating via a complex process. The presence of a solid
or viscous intergranular phase containing boron and
oxygen and partially volatilising at high temperature,
might be involved in the crystallisation of the boron
nitride through a grain boundary diffusion mechanism.

3.2.4. Characterisation of the heat-treated coatings
The XRD spectra of the as-processed and heat-trea-

ted BN coatings are presented in Fig. 3 and in Tables 3
and 4. All spectra show the (002) diffraction peak. The
full width at half height of the (002) line is very large
before the post-deposition heat treatment, a feature
characteristic of a very poorly organised material. The
(002) line becomes sharper after the post-deposition
heat treatment.

On the Raman spectra, for a given coating, the heat
treatment at an increasing temperature results in a gra-
dual decrease of the frequency at the band maximum
(�E2g2

) and of the full width at half maximum (��E2g2
).

There is a linear relationship between ��E2g2
and �E2g2

for
all tested samples except for the as-processed coatings
which significantly deviate from the general trend
(Fig. 4). These data are in rather good agreement with
those from Nemanich et al.16 Nemanich et al. have
indeed shown that good correlations exist between the
average size of the coherent h-BN domains (La) as
determined by XRD and the E2g2 band features (�E2g2

and ��E2g2
):

D cm�1
� �

¼ 38=La nmð Þ � 0:29

D�E2g2
cm�1
� �

¼ 141:7=La nmð Þ þ 8:70

where � is the frequency shift of the peak from the
value corresponding to the largest cristallite sample
(1366 cm�1 as found in XBN-1).16

The evolution of the E2g2 band features with the
heat treatment temperature is directly related to the
Fig. 3. Influence of the heat treatment temperature on the XRD

characteristics.
Table 3

Influence of the � ratio on the XRD characteristics and on the E2g2

band features for a BN coating treated at 1300 �C
XRD characteristics
 E2g2 band features
d002 (nm)
 Lc (nm)
 � (cm�1)
 �� (cm�1)
BN(�1)
 0.339
 4.2
 1371
 28
BN(�2)
 0.338
 9.9
 1368
 20
BN(�3)
 0.337
 10.1
 1369
 20
Table 4

Influence of the heat treatment temperature on the XRD character-

istics for the BN(�2) coating
d002 (nm)
 Lc (nm)
1000 �C
 0.343
 2.8
1100 �C
 0.342
 3.8
1200 �C
 0.339
 9.1
1300 �C
 0.338
 11.1
Fig. 4. Influence of the heat treatment temperature on the E2g2 band

features.
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structural organisation of the h-BN phase in the CVD
coatings.

In spite of a relatively low temperature (41300 �C)
(with respect to the temperature generally required to
crystallise BN), the heat treatment improves sig-
nificantly the crystallisation degree of the BN coating.

3.3. Influence of the a ratio

3.3.1. Characterisation of the various coatings
The as-processed boron nitride coatings prepared

from various conditions [BN(�1), BN(�2) and BN(�3)],
because of their poorly organised microstructure, do not
show significantly different features in their XRD spec-
tra. Only the heat-treated coatings have been considered
to show the influence of the � ratio on the XRD spectra
(Table 3). The d002 inter-reticular distances of the
BN(�1), BN(�2) and BN(�3) coatings are significantly
larger than that of the h-BN crystal (0.333 nm). The
crystallisation degree of the coatings (as assessed
through the Lc parameter) increases with the � ratio,
particularly between �1 and �2. Although the spectra
show a relatively sharp (002) line, indicative of a rela-
tively high crystallisation degree, the (100) and (101)
lines (or at least the multicomponent (10) band) are not
discernible. A preferential orientation of the crystallites
flat upon the substrate might explain that the number of
(100) and (101) planes being in the Bragg position is too
low to lead to diffraction peaks. The pole figure (not
shown here) centred on the (002) reticular plane, carried
out on the heat-treated BN(�1), BN(�2) and BN(�3)
coatings, shows that the (002) planes are oriented pre-
ferentially parallel to the surface of the substrate. The
largest full width at half maximum (FWHM) of the
BN(�1) pole figure denotes the poorest anisotropy of the
three coatings.18

The Raman data corresponding to the BN(�1),
BN(�2) and BN(�3) coatings are presented in Table 3.
The E2g2 band characteristic of h-BN appears in all
spectra. The frequency (�E2g2

) and the width (��E2g2
) of
the E2g2 band are very close for the heat treated BN(�2)
and BN(�3) coatings while significantly larger for the
BN(�1) coating.

3.3.2. Comparison with commercial BN
The structure of the BN(�1), BN(�2) and BN(�3)

coatings were compared with those of the commercial
AC–BN and A–BN specimens.

For the AC–BN, two XRD spectra have been recor-
ded, respectively from the surface of the sample (i.e.
with the normal direction perpendicular to the (002)
planes) and from the edge of the sample (i.e. with the
normal direction parallel to the (002) planes) (Fig. 5).
The ratios of the intensities between the (002) line and
the (10) band are completely different for the two spec-
tra, highlighting the marked anisotropic character of the
high temperature CVD–BN coating. The FWHM of the
pole figure indeed confirms the high degree of aniso-
tropy of the AC–BN, with a value very close to those of
both BN(�2) and BN(�3) coatings. Furthermore, the
AC-BN shows a (002) line with features close to those of
the BN(�1), BN(�2) and BN(�3) coatings but with a well
defined (10) band [though the (100) and (101) lines
being not fully resolved]. The A–BN is the most crys-
tallised sample of all tested BN materials, with well-
separated and sharp lines (Fig. 6).

The MSR analyses correlate rather well with the
structural analyses by XRD. Both �E2g2

and ��E2g2
values

are relatively close for the AC–BN, BN(�2) and BN(�3)
samples, while significantly higher for the BN(�1) coat-
ing (Fig. 7). From all the tested samples, the A–BN
shows the lowest �E2g2

frequency (1366 cm�1) and half
width (10 cm�1). For all tested samples, both �E2g2

and
��E2g2

were found to increase linearly with 1/La.
The analysis of the E2g1 Raman mode is more diffi-

cult, as its low frequency is close to the Rayleigh line,
and required the use of a triplemonochromator spec-
trometer (Omars 89 from Dilor, according to the 45�-
reflection macroscopic mode). The low frequency part
of the spectra recorded for the A–BN, AC–BN and the
Fig. 5. XRD spectra of the Advanced Ceramics boron nitride (a) incidence normal to the substrate b) incidence parallel to the substrate.
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BN(�2) coating are shown in Fig. 8, after subtraction of
the background and normalisation of the intensity with
respect to that of the E2g2 mode. The sharp lines at 65
and 76 cm�1 are due to emissions of the Ar+ plasma of
the laser. The sharp band at 51 cm�1, corresponding to
the E2g1 mode, is due to the shear translational vibra-
tion of successive hexagonal planes in crystallised h-
BN,16 and so, denotes the marked tridimensional
organisation of the A–BN. Whereas the similar E2g1

feature was observed for the AC-BN, though sig-
nificantly weaker and broader, it was not observed for
any of the coatings processed from the (BCl3, NH3, H2)
gas mixture. It is worthy of note that the spectra recor-
ded from the presently studied BN coatings display
particularly low signal/noise ratios (due their low thick-
ness and to the macroscopic mode) and the presence of
the E2g1 mode can not be therefore totally excluded.
However, if a slight tridimensional (hexagonal) ordering
is present in the high temperature CVD AC–BN mate-
rial (as already suggested by XRD), it is likely less pro-
nounced in the CVD–BN coatings studied here, the
microstructure being mainly turbostratic. As a matter of
fact, the coherence length Lc as determined by XRD
does not exceed 
10 nm for the CVD–BN coatings
(Tables 3 and 4), whereas it is about 15 nm for the AC–
BN and reaches 100 nm for A–BN.

3.4. Scanning electron microscopy (SEM) observations

The fracture surface of the as-processed BN(�1),
BN(�2) and BN(�3) coatings show the same smooth
appearance. Whereas the fracture surface of the BN(�1)
coating remains smooth after the post-deposition heat
treatment, the BN(�2) and BN(�3) coatings show a
strongly layered texture at a relatively low magnification
(�13 000), suggesting an anisotropic microtexture of the
boron nitride (Fig. 9).

3.5. TEM characterisation

The surface of the as-processed coatings shows the as-
grown BN domains, characterised by the number of
stacked layers, their lateral extension and their curva-
ture. The lateral extension and the radius of curvature
of the layers are both low for the BN(�1) coating. The
length of the layers (La) increases gradually with the �
ratio (Fig. 10). While an ordering of all the BN coatings
is generally observed after the heat treatment, the rela-
tion between the � ratio and the crystalline state of the
boron nitride (in term of size of the layers) remains
practically unchanged (Fig. 11). It is worthy of note that
the TEM images shown in Fig. 11 were not obtained
from the free surface of the coating, as in the as-depos-
ited coating specimens, but from the core of the thicker
coatings.

The BN(�1) coating consists of crystallites having La
values slightly longer than Lc. Some domains display a
particularly high degree of crystallisation, leading to
intense spots within the diffraction arcs on the SAD
image (Fig. 11a). The small and distorted crystallites of
the BN(�1) deposit lead to an important nanoporosity.
The relatively extended arcs of the SAD image confirm
Fig. 7. Influence of the processing conditions on the E2g2 band

features.
Fig. 8. Influence of the processing conditions on the E2g1 band.
Fig. 6. XRD spectrum of the Aldrich boron nitride.
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the low anisotropy of the coating. The extension of the
crystallites increases (La becomes significantly larger
than Lc) and they organise parallel to the surface of the
substrate when the � ratio increases, conferring an ani-
sotropic texture to the coating, as confirmed by less
extended arcs on the SAD images (Fig. 11b and c).
Whereas poorly crystallised zones have been observed
between the crystallites of the BN(�2) coating (Fig. 11b),
they are completely absent in the BN(�3) coating
(Fig. 11c).

The EELS spectra show sharp structures at the
threshold (188 eV for B and 401 eV for N). These fea-
tures are characteristic of hexagonal BN, as shown from
the comparison with the spectrum of commercial h-BN
(Fig. 12). In spite of some scattering of the data
(Fig. 13), the EELS analyses tend to show an increase of
the N/B ratio with � (respectively from N/B at.=0.89–
0.96 for � increasing of 0.6). This feature confirms the
observations of some authors,19,20 who have studied the
influence of � on the composition of the coating. They
have established that an excess of NH3 with respect to
BCl3 in the gaseous phase is required to obtain quasi-
stoichiometric boron nitride. The scattering of the data
for the BN(�3) coating makes difficult the analysis of the
effect of the � ratio on the O/B ratio. Cholet et al.10

have nevertheless observed that, because of the high
reactivity of BCl3 with oxygen, the B–O bonds can
represent up to 30% of the total chemical bonds expec-
ted for boron (B–O, B–N, B–Cl) when BCl3 is present in
excess in the gaseous phase whereas there are only 10%
of such chemical bonds for an excess of NH3. The
comparison of the N/B and O/B ratios obtained for the
BN(�1) and the BN(�2) coatings seems indeed to show
that the closer to stoichiometry the coating composi-
tion, the less sensitive to oxygen.

3.6. Discussion

In the same way that Jacques et al.8 and Rebillat et
al.,9 who have established an evolution of the texture of
the boron nitride with the processing parameters in the
(BF3, NH3, Ar) system, Matsuda et al.21 have observed,
in the (BCl3, NH3, H2) system and for a low processing
pressure (2 kPa), a transition of the BN texture from
isotropic to anisotropic at about 1300 �C. Matsuda et
al.21 have also showed that the temperature of the tex-
tural transition increases with the processing pressure.
In the present work, the isotropic–anisotropic transition
has been studied as a function of the � parameter, at
given temperature and pressure.

Jacques et al.8 have suggested that the geometry of
the BF3 and NH3 molecules, which are respectively
plane-trigonal and pyramidal-trigonal, might explain
the differences in the texture of the coatings processed
from an excess of BF3 or NH3 (the molecules being in
excess in the gaseous phase, by absorbing preferentially
on the substrate, would control the texture of the
coating). Whereas BCl3 and BF3 have a similar geo-
metry, the effect of the precursor gas ratio (�=QNH3/
QBX3 with X=Cl or F) on the anisotropy of the coat-
ing is reversed. An excess of BF3 in the (BF3, NH3, Ar)
system, leads to an anisotropic coating, versus an
Fig. 9. SEM observations of the heat treated BN(�1), BN(�2) and

BN(�3) coatings.
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Fig. 10. HR TEM images of the surface of the as-processed BN(�1), BN(�2) and BN(�3) coatings.
S. Le Gallet et al. / Journal of the European Ceramic Society 24 (2004) 33–44 41



Fig. 11. HR TEM and SAD images of the heat treated BN deposits: (a) BN(�1), (b) BN(�2) and (c) BN(�3) coatings.
Fig. 12. EELS analyses of (a) a commercial h-BN and (b) the as-processed BN(�1) coating.
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excess of NH3 in the (BCl3, NH3, H2) system. The
evolution of the texture of the coating with the �
parameter cannot therefore be only explained by the
geometry of the molecules being in excess in the gas-
eous phase.

The CVD kinetic studies carried out by Prouhet22 in
the (BF3, NH3, Ar) system for different pressures, have
shown the occurrence of two regimes: (i) a first low
temperature domain where the kinetic of the deposition
is controlled by the chemical reaction rates at the sur-
face of the coating (chemical regime) and (ii) a second
high temperature domain where the kinetic is rather
controlled by the diffusion of the gas species through
the boundary layer (mass transfer regime).

Jacques et al.,8 who have studied conditions similar to
those investigated by Prouhet22 in term of � and � ratio,
have directly correlated the change of the texture of the
coating to the transition of the CVD rate controlling
mechanism. According to Jacques et al., the deposition
of anisotropic BN would correspond to a mass transfer
regime, controlled by the diffusion of BCl3. The deposi-
tion rate is indeed independent on the initial pressure of
NH3, for all the experimental conditions of pressure and
temperature investigated.22 According to these authors,
such an apparent partial order value close to zero might
be related to a major adsorption of NH3 or derived
specie such as for instance the Lewis adduct BF3:NH3.
Tanji et al. have also suggested a similar interpretation
for the (BCl3, NH3, H2) system.23

Leparoux et al.14 have shown that in the CVD condi-
tions of the (BCl3, NH3, H2) system, the kinetic was
controlled by the combination of mass transfer and
chemical reaction regimes, especially for low gas flows.
A kinetic regime purely controlled by surface reactions
was never observed for all the conditions investigated.
The processing parameters used in the present study
correspond to such low gas flow CVD conditions.

It is well known that, in the (BCl3, NH3, H2) system,
NH3 partly reacts with HCl (a by-product of the CVD
process) in the gas phase to form NH4Cl. NH3 may
therefore rapidly be lacking in the gas phase if not pre-
sent in sufficient excess with respect to BCl3. The partial
pressure of NH3 might consequently control the kinetic
of formation of BN at the surface of the sample,
through a pure chemical reaction regime.

For the BN(�1) coating, which is processed in the
lowest NH3 flow condition, the kinetic might therefore
be governed by the role of both the NH3 and BCl3 spe-
cies, i.e. the NH3 partial pressure at the surface of the
substrate, through a chemical reaction regime and the
BCl3 gas flow through a mass transfer regime. Con-
versely, for both the BN(�2) and BN(�3) coatings (which
are processed with a higher NH3 ratio), NH3 might be
in sufficient excess in the gas phase to result in kinetics
mainly controlled by the BCl3 gas flow only. The
occurrence of an anisotropic BN coating from the
(BCl3, NH3, H2) system might therefore be associated to
a mass transfer regime, i.e. a CVD mechanism where the
diffusion of BCl3 from the gas phase to the substrate is
the rate controlling step.
4. Conclusion

The various processing conditions for the CVD of BN
from the (BCl3, NH3, H2) system have yield BN coat-
ings displaying a wide range of microtextures (from
isotropic to anisotropic), as widely illustrated by XRD,
Raman microspectroscopy and TEM analyses. Specific
CVD conditions associated with an appropriate post-
deposition heat treatment were worked out to produce
BN coatings with a microtexture suitable to be used in a
CMC interphase. The crystallisation of the BN coatings
was obtained by a heat treatment at a temperature well
below that generally reported, owing to the introduction
of controlled amounts of oxygen in the coatings. The
crystallisation of the BN coating might occur according
to a grain boundary diffusion mechanism, through the
formation of boron and oxygen containing gaseous
species. In addition to an appropriate post heat treat-
ment, the best anisotropy of the BN coating is observed
when NH3 is present in excess with respect to BCl3 in
the gaseous phase. These processing conditions might be
associated to a CVD mechanism where the kinetic is
controlled by the diffusion of BCl3 from the gas phase
to the substrate.
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