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Abstract

In order to improve the oxidation resistance of graphite at high temperatures, graphite surfaces are modified by two silicidation processes involving
reactive infiltration of molten silicon or, alternatively, of gaseous silicon monoxide.
The resistance to oxidation of silicided graphite is studied by cyclic oxidation tests performed under a dry air flux at temperatures in the range

1550-1600°C.

During oxidation three successive regimes are evidenced: (i) initial growth of a passive silica layer on the continuous SiC superficial layer
responsible for the remarkable oxidation resistance at 1550 °C; (ii) then, slow mass consumption in the intermediate composite SiC—C region; (iii)
and finally, rapid local consumption of the underlying non-infiltrated porous graphite.

The temporal stability of the silicided layer in air is analyzed and the reactions affecting this stability are identified. The analysis interprets the
experimental findings in a satisfactory manner, especially the dramatical variation with temperature of silicided graphite lifetime observed in this

temperature range.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

For the preparation of photovoltaic (PV) silicon from the
melt, graphite is widely used as a high temperature material for
structural parts, thermal insulation, and even crucibles. Interac-
tion of these parts with the reactive atmosphere is a main cause
of graphite degradation limiting the lifetime of this material.
Especially severe are the conditions imposed during Si purifica-
tion by the metallurgical route! including two purification steps
performed under oxidizing atmospheres at temperatures as high
as 1550-1600 °C. Due to its very weak resistance to oxidation,
unprotected graphite can hardly be used as crucible material
in these operations. For instance, unprotected graphite in con-
tact with oxidizing atmospheres at temperatures of 800-1000 °C
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for 1 h exhibits mass losses of 20-50% depending on graphite
microstructure and temperature.z’3

In order to increase the crucible lifetime, a surface treatment
is needed to form a dense non-reactive protective layer on the
porous graphite. Specific requirements for PV applications are
that the protective layer be pure to avoid Si pollution by electri-
cally active impurities, and that the process be cheap and can be
applied to large dimensions.

Numerous studies have been devoted to graphite protec-
tion by silicon carbide layers and promising results have been
obtained. %> However, the treatments used in these studies are
complex, involving formation of several sub-layers (including
CVD layers), and it therefore becomes difficult to use them
for PV Si preparation. Of particular interest is the study by
Chunhe and Jie,? where a relatively simple, one-step treatment
was used, consisting of reactive infiltration of molten silicon.
A further advantage of such a treatment is that it avoids, at
least in its principle, any additional source of pollution. How-
ever, the maximum temperature investigated by these authors in
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their oxidation tests was 1500 °C, i.e. lower than the temperature
range of 1550—-1600 °C explored in the present study. It must be
emphasized that, as found previously with different types of sili-
con carbide, several SiC degradation processes (reviewed in [6])
come into play at temperatures higher than but close to 1500 °C
(see also Section 4).

In the present investigation, reactive silicidation of graphite
by liquid Si (denoted in the following as RLI) is performed
on the basis of a previous study of the mechanisms of capil-
lary interactions between porous graphite and molten silicon.”-8
Alternatively, silicidation is also produced for the same type of
graphite by reactive gaseous infiltration (denoted as RGI) of a
silicon-carrying molecule (Si0).>” The resistance to oxidation
of silicided graphite at 1550-1600 °C is characterized at the lab-
oratory scale by cyclic oxidation tests. As will be shown later,
at these high temperatures, the microstructure of the silicided
zone is of crucial importance for the resistance to oxidation.
For this reason, emphasis is placed on the characterization of
the initial microstructure of the protective surface layer and its
change during oxidation. Although both optical and scanning
electron microscopy (SEM) have been used, in most cases opti-
cal images were preferred as they provide a better contrast of
silicided graphite constituents than images obtained by SEM.

2. Experimental procedure

The type of graphite was first selected on the basis of the
previous study of liquid Si/graphite interaction mechanisms.”®
The study showed that the infiltration of liquid Si into porous
graphite is promoted by the reaction of formation of SiC on the
pore walls at the infiltration front:

Si(l) + C(s) — SiC(s) (1

During infiltration, the reaction (1) continues behind the infil-
tration front and leads ultimately to pore closure at the sample
entrance and to infiltration interruption. The size and microstruc-
ture of the infiltrated zone depends on process parameters (time
and temperature) and on graphite microstructure, which is char-
acterized by its porosity, pore size distribution and average pore
diameter. In particular, a small pore size is required to ensure full
conversion of the infiltrated silicon into SiC, but if the pores are
too small this leads to premature pore closure and thus to small
infiltration depths. The maximum value of SiC volume fraction
asic that can be reached in the infiltration area is proportional
to pore volume fraction oy, (asic =1.7860, 10y, Therefore, to
obtain a high conversion rate of carbon to silicon carbide, high-
porosity graphite should be used. However, if the porosity is too
high, this may lead to crack formation and even to graphite frac-
ture due to stresses generated by the reaction during infiltration.’
Finally, taking into account the additional requirement to be able
to manufacture large parts at reasonable cost, graphite 2020PT
of Mersen (Gennevilliers, France), with the properties summa-
rized in Table 1, was selected. A further advantage of this type
of graphite is its expansion coefficient value, close to the expan-
sion coefficient of silicon carbide (5.7 x 10" K~! at 1000°C

Iy, which allows the thermal stresses generated during cooling
to be minimized.

The silicidation by liquid Si infiltration consists of dipping
graphite parallelepipeds of 2cm x 2cm x 1 cm into the Si melt
contained in a crucible of diameter 5 cm made of glassy carbon.
In order to hold the piece while ensuring that it will finally be
fully protected by SiC, itis previously brazed to a graphite rod by
a specific process described elsewhere.!> The retained immer-
sion parameters are 2 h at 1500 °C. This immersion duration is
much longer than the time at which infiltration stops (less than
10 min). This is in order to ensure that all the infiltrated silicon
is consumed by reaction (1).

The silicidation by reactive gaseous infiltration consists of
immersing the graphite part into a powder mixture of SiO; and
SiC and heating at high temperature (close to 1800 °C) under a
flow of argon. The reaction between silica and silicon carbide

leads to the formation of gaseous silicon monoxide according
5,13
to~"7:

28i01(s) + SiC(s) — 3SiO(g) + CO(g) )

The SiO(g) then diffuses into interconnected graphite porosity
and reacts with C forming SiC:

2C(s) + SiO(g) — SiC(s) + CO(g) 3)

The mechanisms of this reaction were discussed in 4. The
method is first applied to 2cm x 2cm x 1 cm samples, then to
crucibles of 50 mm diameter.

The oxidation of silicided graphite is studied by placing the
samples in the isothermal zone of a tubular alumina chamber
furnace of 70 mm internal diameter, heating to the test tempera-
ture and then exposing them to a flow of dry air (less than 3 ppm
water) at a rate of 0.5 /min for given durations in successive
cycles. Between each cycle, the sample is cooled and weighed
with a microelectronic balance with an accuracy of 0.5 mg, and
its surface is examined by optical microscopy. After the final
cycle, several metallographic sections are made to examine the
general aspect of the reaction layer and the particular defects
which may have appeared.

3. Results

The microstructure obtained after silicidation by liquid Si is
the result of the reactive infiltration process analyzed in detail
in 7. Tt consists of two well defined regions (Fig. 1): (i) a con-
tinuous SiC surface layer resulting from the reaction between
the graphite surface and the bulk liquid, and (ii) a composite
graphite—SiC region resulting from the reactive infiltration of lig-
uid Si. The average thickness of the surface layer is 15 wm with
minimum and maximum values equal to 5 and 25 wm respec-
tively. The depth of the composite zone is close to 700 wm.
Neither the thickness of the surface layer nor that of the infil-
trated zone can be increased by increasing the holding time at
1500 °C (up to 6 h), or the temperature (up to 1600 °C).15 Note
that, in relation with the duration of the applied treatment, the
infiltrated zone no longer contains residual silicon, and that the
surface layer appears homogeneous and formed by crystals the
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Table 1
Properties of the graphite used in the present study (2020PT of Mersen).
Density (gcm™3) Porosity (%) Average pore Expansion Flexural strength Compressive
diameter (pm) coefficient (K™1) (MPa) strength (MPa)
1.77 15 23 45%x 1076 99
Table 2

SiC layer

Fig. 1. Microstructure of graphite silicided by RLI. Optical image.

size of which is of the order of the thickness of the layer. In the
composite region, graphite remains largely the majority phase;
indeed, for ap =0.15, the maximum SiC fraction which can be
reached if all pores of the graphite are filled is asic =0.26.

An example of the microstructures obtained after RGI is
shown in Fig. 2. Here the depth of infiltration is in the mm
range. SiC appears as the majority phase in the region close
to the graphite surface, and its fraction progressively decreases
with increasing depth. Note that the maximum SiC fraction asic
which can be reached by carbon conversion through reaction (3)
is now given by asic = 8.330{1,.16 The factor 8.33 is well above
the proportionality factor 1.786 between asic and o, in the case
of the reaction (1). This is due to the fact that the formation of one
mole of SiC by the reaction (3) needs the consumption of two
moles of carbon against only one by the reaction (1). According
to the equation as;c = 8.33ap, the minimum value of pore frac-

Fig. 2. Microstructure of graphite silicided by RGI. The arrows 1 and 2 show
graphite and free silicon particles respectively lying in the continuous SiC layer.

Mass variation of graphite silicided by RGI during successive oxidation cycles
at 1550 °C for a parallelepiped with initial mass m=7.8348 g (sample PP1 in

Fig. 3).

Cycle Duration (h) Am (mg) Am (%)
1 3 +6.5 +0.083
2 14 +11.6 +0.148
3 14 -0.9 —0.011
4 26 —15.9 —0.200
5 17 -20 —0.255

tion for obtaining a layer consisting only of SiC is 0.12 which is
slightly lower than the porosity of 2020PT graphite used in the
present study. Nevertheless, some large dense graphite grains,
which were present in the initial graphite microstructure, remain
unconverted. Due to the high conversion ratio into SiC in the
upper region, these grains are isolated by the SiC matrix, and
thus not directly connected to the underlying graphite. Due to
the presence of these grains near the surface, the continuous
superficial SiC layer is of irregular thickness, ranging from 20
to 100 wm. Fig. 2 also shows the presence in this layer of small,
micron-sized, non-reacted graphite particles, as well as several
micron-sized particles, identified by EDXS as free silicon. Si
micro-droplets result from the reaction:

SiC(s) 4+ SiO(g) — 2Si() + CO(g) “)

which accompanies the main reaction (3) during infiltration of
SiO(g).

Table 2 gives the mass variation measured between succes-
sive oxidation cycles at 1550 °C for a graphite parallelepiped
silicided by RGI. Fig. 3 presents the cumulated variation of sam-
ple mass per unit area as a function of total oxidation time for
this experiment. By this representation, it is possible to compare

1.5
14 "o m g
& 05Ty ° ° N
g ,’/ \\\ oxidation time (h)
2 o f f oas }
0 20 40 60\\ 80 190
E 05T mppy
APP2 \
1T ocrucible 1 "
O crucible 2
-1.5

Fig. 3. Total mass variation per unit surface area of graphite silicided by RGI
during successive oxidation cycles at 1550 °C for both parallelepipedic samples
(noted PP) and crucibles.
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Fig. 4. Silica scale containing bubbles on the surface of graphite silicided by
RGI after an oxidation treatment of 74 h at 1550 °C.

the results obtained on samples with different masses and shapes
(parallelepipeds, denoted as PP, and crucibles). Fig. 3 shows that
these factors do not affect the results. This clearly indicates that
oxidation is not controlled by oxygen transport in the gas but by
a process taking place in the passive layer (see the next section).
Fig. 3 shows that the sample mass first increases with time, then
starts to decrease and after about 55h becomes lower than its
initial value.

The surface of the sample PP1, concerned by the results of
Table 2, presented after the fifth cycle some localized defects
consisting of cavities with a diameter ranging from a few tens to
a few hundreds of microns. The sample surface seems to be cov-
ered by a silica layer revealed by the glassy external appearance
of the samples. This is clearly evidenced on the metallographic
cross-section performed on a part without defects (Fig. 4). As
can be seen in this figure, the silica layer contains bubbles.

The silica layer is obviously formed by passive oxidation of
SiC:

2SiC(s) + 302(g) — 2Si0z(s) + 2CO(g) 5)

The formation of a silica layer a few tens of microns thick
is responsible for the increase in sample mass during the first
20h of oxidation (the consumption of one mole of SiC by the
reaction (5) leads to a mass gain of 18 g).

Fig. 5 shows a part of the sample containing cavities. The-
ses cavities are located in the infiltrated zone and correspond to
graphite particles burnt by the reaction with air. The graphite
combustion in the dense graphite + SiC composite region con-
tributes to the mass losses of the sample found at > 30 h (Table 2
and Fig. 3). However, even after 74 h at 1550 °C, the total mass
losses remain small (of the order of 1%) because, at this time,
the oxidation front has not yet reached the non-infiltrated porous
graphite region although it was close to it.

Much more rapid mass loss starts when the non-infiltrated
zone is locally reached. There, the porous graphite begins to be
consumed by a 3D reaction process, which is much faster than
the 2D process occurring in the non-porous composite region
above. This stage was evidenced by experiments performed at
1600 °C. While after a first oxidation cycle of 5h at this tem-

Fig. 5. Part of graphite silicided by RGI containing holes. The holes correspond
to burnt graphite particles after an oxidation treatment of 74 h at 1550 °C.

perature, the mass loss was very small (close to 0.2%), after a
second cycle of 20 h it attained 10%. Examination of the sample
shows the presence of several wells at the surface which com-
municate with large cavities in the underlying graphite (Fig. 6).
The lifetime of graphite silicided by RGI or RLI is defined as
the time after which this third stage of rapid mass loss starts.
Further experiments were carried out with graphite silicided
by RLI. After 45 h at 1550 °C, a millimeter sized hole appeared
on a face of the sample. Fig. 7 shows a metallographic section of
the sample passing through the hole. It can be seen that the mate-
rial has not been attacked uniformly but starting at two points on
the surface. The attack has first created a well in the infiltrated
zone and then attained the non-infiltrated, porous graphite. The
attack was likely initiated at areas where the thickness of the
continuous SiC superficial layer is very small. Indeed, as noted
above, while the average thickness of this layer is 15 wm for
RLI-graphite, at some points it can be as low as 5 wm (Fig. 1)
(similar variations between the average and minimum thick-
nesses are also found for the continuous SiC layer formed on

Fig. 6. Metallographic cross-section of a PP sample silicided by RGI after an
oxidation treatment of 20h at 1600 °C showing a region lying below a well
appearing on the sample surface (see text).
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Fig. 7. Metallographic cross-section of a PP sample silicided by RLI after an
oxidation treatment of 45 h at 1550 °C showing a region of localized attack.

RGI-graphite, see above). A second experiment performed at the
same temperature (1550 °C), time (45 h) and number of cycles
(4), confirmed the result of the first experiment, namely sam-
ple attack down to depths of several hundred microns, with the
oxidation front arriving quite close to the non-infiltrated region
(Fig. 8a). Therefore, the lifetime of this sample was very close
to 45 h. Fig. 8b and ¢ shows the surface of the sample at points
1 and 2. At point 2, the SiC layer is still present on the outer sur-

face while at point 1 this layer is no longer present and oxidation
at this point affects directly the composite graphite-SiC zone.

From the above results, it can be concluded that oxidation at
1550°C in air of graphite silicided by RGI or RLI takes place
in three different stages: initial growth of a passive silica layer
formed on the continuous SiC superficial layer leading to an
increase in sample mass, followed by a slow mass loss cor-
responding to oxidation of the intermediate composite SiC-C
region and finally, rapid mass loss due to active oxidation of the
underlying non-infiltrated porous graphite.

Table 3 summarizes the results of tests for both paral-
lelepipeds and crucibles. Silicidation by RGI leads to superior
results because the thickness of the continuous SiC superficial
layer is higher by a factor 5-6 for RGI-graphite than for RLI
samples.

4. Discussion

The results of oxidation tests show an initial increase in sam-
ple mass at 1550 °C (Fig. 3). Similar increases were observed at
1500°C and 1350°C.!7 These results do not agree with those
obtained by Chunhe and Jie? with RLI graphite, who found that
after 2 h in air at 1500 °C, the mass loss was 1%, which is nearly
the same as the mass loss observed for the same time at a much

Fig. 8. Metallographic cross-section of a PP sample silicided by RLI after an oxidation treatment of 45 h at 1550 °C showing a region of localized attack. (a) Overall

view. (b, ¢) Magnifications of regions 1 and 2 respectively.
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Table 3
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Lifetime for different types of silicidation and different shapes of graphite samples. The lifetime is taken as the time needed for oxidation to reach the non-infiltrated

porous graphite core.

Sample shape Silicidation Oxidation Number of cycles Lifetime (h)
temperature (°C)

PP RLI 1550 4 3145

PP RLI 1550 4 45

PP RGI 1550 5 74

PP RGI 1600 2 5

Crucible RGI 1550 3 >55

Crucible RGI 1550 2 >40

PP: parallelepiped of 2cm x 2cm x 1 cm; crucible: diameter 5 cm; RLI: reactive liquid infiltration; RGI: reactive gaseous infiltration.

lower temperature (1000 °C). However in the experiments of
these authors, mass loss was observed from the beginning of
the oxidation test, i.e. the increasing branch of the Am/S vs
time curve of Fig. 3 is missing. This result strongly suggests
the presence, in the superficial SiC layer of their samples, of
defects allowing direct contact between oxygen and the under-
lying graphite particles.

As noted in the previous section, the initial increase in sam-
ple mass is due to the growth of a passive silica layer (reaction
(5)). It is generally accepted® that at temperatures higher than
1350°C, silica growth is limited by the diffusion of oxygen ions
in the passive layer towards the SiO,/SiC interface. Moreover,
the parabolic constant k, relating the layer thickness e to time ¢
(e?= kp?) is nearly independent of the oxygen partial pressure.
The value of k, that can be deduced from data of Fig. 3 for
t<25h is 2 x 10715 m?/s. This is within the literature values
obtained for various types of SiC (sintered, CVD, monocrys-
talline) at temperatures higher than 1350°C, lying between
5x 1077 m?/s and 10~'# m?/s.° Note that our value is close
to the upper limit of values given in the literature. It is possible
that the growth rate of silica on RGI samples is enhanced by the
presence of silicon micro-droplets (note that silicon oxidation
also leads to the formation of silica, just like oxidation of SiC).

The maximum observed on the Am(#)/S curve (Fig. 3) indi-
cates the occurrence of one or more processes acting to decrease
the sample mass. Such a mass loss can be produced by silica

volatilization®'8 resulting from the reactions:

SiOa(s) — SiO2(g) (6a)
1

Si0z(s) — SiO(g) + EOZ(g) (6b)

Using thermodynamic data of,'? it can readily be seen that at
1550 °C and in air the predominant species in the gas is silica
vapour with a partial pressure Psjo, = 1.5 x 1078 atm. Then,
the erosion rate of silica can be calculated using the expression:

de _ VuDsio, Psio,

=~ _ 7
dt RTS ™

where Vp, is the molar volume of silica (27.27 cm?), Dsio, is the
diffusion coefficient of gaseous silica in air (*3 cem?s~ ! B, Tis
the temperature in Kelvin and § is the thickness of the diffusion
boundary layer in the gas. The value of §, depending mainly
on sample geometry and on gas flow rate, was estimated by the

method described in 2° and found to lie between 4.3 mm for a
spherical sample and 55 mm for a plate. Using these values of
3, the thickness of silica evaporated in 100 h, calculated with
Eq. (7), takes negligible values lying between 2 and 30 nm. As
shown in 2123 silica evaporation becomes an effective mecha-
nism accounting for significant mass losses at temperatures close
to 1550 °C only in low Pg, environments. In air, much higher
temperatures, more than 1800 °C, are needed.

Another process that can explain the mass losses observed
at times greater than 30 h (Fig. 3) is the reduction of the silica
scale by the underlying SiC occurring at the SiO,/SiC interface
according to reaction (2). In view of the presence of graphite par-
ticles in the SiC continuous layer, itis assumed that the SiC in this
layer is saturated in carbon, i.e. that SiC is in equilibrium with
graphite. This condition is taken into account by considering
that reaction (2) is accompanied by the reaction (8a):

C(s) + SiOx(s) — SiO(g) + CO(g) (82)

For a system including the gas phase and three condensed
phases (silicon carbide, graphite and silica) the thermodynamic
variance is equal to unity. Therefore, the equilibrium partial pres-
sures of SiO and CO species depend only on temperature. Using
data of' it was found that the condition

Psio + Pco = 1atm 9

is satisfied at 1525 °C. Therefore, for our experiments, per-
formed under a total pressure of 1 atm, 1525 °C is the minimum
temperature for bubble formation. This calculation result is com-
patible with bubbles observed in the scale at 1550 °C (Fig. 4).

It must be emphasized that at 1550 °C neither the reaction
(2) alone (giving a total pressure of 0.05 atm calculated tak-
ing Psijo =3Pco), nor the reaction (8a) alone (total pressure of
0.20 atm calculated taking Psjo = Pco) can account for bubble
formation. Only the reaction (2) with carbon-saturated SiC is
able to do this.

Given the presence of Si micro-droplets in the continuous
SiC layer, the hypothesis of a SiC locally saturated in silicon
was checked. This implies that the reaction (2) would not be

accompanied by (8a) but, alternatively, by reaction (8b):
Si(l) + SiOy(s) — 2Si0(g) (8b)

However, the temperature at which the sum of calculated SiO
and CO pressures becomes equal to 1atm is 1840 °C, which
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is much higher than the experimental temperature of 1550 °C.
Thus, only the reaction (2) accompanied by the reaction (8a)
can account for the experimental observations. Bubbles have
also been observed in previous studies of oxidation of CVD SiC
coatings>>?* and explained by assuming that the SiC in CVD
coatings is saturated in carbon.>*

From the above discussion, it is concluded that the behaviour
of silicided graphite in air at 1550 °C is dictated by the com-
petition of two reactions occurring at the silica/silicon carbide
interface. (i) The first is silica growth taking place by reaction
between SiC and oxygen. The rate of this reaction, limited by
the diffusion of oxygen ions in the scale, decreases rapidly with
time due to the increasing thickness of the scale (for diffusion-
limited growth de/dt varies as e(f)™1). (ii) The second reaction
is silica consumption by reaction between the scale and silicon
carbide saturated in carbon. For short times (small e values),
the growth reaction predominates, as shown by the initial mass
gain of the material, while for long experimental times the silica
consumption reaction predominates, as testified by sample mass
losses and by bubble formation.

The above description applies to passive oxidation of SiC
saturated in carbon. In our samples, saturation is attested by the
presence, in the continuous SiC layer, of graphite particles which
can attain, in some cases, a size of several tens of microns and
even more. These particles have a second effect on the oxidation
behaviour in as much that bubble disruption can provoke direct
contact between these particles and air, thus leading to their
rapid consumption and to further mass losses (Fig. 5). However,
as long as graphite grains are isolated in a SiC matrix, these
losses remain limited. The mass losses increase when the reac-
tion front reaches the composite region consisting of SiC and
interconnected graphite grains (2D oxidation). Finally, when
the reaction front reaches the non-infiltrated porous graphite,
the sample mass decreases very rapidly due to the oxidation of
interconnected graphite grains by a 3D process.

The mechanism proposed for the degradation of silicided
graphite in air at 1550 °C will now be used to predict the effect
of temperature on oxidation resistance. To this end, consider a
temperature decrease of 200 °C (from 1550 °C to 1350 °C) and
assume that in this temperature range the mechanism of silica
growth according to reaction (5) does not change (at tempera-
tures lower than 1350 °C, a change in the diffusion mechanism in
the passive layer can occur®). The temperature-dependent vari-
ation in the growth rate of silica layer is calculated taking a
value of 250kJ/mol for the activation energy of the oxidation
process.® With this value, the thickness of the passive layer at
1350°C is found to be lower by a factor of 3 than its value at
the reference temperature (1550 °C). For the same temperature
change, the total pressure of SiO and CO species formed from
reaction (2) for C-saturated SiC is reduced by a factor of 8. This
factor would be even higher if, for kinetic reasons, the reac-
tion (2) does not occur at equilibrium at 1350 °C. Therefore, at
1350 °C, the maximum of the Am/S vs time curve is expected to
shift towards longer times, resulting in increasing lifetime. The
effect of temperature predicted by our analysis is confirmed by
the results obtained in [2] showing an increase in the lifetime
of silicided graphite by a factor of 10 (from 20h to 200h) for

a decrease in temperature of 200 °C. With regard to an increase
in temperature above 1550 °C, the present analysis agrees with
the intuitive idea that it will lead to decreasing lifetime. For
instance, for an increase in temperature of 50 °C, the calculated
value of e increases by 1.2 while the total pressure of SiO and
CO species increases by a factor of 2.5, thus increasing consid-
erably the driving force for bubble nucleation and growth. As
seen in Table 3, when the oxidation temperature increases from
1550°C to 1600 °C, the lifetime of SGI-graphite is reduced by
one order of magnitude. This dramatical reduction of lifetime,
observed for a relatively modest increase in temperature, under-
lines the double contribution of bubbles to the degradation of the
silicided zone, consisting of the evacuation of reaction products
from the reactive SiO,/SiC interface and the direct exposure of
graphite particles to oxygen.

5. Conclusions

Silicidation of graphite by RGI leads to the formation of a
composite zone consisting of silicon carbide and graphite with,
on its surface, a continuous SiC layer several tens of microns
thick. The oxidation behaviour of silicided graphite in air at
1550 °C is dictated by two conflicting reactions: the passive oxi-
dation of silica, which predominates at short times and results
in a gain in material mass, and the reduction of the passive
layer by the underlying silicon carbide, which predominates
at longer times and causes mass losses. The lifetime of the
material is strongly reduced by two factors inherent to the sili-
cidation process, namely the unreacted carbon particles present
in the continuous SiC layer, that enhance the reaction between
silica and silicon carbide and cause bubble formation, and the
presence on the material surface of sites of weak resistance to
oxidation (consisting of places where the thickness of the con-
tinuous layer is much smaller than its average value) allowing
the non-infiltrated porous graphite region to be attained rapidly
by the oxidation front. The lifetime of graphite silicided by RGI
was found as high as 74 h under air at 1550 °C but it decreased
by one order of magnitude for a temperature increase of only
50 °C. This result clearly indicates that for this type of silicided
graphite, the upper temperature limit is 1550 °C. According to
the proposed analysis of the degradation process of the silicided
zone in air, and in agreement with the experimental findings,
the temporal stability of this zone and thus the material lifetime,
increase rapidly with decreasing temperature. Graphite silicided
by RLI resists to oxidation in air at 1550 °C quite well; however,
due to a thinner continuous SiC layer, its lifetime is lower, by a
factor of 1.6, compared to RGI-graphite.
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