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Oxidation behaviours of carbon/carbon
composite with multi-coatings of
LaBs—Si/polycarbosilane/SiO,
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The influence of multi-coatings of LaBs-Si/polycarbosilane/SiO, on the oxidation behaviour
of carbon/carbon composite materials was investigated in the temperature range from 500
to 1400°C. The additives of LaBs—Si offered lower oxidation rates and accelerated increases
in oxidation rates at temperatures below 900 °C. The coating of polycarbosilane (PCS)

improved the compatibility of the coating on the carbon/carbon composite and lowered the
oxidation rates of the LaBs—Si coated composite below the transition temperature. With the

SiO; coating, the cracks of the LaBs—Si/PCS coating was sealed and a good oxidation
resistance of the LaBs—Si/PCS/SiO, coated composite was found at temperatures up to

1300 °C.

1. Introduction

Carbon fibre-reinforced carbon composites (C/C com-
posites) are potentially useful materials in applications
requiring strength and toughness, at high temper-
atures combined with low weight [1]. Potential uses
range from those in aircraft, hypersonic aerospace
vehicles and the automotive industry to biomedical
and refractory applications. These composites retain
their strength, modules and mechanical properties
to temperatures higher than those tolerated by other
materials [2, 3].

Strong covalent bonding gives a low carbon atom
diffusion which, combined with the highly anisotropic
graphite crystal structure, suggests exceptional creep
resistance for graphitized carbons [4]. However, the
rapid reaction of carbon with oxygen at temperatures
as low as 500°C causes rapid degradation of the
composite [5] and thus effective protection against
oxidation for C/C composites at temperatures of
1000 °C and above must be developed. Both inhibi-
tors, such as phosphorus and the halogens incorpor-
ated into the graphite matrix [6,7] and oxygen
diffusion barriers [4, 5, 8, 9] have been investigated.
Any inhibitors, diffusion barriers or coatings used to
protect the composite from oxidation must prevent
the diffusion of oxygen or oxide products and have
a low volatility, to prevent corrosion occurring in fast
flowing gas streams. Meanwhile, all interfaces must
exhibit both chemical and mechanical compatibility.
The latter is overriding issue in the choice of suitable
coatings.

For the improvement of the oxidation resistance of
carbon materials at higher temperatures, it is difficult
for a single coating to meet all the needs of protection
in an oxidation environment. If good thermomechani-

0022-2461 © 1996 Chapman & Hall

cal and chemical stability are to be achieved,
the multi-coatings of a number of refractory materials
will be required. The multi-coatings of LaBg—Si/
polycarbosilane/SiO, has been investigated in the
present work. This paper reports the oxidation behav-
iours of the composite with an polycarbosilane
(PCS) impregnated LaBg—Si layer both with and
without SiO, coating by sol-gel technique. The
additives of LaBg—Si play a role of diffusion bar-
riers to lower the oxidation rates of the composite
at temperatures below 900°C. The impregnation
of PCS improved the compatibility of the coating
layer on the composite and the oxidation resistance
below the transition temperature. The SiO, coatings
by sol-gel technique sealed cracks in the applied
protective layer. The oxidation resistance of the multi-
coated C/C composites has been improved up to
1300°C.

2. Experimental procedure

The C/C composite materials (CCM-290C, Nippon
Carbon Co.) were used in the present work. Fibres
were acrylic staple and in two-dimensional mat lay-up
(Fig. 1). The temperature of final treatment was
2200°C. The specimens had been made into sheets
with the size about 4 x 5 x 0.7 mm. These sheets were
dipped in lanthanum borate (LaBg) slurry that was
made from LaBs powder ( < 10 um in size) and poly-
ethanol (as a binder) with the mixing ratio of
1 g:20 ml. After drying at 800°C for 2h, 2000°C
treatment had been carried out for 1 h in argon. Then
they were dipped in silicon slurry made from silicon
powder ( < 50 um 1n size) and polyethanol and dried
at 800°C for 2 h.
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Figure 1 The micrograph of the surface of uncoated C/C composite
used in present work.

Considering the wetting ability on the carbon ma-
terials, PCS was chosen for impregnating on the com-
posite coated with LaB4—Si. Any coatings used to
protect composites from oxidation should prevent the
diffusion of oxygen and have good adherence to the
substrate. Generally, polar solutions have a bad wet-
ting ability to be coated on carbon materials. PCS has
an excellent solubility in various non-polar organic
solvents, like n-hexane, toluene and xylene, at ambient
temperatures. The PCS had been dissolved by toluene
in the ratio of 1:10. The impregnation of PCS was
carried out for the LaBs~Si-coated composite by dip-
ping in the PCS solution and sintering at 1000°C in
nitrogen. Then SiO, coating was prepared on the
PCS-coated composites with sol—gel technique.

For the SiO, coating, the precursor solution was
prepared by mixing silicon tetracthoxide (Si(OEt),),
ethanol (EtOH) in a molar ratio of 1:20. Then H,O as
a catalyst, containing 6.3 wt % HNOj;, was added to
the solution in a molar ratio of H,O/Si(OEt), of 1:5.
The solution was stirred at 60 °C for 45 min for partial
hydrolysis. After the solution was cooled to room
temperature, the composites with LaB4—Si/PCS coat-
ing were dipped in the precursor solution and then
treated at 800°C for 0.5 h in nitrogen.

Measurements of the oxidation kinetics of the com-
posite with and without coatings were carried out in
a vertically mounted furnace in flowing air (flow rate
30 cm®min~!) between room temperature and
1400°C. The specimen was held in a platinum wire
cage suspended on steel wire links from the mass
balance. The control of the furnace temperature and
collection of kinetic data were carried out with a com-
puter. Specimens were allowed to cool in air and
characterized using scanning electron microscopy
(SEM).

3. Results and discussion

3.1. Oxidation behaviour of LaBg—Si-coated
C/C composite

Fig. 2 shows Arrhenius plots for both uncoated C/C

composite and a LaBgs—Si-coated composite at tem-
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Figure 2 The Arrhenius plots for the uncoated composite () and
LaB4—Si-coated composite (O).

peratures up to 1100°C. For both specimens, two
steps of oxidation rates were shown with transition
temperature about 900°C. A significant increase in
oxidation rate was shown below 900 °C. Above 900 °C
this increase was notably reduced, with the curves
relatively flattened out. From the data of the
Arrhenius plots, the values of apparent activation
energy were about 110 KJmol™! at lower temper-
ature and 15 KJmol~! at higher temperature for the
uncoated C/C composite. Mckee [10] and Yasuda
and colleagues [11] have discussed the mechanism of
uninhibited C/C composite. For the oxidation of un-
coated C/C composite in air, the low-temperature
rate-limiting step was likely to be the chemical reac-
tion on the composite surface, to give oxidation prod-
ucts and leave defects in the carbon network. At the
higher temperatures the rate was then controlled by
oxygen diffusion into pores and adsorption at active
sites. This results in a lowering of the activation energy
as the temperature increases.
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Figure 3 The X-ray profiles of the C/C composites with different
coatings: (a) with LaBg;(b) with LaB4-Si;(c) with LaB¢—Si/PCS;
(d) with LaB¢-Si/PCS/SiO,. CuK,, Ni filter, CPS 400, 1°
— 0.15mm — 1°, scanning speed 2° min~'. (O) C; (A) Si; (®) LaC,;
(V) La,03; () LaBs; () SiO;; (A) B,SiOs; (V) B,Os.



In the present work, LaBy and Si were coated on
C/C composite and then treated at 2000 °C in argon
and 800°C in nitrogen, respectively. Boron carbide
and lanthanum carbide were not found after adding
LaBg and 2000 °C treatment. After coating with Siand
800°C treatment, due to a small amount of oxygen in
the binder (polyethanol) or furnace tube that would
react with LaB4—Si powders, the low-melting point
phase of B,O;-810, was detected by X-ray diffraction
as shown in Fig. 3. This result agreed with the
S10,-B,0; phase diagram [12]. After adding LaBg
and 2000°C treatment, the values of d{(002) and
Lc(002) of graphite were calculated. Both values were
larger than the values of the uncoated composite. This
is not enough evidence to show the improvement of
the graphitization, as shown in other work [13]. Fig. 4
shows the surfaces of the composites after adding
LaBg. LaBs powder dispersed on the surface of the
composite, but the whole area of the composite sur-
face could not be covered. After coating with Si and
800 °C treatment, the loose powder layer was located
on the surface of composites, as shown in Fig. 5a. The
larger pores with the width of about 60 um were found
in the powder layer. The existence of the larger pores
was likely due to the particle size used in the present
work. Fig. 5b shows that the additives of LaBg-Si
were filled into the open pore of the C/C composite. At
the lower temperatures, the oxidation rate was still
controlled by the surface reaction. The additives of
LaB4—Si powders decreased the oxidation rates of the
composite due to the decreasing of the exposed surface
areas, as shown in Fig. 2. However, the effects of these
additives were dependent on the compatibility of addi-
tives and the composite. The increase of reaction rates,
caused by processes such as pitting, surface etching,
and channel formation, would degrade the combina-
tion between the additives and the composite and
decrease the protective effects of the additives. The
Arrhenius plot of the LaBg—Si-coated composite in
Fig. 2 indicates that these additives gave lower oxida-
tion rates of the composite at lower temperatures,
while below 900 °C, the increase in oxidation rates for
the coated composite was accelerated by four orders
of magnitude at 700 °C. At higher temperatures, where
the oxidation rate was controlled by gaseous diffusion,

Figure 4 The surface of LaBe-coated C/C composite.
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Figure 5 The surface (a) and section (b) of LaBg—Si-coated C/C
composite.

the effect of the additives was insignificant. In spite of
the presence of B-Si—O system oxide, it did not form
a complete layer to protect the composite from the
diffusion of oxygen, because of the pores around
the LaBs—Si particles. Like other diffusion barriers
[14], the LaBs—Si coating on the composite gave an
effective oxidation resistance in lower temperature
range.

3.2. Oxidation behaviour of PCS-coated C/C
composite with LaBs-Si
The solution of PCS—toluene was impregnated into
the pores around LaBg—Si particles, as shown in
Fig. 6a, and PCS was coated on the composite after
1000 °C treatment in the present study. Because of the
remarkable shrinkage of PCS solution when toluene
was vapourized, the cracks formed in the PCS coating
on the composite, as shown in Fig, 6b. When fired in
an inert atmosphere, PCS starts to decompose at
about 500°C. At about 800°C, it transforms into
a black amorphous inorganic polymer with loss of
organic groups. The release of organic groups results
in the oxidation of a part of LaB¢—Si powder. The
oxides of lanthanum, boron and silicon were found by
X-ray diffraction, as shown in Fig. 3c¢. Fig. 3¢ also
shows the appearance of LaC, in the composite. The
formation of lanthanum carbide on the surface of the
composite gives an improvement of compatibility
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Figure 6 The section (a) and surface (b) of LaB¢—Si/PCS-coated
C/C composite.
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Figure 7 The Arrhenius plots for the composites with different
coatings: (O) with LaBs—Si; (<) with LaBg—Si/PCS.

between the composite and the coating layer and
decreases the active sites in the carbon network.

Fig. 7 shows the Arrhenius plots for the composites
with and without PCS coating. Below 950 °C, due to
the additives of LaBs—Si, the increase in oxidation
rates for the PCS-coated composite was shown to be
almost the same as the increase for the composite
without PCS coating. Below 950°C, relative to the
oxidation rate of the composite without PCS, the
oxidation rate of the composite with PCS was de-
creased by one order of magnitude. The shift of
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transition temperature from the surface reaction to the
gaseous diffusion indicated the change of effective
surface arca for the oxidation reaction. The smaller
the effective surface area is, the higher the transition
temperature. In the present work, the decrease of the
effective surface area was likely to be the impregnation
of PCS and the formation of LaC,. However, the
shrinkage of the PCS during the vaporization of the
toluene solvent produced serious cracks in the PCS
coating. These cracks made the coating unsuccessful
in protecting the composite from the diffusion of oxy-
gen at higher temperatures. The high-temperature oxi-
dation rate was still controlled by gaseous diffusion.

3.3. Oxidation behaviour of the SiO,-coated
C/C composite with LaB¢Si/PCS
For the problem of microcracking occurring in any
protective layer, boron, boron compounds and silicon
compounds are often included in the composite to
form borate or B—Si—O system glasses, which can flow
to give crack sealing [10, 15]. In the present work,
B-5i-O oxide was formed after adding LaB¢—Si, but
it was not successful in sealing the serious cracks in the
PCS coating. Sol-gel technique was employed to
make a SiO, coating on the composite. The solution
of Si(OEt), was used as the precursor solution. When
firing over 50°C, the precursor was changed into
SiO, gel and released EtOH gas and H,O vapour.
From Fig. 2, the formation of new phases was not

-

Figure 8 The section (a) and surface (b) of LaB4—Si/PCS/SiO,-
coated C/C composite.
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e found in the coated C/C composite after SiO, coating.
" Uncoated composite Fig. 8 shows the SiO, coating sealed into the cracks of
80 I the PCS coating. No open cracks that crossed the
2 sl coating layer were observed in the PC_SASiOZ coating
> layer, as shown in Fig. 8a, although microcracks were
3 10k _ _ found on the surface of the 810, coating, as shown in
E LaBySi-coated composite Fig. 8b. Fig. 9 shows the results of isothermal oxida-
g 20| tion at 1100 °C for the coated composites. The oxida-
LaB, Si/PCS coated composite tion for the SiO, coated composite was not shown at
0 1}
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Figure 9 The weight loss of the composites with different coatings —_
in flowing air (30 cm®min ™'} at 1100°C. g 60
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Figure 11 The weight loss of the composites with different coatings
in flowing air (30 cm® min~"), the temperature was raised in a fixed
rate of 2.5 °Cmin~". (A) uncoated composite; (&) LaBg—Si-coated
composite; ([J) LaBg—Si/PCS-coated composite; (O) LaBg—Si/
PCS/Si0,-coated composite.

Figure 10 SEM micrographs of the coated composites after 1100 °C
oxidation: (a) surface of LaB¢-Si/PCS; (b) surface of LaBg—Si/ Figure 12 The surface (a) and section (b} of LaB¢—Si/PCS/SiO,-
PCS/Si0;; (c) section of LaBy~Si/PCS/SiO,. coated composite after 1400 °C oxidation.
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1100°C over 5h. After the isothermal oxidation,
the composites with and without SiO, coating were
characterized using scanning electron microscopy, as
shown in Fig. 10. The oxidation of the PCS without
Si0, coating appeared at specific active sites, as
shown in Fig. 10a, but did not appear in the PCS with
SiO, coating, as shown in Fig. 10b. Compared to the
composite without SiO, coating, the cracks of the
PCS coating were sealed completely by SiO,. This
sealing did not fill into the interfaces between the
coating layer and the C/C composite, as shown in
Fig. 10c. It was suggested that the wetting of SiO; on
the PCS coating was improved in oxidized circum-
stances, and that a continuous coating layer can be
formed at the exterior of the coating. The continuous
coating of PCS-Si0O, protects the C/C composite
from the corrosion of oxygen over 1100 °C.

Fig. 11 shows the weight loss of the C/C composites
with different coatings as a function of temperature.
A little weight loss (less than 2 wt %) was found for the
SiO, coated composite at temperatures up to 1400 °C.
It is known that boron oxide is appreciably volatile at
high temperature. Greene and Margrave [16] cal-
culated the values for the vapour pressures of various
boron oxide species from thermodynamic data. The
results of their work suggested that the vapour pres-
sure of HBO, was over | mmHg (at PH,0 = 1 atom)
at 900°C; the vapour pressure of B,O; was about
1072 mmHg at 1000°C and 1 mmHg at 1400 °C.
In the present work, it .is expected that H,O and
EtOH released from the precursor solution resided
and formed the boron hydroxide in the composites.
The vapourization of hydroxide resulted in the weight
loss at the temperatures of 8001000 °C, as shown in
Fig.11. When the temperature was over 1300°C, the
vapourization of B,O3; became notable with increase
in temperature. On the other hand, the oxidation of
PCS at specific active sites and the vapourization of
Si0, were found on the surface of PCS coating, as
shown in Fig. 12a. Carbon oxides and SiO, would be
produced by the oxidation of PCS coating. Fig. 12b
shows a section of the composite after the oxidation at
1400°C. A glass layer enclosing Si powders was for-
med on the surface of the C/C composite. Fig. 13
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Figure 13 The results of isothermal oxidation for the composite
with LaB¢—Si/PCS/SiO, coatings at different temperatures.
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shows the results of the isothermal oxidation for
the coated composites at different temperatures. The
coating gave a better protection at temperatures up to
1300°C, while the weight loss of the composite was
increased gradually at 1400 °C. It is suggested that the
coatings were degraded by the vapourization of B,O;
and SiO, and could not protect the composite from
the diffusion of oxygen at 1400 °C.

4. Conclusions

At temperatures up to 1100°C, the oxidation rate of
uncoated C/C composite materials was divided two
steps. At lower temperatures, the oxidation rate was
controlled by surface reaction rate; while at higher
temperatures, the rate was limited by the oxygen diffu-
sion rate.

For the LaB4—Si-coated and LaBs—Si/ PCS-coated
composites, the oxidation rates were controlled by
oxygen diffusion at temperatures over 900°C and
950°C under the experimental conditions. Below
900 °C, the additives of LaB¢—Si could lower the oxi-
dation rates of the composite as diffusion barriers by
over two orders of magnitude in the present experi-
ments and gave a remarkably accelerated increase in
oxidation rates. The coating of PCS sealed the larger
pores around the LaBg—Si particles and improved
the compatibility between the coating layer and
the C/C composite, due to the impregnation with
polycarbosilane solution and the formation of LaC,.
Below 950°C the oxidation rate of the PCS-
coated composite was decreased by one order of
magnitude, comparing to the rate of the composite
without PCS.

A continuous protective layer that sealed smaller
pores and cracks was formed after SiO, coating by
sol—gel technique. The wetting of SiO, on PCS was
improved in oxidation circumstances. The continuous
coating layer was formed by SiO,—PCS at the exterior
of the coating and protected the C/C composite over
1100°C. With increase of temperature, the glass layer
enclosing Si powders formed on the surface of the C/C
composite. For the C/C composite with LaBs—Si/
PCS/SiO, coatings, a remarkable resistance for the
onset of oxidation was shown at temperatures up to
1300°C.
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