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Abstract

Carbon fibre preforms were coated with B–C, Si–B–C and Si–C deposits obtained by chemical vapour deposition in order to limit
their oxidation rate. B–C and B-rich Si–B–C coatings oxidize rapidly and lead to the formation of a glassy film that protect carbon

fibres from oxidation. Oxidation occurs by oxygen diffusion through this glassy film. Si–C and Si-rich Si–B–C deposits oxidize
slowly and protect efficiently carbon fibre from oxidation. Oxygen accesses to the carbon fibre surface only occurs through cracks of
the deposit. Thin deposits (�30 nm) are less efficient than thicker deposits because the oxygen can progress between SiC crystallites.

Deposits thicker than 100 nm efficiently protect carbon fibres from oxidation. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Carbon-based materials exhibit outstanding mechan-
ical properties, particularly at high temperatures.
Nevertheless, their prolonged use in oxidising environ-
ments is limited to temperatures lower than 500 �C
because of gasification of carbon as carbon oxides.1

Phosphorus and boron based inhibitors or protective
coatings have been proposed to overcome this
drawback.2�5 Boron is known to protect carbonaceous
materials by carbon active sites poisoning (for low per-
centages of boron) or by forming a B2O3 film at the
surface of the carbonaceous material (for high percen-
tages of boron). The general consensus has been that
substitutional boron acts as an inhibitor of carbon oxi-
dation. The following explanations have been pro-
posed:6 (i) substitutional boron redistributes the p
electrons, lowers the Fermi level of graphite and hence
presumably inhibits the desorption of CO and CO2, (ii)
substitutional boron enhances the graphitisation of car-

bon, and (iii) as the carbon is consumed, boron oxide
forms on the surface and acts as a diffusional barrier
and an active site blocker.
Boron-based CVD coatings have also been proposed

to protect carbon materials against oxidation. S. Jac-
ques7 has shown that the oxidation resistance of C(B)
materials obtained by CVD is better than that of pure
pyrocarbon. This effect is mainly due to the improve-
ment of the structural organisation of pyrocarbon for
the low boron contents and the coating of the whole
material with a stable boron oxide for higher boron
contents. According to Rodriguez and Baker,8 such a
uniform oxide film is impervious to oxygen attack only
below 815 �C, while beyond this temperature boron
carbide is formed which acts as an active catalyst of the
carbon-oxygen reaction. In the same way, Karra et al.9

showed that in some cases, boron doping of carbon has
a catalytic effect in carbon oxidation, despite the fact
that boron lowers the Fermi level and thus presumably
decreases the affinity of carbons for oxygen. Further,
SiC-B4C multilayer coatings elaborated by reactive che-
mical vapour deposition (RCVD) have been reported to
increase the oxidation resistance of carbonaceous mate-
rials.10 The use of CVD-coatings such as silicon carbide
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results in the formation of solid silica dioxide between
500 and 1300 �C in the air. This oxidation may generate
microcracks through the thin layer, allowing oxygen
molecules to diffuse into the carbonaceous substrate.11,12

The oxidation resistance can be improved by the use
of multiplayer systems that associate pure boron or B4C
or a ternary Si–B–C component with pure SiC. When
associated with pure SiC in a sequential manner, the
ternary Si–B–C material permit to create a self-protec-
tion matrix with improved oxidation resistance when
compared to pure SiC, especially under thermo-
mechanical stresses.13,14 The oxidation resistance of
such a material is improved in a large range of tem-
perature from 450 to 1500 �C.
The aim of the first part of this work was to study the

oxidation resistance of B–C, Si–B–C and Si–C coated
carbon fibres and to derive characteristics of the deposit
required to protect efficiently carbon fibres from oxida-
tion. The second part is devoted to the study of the
oxidation resistance of related C/B–C/C, C/Si–B–C/C
and C/SiC/C composites.15 Finally, in the last part, the
mechanical properties of these composites have been
assessed before and after oxidation tests.16

2. Experimental

2.1. Materials

Experiments were performed on rectangular shape
(0.5�0.5�1 cm3) N preforms (2D preforms knitted in
the third direction) made of PAN fibres (N) from
Snecma Moteurs.1

The coatings were prepared by Chemical Vapour
infiltration (CVI). The experimental apparatus is sche-
matically represented in Fig. 1. The hot-wall reactor is a
horizontal silica glass tube (50 mm in inner diameter)
heated by a resistive electrical furnace. The total pres-
sure P is maintained in the reactor at a constant value
by a vacuum pump through a mechanical regulating
system and a pressure gauge. Liquid nitrogen traps
permit to condense corrosive by-products. Mass flow-
meters are used to control the partial gas flow rates of
the precursor components.
H2 is used as both a carrier gas and a reducing agent.

Its flow rate Q (H2) and the total flow rate of the source
gases are fixed for the different experiments. The initial
composition is defined by the following ratios:

� ¼ 100�QðBCl3Þ=ðQðBCl3Þ þQðC3H8ÞÞ ð1Þ

for B–C experiments and

� ¼ 100�QðBCl3Þ=ðQðBCl3Þ þQðMTSÞÞ ð2Þ

for Si–B–C experiments, where MTS is the methyltri-
chlorosilane and Q (i) is the gas flow rate of species i.
The temperature T is controlled with a Pt/PtRh ther-
mocouple.
Experimental conditions used to produce the deposits

are reported in Table 1 and are derived from previous
works.7,17 Deposits I–III referred to B–C deposits
(Table 2) and deposits IV–VI referred to Si–B–C
deposits. Various initial compositions of the precursor
gas mixture were studied. a ratio was chosen within the
range 55–85% and � ratio was chosen within the range
33–66% (Table 1).

2.2. Experimental procedures

The deposit thickness, the morphology of the fracture
surface and the external surface of the deposits were
observed with a high resolution scanning electron
microscope (SEM, S4500 from Hitachi).

Fig. 1. Apparatus used for the CVI of B–C, Si–B–C and Si–C mate-

rials (schematics).

1 Snecma Moteurs, Le Haillan, France.

Table 1

Experimental conditions used to produce the deposits

B–C Si–B–C Si–C

H2 flow rate (cm3/min) 200 300 40

Total precursor gas

flow rate (cm3/min)

80 60 55

Pressure (kPa) 1 5 3

Nature of gases used BC13–MTS–H2 BC13–C3H8–H2 MTS–H2
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The composition of B–C and Si–B–C materials
deposited on preforms was determined by Auger electron
spectroscopy (AES, VG310F). Conventional elementary
trace analyses were carried out on N fibre performs.
Oxidation tests were performed with a Setaram TAG24

thermogravimetric analyser (TGA) under dry air flow
(50 ml/min). A 50 �C/min heating rate was used until
650 �C. The temperature was then kept at this value during
the oxidation test. The oxidation rate R, is defined as:

R ¼ �
1

m0
@m=@t; ðexpressed in % s�1Þ ð3Þ

where @m is the mass loss observed at time t (when R
becomes constant) during a time @t for a sample of
initial mass m0.
XRD patterns of finely powdered samples were

recorded with a diffractometer (D5000 from Siemens).
The average size of the crystallites, L111 was calculated
from the Scherrer formula:

L111 ¼ Kl=D cos� ð4Þ

where K is a constant taken as 0.9, l the Cu-Kl wave-
length (l=0.154 nm), � the Bragg angle (�=017.8�) and
D the width at midheight of the b-SiC (111) peak.
The tensile strength of the monofilaments (coated or

not) were tested at room temperature with an apparatus
and a procedure which have been described elsewhere.18

About 20 single fibre specimens were tested at a gauge
length L=10 mm. The failure stress was calculated from
the load at failure and from the diameter previously
measured on each specimen by laser interferometry
according to a method described elsewhere. Finally, the
Young’s modulus of the fibre was calculated from the
slope of the stress-strain curve at the origin, taking into
account the machine compliance and assuming a linear
relationship up to failure.

3. Results

3.1. Chemical analysis

N fibre preforms contain some impurities (Table 3)
and principally calcium and sodium which are very
active catalytic species.19

The boron and silicon contents of the deposits are
reported in Table 2. The boron content of C–B materi-
als increases from 18 to 33 at.%.
The boron content of Si–B–C deposits varies from 30

to 50 at.%. Deposits IV and V have a high boron
atomic percentage contrary to the deposit VI.

Table 2

Deposit compositions and experimental conditions used to produce

B–C, Si–B–C deposits (boron, carbon and silicon percentages were

measured by Auger electron spectroscopy)

Sample I II III IV V VI Si–C

B (at.%) 18 28 33 50 37 30 0

C (at.%) 82 72 67 41 45 40 55
Si (at.%) 9 18 30 45
a (%) 55 70 85

b (%) 66 50 33

Table 3

Atomic concentrations of impurities present in N preforms (as assessed

by conventional elementary trace analyses)

Impurities Ca Na Fe Al Si Mg Cl Cu K

At. conc. (ppm) 150 9 10 5.4 5 3.3 40 4.7 2 Fig. 2. SEM micrographics showing the external surface of B–C (a),

Si–B–C (b) and Si–C (c) coated carbon fibres.
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The carbon and silicon contents of the Si–C deposit
are 55 and 45 at.% respectively. This result is in agree-
ment with that obtained by Yu-Quig et al.20 in similar
CVD conditions.
In the figures, the deposit number is associated with the

composition in brackets (Si at.%, B at.%, C at.%)

3.2. Scanning electron microscopy

Morphologies of the various C–B, Si–B–C and Si–C
coatings are shown in Fig. 2. The external surface is

rather smooth and homogeneous for B–C and Si–B–C
deposits though Si–C deposit is rather rough. Moreover
cracks of about 30 nm have been observed (Fig. 2c) in
the Si–C deposit.

3.3. Structure of coating

For Si–C coatings, the XRD pattern only shows
peaks of a-SiC and b-SiC. The calculated average size of
the crystallites is about 39 nm for a deposit of 250 and
10 nm for a deposit of 30 nm. All the other coatings (B–
C and Si–B–C) are amorphous.

3.4. Thermogravimetric experiments

In order to choose an oxidation temperature, the
thermal variations of the oxidation rate, R for the N
fibre performs are shown, as an Arrhenius plot, in Fig. 3
(R being constant). From the values of the related
apparent activation energies, it is assumed that oxida-
tion is controlled by reaction kinetics for T<700 �C.
Two oxidation temperatures were chosen: 650 and
1000 �C in order to study kinetic and diffusional rate-
controlled phenomena, respectively.

3.4.1. Kinetic phenomena
The mass variations �m/m0 of B–C coated fibre per-

forms are shown in Fig. 4 as a function of the oxidation
time, t. A rapid mass loss is observed at the beginning of
the oxidation test. As expected, the mass loss decreases,

Fig. 3. Arrhenius plot for the oxidation under dry air for N preforms.

Fig. 4. (a) Thermogravimetric analysis conducted at 650 �C under dry air flow for N preforms coated with B–C deposits [deposit numbers are

indicated on the curves with respective Si/B/C content in at.%—I: (0/33/67); II: (0/28/72); III: (0/18/82)] and (b) aspect of coated fibres after oxi-

dation (2�104 s). ( A temperature of 650 �C is first obtained and the temperature is then maintained at this value.)
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for a given oxidation time, when the boron content of
the B–C deposit increases. Further, a SEM micrograph
of an oxidized coated B–C fibre shows a glassy film of
B2O3 at the surface of carbon fibres (Fig. 4b).
The variations of the oxidation rates of carbon fibres

coated with B–C deposits of different thickness are
reported in Fig. 5 as a function of the oxidation time:
the thicker the B–C deposit, the better the oxidation
resistance of the coated preform.
The TGA curves for Si–B–C and Si–C coated (250

nm) fibres are shown in Fig. 6. A large mass gain is
observed at the beginning of the oxidation test essen-
tially for B-rich Si–B–C coated carbon fibres. For sam-
ple VI which is very rich in silicon, a slight mass gain is
observed during the entire oxidation test. For boron-
rich Si–B–C deposits, the stabilized oxidation rate of
coated preforms is 6 times lower than the oxidation rate
of uncoated one. A SEM micrographs of Si–B–C coated
fibres after the oxidation test is shown in Fig. 7. Two
kinds of phases are present at the fibre surface: a glassy

phase that tends to cover the carbon fibre and crystal-
line species. TGA tests carried out on Si–C coated (250
nm) carbon fibres (Fig. 6) show an important improve-
ment of the oxidation resistance (the oxidation rate of
Si–C coated carbon preforms is reduced by a factor of
�60). AES data show that a very thin layer of SiO2 (3
nm) was formed at the surface of the coating.

3.4.1.1. Influence of the Si–B–C deposit thickness on the
oxidation resistance. The mass variations of coated Si–
B–C carbon fibres versus time for three coating thick-
nesses i.e. 30, 100 and 250 nm, are shown in Fig. 8.
It clearly appears that for boron-rich Si–B–C coated

carbon fibres, the thicker the deposit, the greater the
mass increase observed at the beginning of the oxidation
test. Oxidation rate of coated preforms slightly decrea-
ses when Si–B–C deposit thickness increases. The oxi-
dation rates of silicon-rich Si–B–C coated fibres are very
low for deposits thicker than 100 nm. For thinner
deposits (30 nm) oxidation protection is not so efficient.

3.4.2. Diffusional phenomena (T=1000 �C)
Thermogravimetric tests were carried out at 1000 �C

for different coated carbon fibres (Fig. 9). A mass gain is
observed at the beginning of the boron-rich Si–B–C
coated fibre oxidation test. Then, the oxidation rate of
the coated perform is divided by 2 compared to the
untreated perform.
Silicon-rich and Si–C coatings protect efficiently car-

bon fibres from oxidation. The time necessary to oxidize
a Si–C coated carbon fibre (at 50 mass % loss), is 50
times longer than that required to oxidize an uncoated
carbon fibre.
Oxidation rates of carbon fibres coated with silicon-

rich Si–B–C and Si–C deposits are reported in Fig. 10.

Fig. 5. Oxidation rates of B–C coated fibres (III) (0/33/67), with

coatings of different thicknesses.

Fig. 6. Thermogravimetric analyses conducted at 650 �C under dry air

flow for N preforms coated with Si–B–C deposits (deposit numbers

and composition are indicated on the curves).

Fig. 7. Scanning electron micrograph of a silicon-rich Si–B–C (IV:50/

41/9) coated fibre after an oxidation test at 650 �C (2�104/s).
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Fig. 8. Thermogravimetric analyses conducted at 650 �C under dry air flow for N preforms coated with boron-rich Si–B–C deposits (IV:50/41/9) (a),

silicon-rich Si–B–C deposits (VI:30/30/40) (b).

Fig. 9. Thermogravimetric analyses conducted at 1000 �C under dry air flow for N preforms coated with B–C, Si–B–C and Si–C deposits (deposit

numbers and compostition are indicated on the curves).
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As the temperature increases, oxidation rates of Si–C
and silicon-rich Si–B–C coated carbon fibres increase
rapidly up to 0.018%/s. At about 1500 s from the
beginning of the oxidation test, oxidation rates of
coated carbon fibre decrease. For the Si–C-coated fibres
a 0.01%/s oxidation rate is observed and the oxidation
rate remains stable at about this value during the oxi-
dation test. For the silicon-rich Si–B–C coated carbon
fibres, oxidation rate decreases rapidly beyond about
2000 s from the beginning of the oxidation test. Oxida-
tion rate stays stable during about 1000 s at about 0%/s
and then increases rapidly up to 0.02%/s.
SEM observation carried out at the end of the oxida-

tion test on the Si–C oxidized coated carbon fibres
shows the formation of hollow tubes (Fig. 11). The Si–C
hollow tubes are coated with a smooth and continuous
oxide scale whose thickness is constant along their
whole cross-section.

For Si–C deposits, the silica thickness growth obeys a
parabolic law at 1000 �C, which can be written as:

e2ðtÞ � e2o ¼ KT:t ð5Þ

where KT is the kinetic constant and eo is the silica layer
for t=0.
The silica thicknesses were directly measured by SEM

after the total oxidation of carbon fibres. KT and eo
were derived from these data (eo=0 nm, KT=0.098
nm2/s). After 1500 s of oxidation a �39 nm SiO2 film is
formed on the Si–C coating.

3.5. Mechanical behaviour of coated carbon fibres

It is well known that the ultimate tensile strength, 	r,
of carbon fibres decreases when they are coated with a
brittle material of a lower tensile failure strain: the
thicker the deposit the lower the mechanical properties
of carbon fibres.21 The aim of this paragraph is to
determine if in our case the mechanical properties
decrease is due to a chemical degradation of the fibre
during the deposit or to a fragile failure of the deposit.
Assuming that a crack equivalent to the deposit

thickness c occurs along the direction normal to the
loading one, the infinitely-remote tensile stress r	r acting
on the fibre is given by:22,23

	 ¼ YKKI=
ffiffiffiffiffi


c
p

ð6Þ

where Y and K are constants and KI is the mode I stress
intensity factor. The variations of 	r versus the square
root of the inverse of deposit thickness (1=

ffiffiffi

c
p

) are shown
in Fig. 12. 	r is indeed proportional to 1=

ffiffiffi

c
p

and then
the coating thickness seems to be the major parameter

Fig. 12. Tensile strength versus the inverse of the square root of the

deposit thickness.

Fig. 10. Oxidation rate of silicon-rich Si–B–C (VI:30/30/40) and Si–C

coated carbon fibres. Thermogravimetric tests were carried out at

1000 �C under dry air flow.

Fig. 11. Surface of Si–C coated carbon fibres after an oxidation test at

1000 �C during 3 h.
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controlling the ultimate tensile stress of the coated fibre.
The last point shown on the graph corresponds to the
tensile strength of the fibre without coating and it fits
with the other points. An average value of the intrinsic
defect size of the carbon fibre has been derived from
these data. It is of the order of 11 nm.

4. Discussion

4.1. Kinetic mode of oxidation (T=650 �C)

4.1.1. B–C coated preforms
A rapid mass loss is observed at the beginning of

oxidation tests of B–C coated carbon fibres which can
be assigned to a rapid oxidation of the B–C coating.
The B–C coating oxidation leads to the formation of
liquid boron oxide with and evolution of CO2. Mass
gain due to B2O3 formation is lower than mass loss due
to CO2 evolution for deposits I and II. Moreover, the
total mass loss that would be observed at the end of the
deposit oxidation was calculated taking into account the
deposit mass and its atomic composition (Table 4). It
appears that the calculated mass loss corresponds to the
mass loss observed at the beginning of the oxidation
test. The B–C deposit is totally oxidised at the beginning
of the oxidation test.
The oxidation rate of the B–C deposit is very high

compared to the carbon fibre oxidation rate. The boron
present in the deposit seems to accelerate carbonaceous
material oxidation. Karra et al.9 showed that in some
cases, boron doping of carbons was found to have a
catalytic effect in carbon oxidation.
The rapid oxidation rate of the deposit leaves a B2O3

film at the surface of fibres that limits carbon fibre oxi-
dation rate. Hence, the oxidation resistance of B–C
coated carbon fibres is dependent on B2O3 film thick-
ness that is to say on boron content and thickness of the
deposit. The oxidation rate of carbon fibre preforms
containing 18 or 28 wt.% of boron is higher than the
oxidation rate of preforms containing 33 wt.% of boron
(Fig. 4) and the thicker the deposit, the lower the oxi-
dation rate (Fig. 5).

Only deposits with very high boron concentration will
be interesting to protect efficiently carbon fibres from
oxidation.

4.1.2. Si–B–C and Si–C coated carbon preforms
Si–B–C and Si–C deposit oxidation results in a mass

increase. But the oxidation rates of the different deposits
are very different and increase with the boron content of
the deposit.
Boron-rich Si–B–C deposit oxidation occurs at the

beginning of the oxidation test and leads to the forma-
tion of a glassy film. Oxidation of carbon fibres occurs
by oxygen diffusion through this glassy film.
For silicon-rich Si–B–C and Si–C deposits oxidation

is slow. Deposits block the access of oxygen to the car-
bon fibres surface. For the Si-rich Si–B–C coated pre-
form, a slight mass increase is observed during the
oxidation test. It corresponds to the slow oxidation of
the Si–B–C deposit. On the contrary, a slight mass loss
is observed during the Si–C-coated fibres oxidation. The
mass increase due to Si–C deposit oxidation is lower
than the mass decrease due to carbon oxidation occur-
ring at microcracked zones. Indeed, cracks of about 30 nm
(Fig. 2) have been observed at the Si–C deposit surface.
Thin deposits of Si–C or Si-rich Si–B–C are less effi-

cient than larger deposits because oxygen can progress
between Si–C crystallites. 30 nm-Si–C coatings are con-
stituted of 10 nm Si–C crystallites (as established by X-
ray diffraction). On the contrary, for thicker deposits (a
250 nm deposit is constituted of 39 nm Si–C crystallites)
oxygen progression is stopped before the surface of
carbon fibres.

4.2. Diffusional phenomena (T=1000 �C)

For B-rich Si–B–C and B–C deposits, oxygen diffu-
sion rate through the glassy deposit increases rapidly
with the temperature and is very important at 1000 �C.
Moreover beyond 1000 �C the vapour pressure of B2O3

becomes important24 and B2O3 could react with carbon
fibres. B–C and boron-rich Si–B–C deposits result in a
decrease of the oxidation rate by a factor of 2 but no
longer protect efficiently carbon fibres at 1000 �C.

Table 4

Mass variations calculated or observed after the total oxidation of the B–C deposit

Deposit number I II III

Carbon preform mass (mg) 216.2 170 99

B–C deposit mass (mg) 69.2 51 28.7

B wt.% in the deposit 16.5 25.9 32.6

B2O3 film mass (mg)a 36.8 (17%) 42.6 (24%) 30.2 (30%)

Mass gain after the total oxidation of the deposit �11.4 �4 +1.13

Mass gain observedb �14 �7 �1

a It corresponds to the mass of the B2O3 film formed if the B–C deposit is totally oxidized. The brackets indicate the percentage of the B2O3 film

mass compared to the preform mass.
b Mass gain observed after the rapid oxidation observed at the beginning of the oxidation test.
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Silicon-rich Si–B–C and Si–C deposits are more effi-
cient. Deposit oxidation rate is slow and oxygen access
to the carbon fibre is delayed (Fig. 13). At the beginning
of the oxidation of Si-rich Si–B–C coated perform, a
mass increase is observed (Fig. 10). It corresponds to a
rapid oxidation of the surface of the deposit. Mass gain
due to the deposit oxidation is higher than mass loss due
to carbon fibre oxidation through cracks of the deposit.
Then, oxidation rates of Si–B–C and Si–C coated pre-
forms increase rapidly. Oxidation occurs at deposit
cracks level: the longer the oxidation time, the higher
the oxidation rate of carbon fibres trough the cracks of
the deposit and the thicker the SiO2 film formed.
After 1500 s of oxidation at 1000 �C, for Si–C coated

preforms, a 40 nm SiO2 film is formed at the surface of
the Si–C deposit. Cracks are sealed and oxidation rate
of the coated preform decreases. Then, the oxidation
rate decreases slightly due to an increase of the SiO2

film, and so a decrease of the oxygen diffusion rate at
sealed cracks zones.
For Si–B–C coated preforms, after 1500 s of oxida-

tion, deposit cracks are sealed. The oxidation rate is
about 0%/s meaning that mass gain due to the deposit
oxidation is equal to the mass loss due to carbon fibres
oxidation. After 3000 s, the Si–B–C deposit is totally
oxidized and oxidation occurs through the glassy film
formed by oxidation of the deposit.

5. Conclusion

B–C and boron-rich Si–B–C deposits oxidize rapidly
and lead to the formation of a glassy film. Oxidation

occurs by oxygen diffusion through this glassy film: the
higher the oxidation temperature, the more rapid the
oxygen diffusion through the glassy film, and the worse
the protection of the deposit. Moreover, it was observed
that the thicker the deposit, the slower oxygen diffusion
rates through the deposit and the better deposit protec-
tion. In all cases, this kind of deposit does not protect
efficiently carbon fibres from oxidation.
Si–C and silicon-rich Si–B–C deposits (100 nm) oxi-

dize slowly and protect efficiently carbon fibres from
oxidation: the higher the silicon content on the deposit,
the slower the deposit oxidation and the better the oxi-
dation resistance.
In order to protect efficiently carbon fibres from oxi-

dation, deposits have to: (i) oxidize very slowly, (ii)
undergo no chemical reaction with carbon fibres, and
(iii) be not too thick in order to keep good mechanical
properties and not too thin to protect efficiently carbon
fibres from oxidation.
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