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bstract

n order to improve the oxidation resistance of graphite at high temperatures, graphite surfaces are modified by two silicidation processes involving
eactive 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
550–1600 ◦C.
During oxidation three successive regimes are evidenced: (i) initial growth of a passive silica layer on the continuous SiC superficial layer

esponsible for the remarkable oxidation resistance at 1550 ◦C; (ii) then, slow mass consumption in the intermediate composite SiC–C region; (iii)
nd 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

xperimental findings in a satisfactory manner, especially the dramatical variation with temperature of silicided graphite lifetime observed in this
emperature range.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

For the preparation of photovoltaic (PV) silicon from the
elt, graphite is widely used as a high temperature material for

tructural parts, thermal insulation, and even crucibles. Interac-
ion of these parts with the reactive atmosphere is a main cause
f graphite degradation limiting the lifetime of this material.
specially severe are the conditions imposed during Si purifica-

ion by the metallurgical route1 including two purification steps
erformed under oxidizing atmospheres at temperatures as high
s 1550–1600 ◦C. Due to its very weak resistance to oxidation,
nprotected graphite can hardly be used as crucible material

n these operations. For instance, unprotected graphite in con-
act with oxidizing atmospheres at temperatures of 800–1000 ◦C

∗ Corresponding author. Tel.: +33 4 79 44 45 95; fax: +33 4 79 62 37 71.
E-mail address: beatrice.drevet@cea.fr (B. Drevet).
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or 1 h exhibits mass losses of 20–50% depending on graphite
icrostructure and temperature.2,3

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

Numerous studies have been devoted to graphite protec-
ion by silicon carbide layers and promising results have been
btained.2,4,5 However, the treatments used in these studies are
omplex, involving formation of several sub-layers (including
VD layers), and it therefore becomes difficult to use them

or PV Si preparation. Of particular interest is the study by
hunhe and Jie,3 where a relatively simple, one-step treatment
as used, consisting of reactive infiltration of molten silicon.

further advantage of such a treatment is that it avoids, at

east in its principle, any additional source of pollution. How-
ver, the maximum temperature investigated by these authors in

dx.doi.org/10.1016/j.jeurceramsoc.2011.05.005
mailto:beatrice.drevet@cea.fr
dx.doi.org/10.1016/j.jeurceramsoc.2011.05.005


2 an Ce

t
r
e
c
c
(

b
o
l
A
g
s
o
o
a
z
F
t
c
e
c
s

2

p
T
g
p

S

t
e
t
a
a
d
c
t
i
�
t
o
p
h
t
F
t
o
r
o
s

1

t

g
c
I
f
a
s
m
1
i

i
S
fl
l
t

2

T
a

2

m
c

s
f
t
w
c
w
i
c
g
w

3

t
i
t
t
g
u
m
t
N
t

168 R. Israel et al. / Journal of the Europe

heir oxidation tests was 1500 ◦C, i.e. lower than the temperature
ange of 1550–1600 ◦C explored in the present study. It must be
mphasized that, as found previously with different types of sili-
on carbide, several SiC degradation processes (reviewed in [6])
ome into play at temperatures higher than but close to 1500 ◦C
see also Section 4).

In the present investigation, reactive silicidation of graphite
y liquid Si (denoted in the following as RLI) is performed
n the basis of a previous study of the mechanisms of capil-
ary interactions between porous graphite and molten silicon.7,8

lternatively, silicidation is also produced for the same type of
raphite by reactive gaseous infiltration (denoted as RGI) of a
ilicon-carrying molecule (SiO).5,9 The resistance to oxidation
f silicided graphite at 1550–1600 ◦C is characterized at the lab-
ratory scale by cyclic oxidation tests. As will be shown later,
t these high temperatures, the microstructure of the silicided
one is of crucial importance for the resistance to oxidation.
or this reason, emphasis is placed on the characterization of

he initial microstructure of the protective surface layer and its
hange during oxidation. Although both optical and scanning
lectron microscopy (SEM) have been used, in most cases opti-
al images were preferred as they provide a better contrast of
ilicided graphite constituents than images obtained by SEM.

. Experimental procedure

The type of graphite was first selected on the basis of the
revious study of liquid Si/graphite interaction mechanisms.7,8

he study showed that the infiltration of liquid Si into porous
raphite is promoted by the reaction of formation of SiC on the
ore walls at the infiltration front:

i(l) + C(s) → SiC(s) (1)

During infiltration, the reaction (1) continues behind the infil-
ration front and leads ultimately to pore closure at the sample
ntrance and to infiltration interruption. The size and microstruc-
ure of the infiltrated zone depends on process parameters (time
nd temperature) and on graphite microstructure, which is char-
cterized by its porosity, pore size distribution and average pore
iameter. In particular, a small pore size is required to ensure full
onversion of the infiltrated silicon into SiC, but if the pores are
oo small this leads to premature pore closure and thus to small
nfiltration depths. The maximum value of SiC volume fraction
SiC that can be reached in the infiltration area is proportional

o pore volume fraction �p (αSiC = 1.786�p
10). Therefore, to

btain a high conversion rate of carbon to silicon carbide, high-
orosity graphite should be used. However, if the porosity is too
igh, this may lead to crack formation and even to graphite frac-
ure due to stresses generated by the reaction during infiltration.7

inally, taking into account the additional requirement to be able
o manufacture large parts at reasonable cost, graphite 2020PT

f Mersen (Gennevilliers, France), with the properties summa-
ized in Table 1, was selected. A further advantage of this type
f graphite is its expansion coefficient value, close to the expan-
ion coefficient of silicon carbide (5.7 × 10−6 K−1 at 1000 ◦C

1
t
i
s
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1), which allows the thermal stresses generated during cooling
o be minimized.

The silicidation by liquid Si infiltration consists of dipping
raphite parallelepipeds of 2 cm × 2 cm × 1 cm into the Si melt
ontained in a crucible of diameter 5 cm made of glassy carbon.
n order to hold the piece while ensuring that it will finally be
ully protected by SiC, it is previously brazed to a graphite rod by
specific process described elsewhere.12 The retained immer-

ion parameters are 2 h at 1500 ◦C. This immersion duration is
uch longer than the time at which infiltration stops (less than

0 min). This is in order to ensure that all the infiltrated silicon
s consumed by reaction (1).

The silicidation by reactive gaseous infiltration consists of
mmersing the graphite part into a powder mixture of SiO2 and
iC and heating at high temperature (close to 1800 ◦C) under a
ow of argon. The reaction between silica and silicon carbide

eads to the formation of gaseous silicon monoxide according
o5,13:

SiO2(s) + SiC(s) → 3SiO(g) + CO(g) (2)

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

C(s) + SiO(g) → SiC(s) + CO(g) (3)

The mechanisms of this reaction were discussed in 14. The
ethod is first applied to 2 cm × 2 cm × 1 cm samples, then to

rucibles of 50 mm diameter.
The oxidation of silicided graphite is studied by placing the

amples in the isothermal zone of a tubular alumina chamber
urnace of 70 mm internal diameter, heating to the test tempera-
ure and then exposing them to a flow of dry air (less than 3 ppm
ater) at a rate of 0.5 l/min for given durations in successive

ycles. Between each cycle, the sample is cooled and weighed
ith a microelectronic balance with an accuracy of 0.5 mg, and

ts surface is examined by optical microscopy. After the final
ycle, several metallographic sections are made to examine the
eneral aspect of the reaction layer and the particular defects
hich may have appeared.

. Results

The microstructure obtained after silicidation by liquid Si is
he result of the reactive infiltration process analyzed in detail
n 7. It consists of two well defined regions (Fig. 1): (i) a con-
inuous SiC surface layer resulting from the reaction between
he graphite surface and the bulk liquid, and (ii) a composite
raphite–SiC region resulting from the reactive infiltration of liq-
id Si. The average thickness of the surface layer is 15 �m with
inimum and maximum values equal to 5 and 25 �m respec-

ively. The depth of the composite zone is close to 700 �m.
either the thickness of the surface layer nor that of the infil-

rated zone can be increased by increasing the holding time at
◦ ◦ 15
500 C (up to 6 h), or the temperature (up to 1600 C). Note

hat, in relation with the duration of the applied treatment, the
nfiltrated zone no longer contains residual silicon, and that the
urface 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 (g cm−3) Porosity (%) Average pore
diameter (�m)

Expansion
coefficient (K−1)

Flexural strength
(MPa)

Compressive
strength (MPa)

1.77 15 2.3 4.5 × 10−6 45 99
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Table 2
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) �m (mg) �m (%)

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

ize of which is of the order of the thickness of the layer. In the
omposite region, graphite remains largely the majority phase;
ndeed, for αp = 0.15, the maximum SiC fraction which can be
eached if all pores of the graphite are filled is αSiC = 0.26.

An example of the microstructures obtained after RGI is
hown in Fig. 2. Here the depth of infiltration is in the mm
ange. SiC appears as the majority phase in the region close
o the graphite surface, and its fraction progressively decreases
ith increasing depth. Note that the maximum SiC fraction αSiC
hich can be reached by carbon conversion through reaction (3)

s now given by αSiC = 8.33αp.16 The factor 8.33 is well above
he proportionality factor 1.786 between αSiC and αp in the case
f the reaction (1). This is due to the fact that the formation of one

ole of SiC by the reaction (3) needs the consumption of two
oles of carbon against only one by the reaction (1). According

o the equation αSiC = 8.33αp, the minimum value of pore frac-

ig. 2. Microstructure of graphite silicided by RGI. The arrows 1 and 2 show
raphite and free silicon particles respectively lying in the continuous SiC layer.
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17 −20 −0.255

ion for obtaining a layer consisting only of SiC is 0.12 which is
lightly lower than the porosity of 2020PT graphite used in the
resent study. Nevertheless, some large dense graphite grains,
hich were present in the initial graphite microstructure, remain
nconverted. Due to the high conversion ratio into SiC in the
pper region, these grains are isolated by the SiC matrix, and
hus not directly connected to the underlying graphite. Due to
he presence of these grains near the surface, the continuous
uperficial SiC layer is of irregular thickness, ranging from 20
o 100 �m. Fig. 2 also shows the presence in this layer of small,

icron-sized, non-reacted graphite particles, as well as several
icron-sized particles, identified by EDXS as free silicon. Si
icro-droplets result from the reaction:

iC(s) + SiO(g) → 2Si(l) + CO(g) (4)

hich accompanies the main reaction (3) during infiltration of
iO(g).

Table 2 gives the mass variation measured between succes-
ive oxidation cycles at 1550 ◦C for a graphite parallelepiped

ilicided by RGI. Fig. 3 presents the cumulated variation of sam-
le mass per unit area as a function of total oxidation time for
his experiment. By this representation, it is possible to compare
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ig. 3. Total mass variation per unit surface area of graphite silicided by RGI
uring successive oxidation cycles at 1550 ◦C for both parallelepipedic samples
noted PP) and crucibles.
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RLI-graphite, at some points it can be as low as 5 �m (Fig. 1)
(similar variations between the average and minimum thick-
nesses are also found for the continuous SiC layer formed on
ig. 4. Silica scale containing bubbles on the surface of graphite silicided by
GI after an oxidation treatment of 74 h at 1550 ◦C.

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

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

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

SiC(s) + 3O2(g) → 2SiO2(s) + 2CO(g) (5)

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

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

Much more rapid mass loss starts when the non-infiltrated
one is locally reached. There, the porous graphite begins to be
onsumed by a 3D reaction process, which is much faster than

he 2D process occurring in the non-porous composite region
bove. This stage was evidenced by experiments performed at
600 ◦C. While after a first oxidation cycle of 5 h at this tem-

F
o
a

ig. 5. Part of graphite silicided by RGI containing holes. The holes correspond
o burnt graphite particles after an oxidation treatment of 74 h at 1550 ◦C.

erature, the mass loss was very small (close to 0.2%), after a
econd cycle of 20 h it attained 10%. Examination of the sample
hows the presence of several wells at the surface which com-
unicate with large cavities in the underlying graphite (Fig. 6).
he lifetime of graphite silicided by RGI or RLI is defined as

he time after which this third stage of rapid mass loss starts.
Further experiments were carried out with graphite silicided

y RLI. After 45 h at 1550 ◦C, a millimeter sized hole appeared
n a face of the sample. Fig. 7 shows a metallographic section of
he sample passing through the hole. It can be seen that the mate-
ial has not been attacked uniformly but starting at two points on
he surface. The attack has first created a well in the infiltrated
one and then attained the non-infiltrated, porous graphite. The
ttack was likely initiated at areas where the thickness of the
ontinuous SiC superficial layer is very small. Indeed, as noted
bove, while the average thickness of this layer is 15 �m for
ig. 6. Metallographic cross-section of a PP sample silicided by RGI after an
xidation treatment of 20 h at 1600 ◦C showing a region lying below a well
ppearing on the sample surface (see text).
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ig. 7. Metallographic cross-section of a PP sample silicided by RLI after an
xidation treatment of 45 h at 1550 ◦C showing a region of localized attack.

GI-graphite, see above). A second experiment performed at the
ame temperature (1550 ◦C), time (45 h) and number of cycles
4), confirmed the result of the first experiment, namely sam-
le attack down to depths of several hundred microns, with the
xidation front arriving quite close to the non-infiltrated region

Fig. 8a). Therefore, the lifetime of this sample was very close
o 45 h. Fig. 8b and c shows the surface of the sample at points
and 2. At point 2, the SiC layer is still present on the outer sur-

o
a
t

ig. 8. Metallographic cross-section of a PP sample silicided by RLI after an oxidatio
iew. (b, c) Magnifications of regions 1 and 2 respectively.
ramic Society 31 (2011) 2167–2174 2171

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

From the above results, it can be concluded that oxidation at
550 ◦C in air of graphite silicided by RGI or RLI takes place
n three different stages: initial growth of a passive silica layer
ormed on the continuous SiC superficial layer leading to an
ncrease in sample mass, followed by a slow mass loss cor-
esponding to oxidation of the intermediate composite SiC–C
egion and finally, rapid mass loss due to active oxidation of the
nderlying non-infiltrated porous graphite.

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

. Discussion

The results of oxidation tests show an initial increase in sam-
le mass at 1550 ◦C (Fig. 3). Similar increases were observed at

◦ ◦ 17
btained by Chunhe and Jie3 with RLI graphite, who found that
fter 2 h in air at 1500 ◦C, the mass loss was 1%, which is nearly
he same as the mass loss observed for the same time at a much

n treatment of 45 h at 1550 ◦C showing a region of localized attack. (a) Overall
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Table 3
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
temperature (◦C)

Number of cycles Lifetime (h)

PP RLI 1550 4 31–45
PP RLI 1550 4 45
PP RGI 1550 5 74
PP RGI 1600 2 5
Crucible RGI 1550 3 >55
C 0

P e liqu

l
t
t
t
t
d
l

p
(
1
i
t
(
T
t
o
t
5
t
t
p
a

c
t
v

S

S

1
v
t

w
d
t
b
o

m
s
δ

E
s
n
t
t

a
s
a
t
l
g
t

C

p
v
s
d

P

i
f
t
p

(
i
0
f
a

S
w
a

rucible RGI 155

P: parallelepiped of 2 cm × 2 cm × 1 cm; crucible: diameter 5 cm; RLI: reactiv

ower temperature (1000 ◦C). However in the experiments of
hese authors, mass loss was observed from the beginning of
he oxidation test, i.e. the increasing branch of the �m/S vs
ime curve of Fig. 3 is missing. This result strongly suggests
he presence, in the superficial SiC layer of their samples, of
efects allowing direct contact between oxygen and the under-
ying graphite particles.

As noted in the previous section, the initial increase in sam-
le mass is due to the growth of a passive silica layer (reaction
5)). It is generally accepted6 that at temperatures higher than
350 ◦C, silica growth is limited by the diffusion of oxygen ions
n the passive layer towards the SiO2/SiC interface. Moreover,
he parabolic constant kp relating the layer thickness e to time t
e2 = kpt) is nearly independent of the oxygen partial pressure.
he value of kp that can be deduced from data of Fig. 3 for
≤ 25 h is 2 × 10−15 m2/s. This is within the literature values
btained for various types of SiC (sintered, CVD, monocrys-
alline) at temperatures higher than 1350 ◦C, lying between
× 10−17 m2/s and 10−14 m2/s.6 Note that our value is close

o the upper limit of values given in the literature. It is possible
hat the growth rate of silica on RGI samples is enhanced by the
resence of silicon micro-droplets (note that silicon oxidation
lso leads to the formation of silica, just like oxidation of SiC).

The maximum observed on the �m(t)/S curve (Fig. 3) indi-
ates the occurrence of one or more processes acting to decrease
he sample mass. Such a mass loss can be produced by silica
olatilization6,18 resulting from the reactions:

iO2(s) → SiO2(g) (6a)

iO2(s) → SiO(g) + 1

2
O2(g) (6b)

Using thermodynamic data of,19 it can readily be seen that at
550 ◦C and in air the predominant species in the gas is silica
apour with a partial pressure PSiO2 = 1.5 × 10−8 atm. Then,
he erosion rate of silica can be calculated using the expression:

de

dt
= −VmDSiO2PSiO2

RTδ
(7)

here Vm is the molar volume of silica (27.27 cm3), DSiO2 is the
2 −1 13
iffusion coefficient of gaseous silica in air (≈3 cm s ), T is

he temperature in Kelvin and δ is the thickness of the diffusion
oundary layer in the gas. The value of δ, depending mainly
n sample geometry and on gas flow rate, was estimated by the

S

a

2 >40

id infiltration; RGI: reactive gaseous infiltration.

ethod described in 20 and found to lie between 4.3 mm for a
pherical sample and 55 mm for a plate. Using these values of
, the thickness of silica evaporated in 100 h, calculated with
q. (7), takes negligible values lying between 2 and 30 nm. As
hown in 21–23, silica evaporation becomes an effective mecha-
ism accounting for significant mass losses at temperatures close
o 1550 ◦C only in low PO2 environments. In air, much higher
emperatures, more than 1800 ◦C, are needed.

Another process that can explain the mass losses observed
t times greater than 30 h (Fig. 3) is the reduction of the silica
cale by the underlying SiC occurring at the SiO2/SiC interface
ccording to reaction (2). In view of the presence of graphite par-
icles in the SiC continuous layer, it is assumed that the SiC in this
ayer is saturated in carbon, i.e. that SiC is in equilibrium with
raphite. This condition is taken into account by considering
hat reaction (2) is accompanied by the reaction (8a):

(s) + SiO2(s) → SiO(g) + CO(g) (8a)

For a system including the gas phase and three condensed
hases (silicon carbide, graphite and silica) the thermodynamic
ariance is equal to unity. Therefore, the equilibrium partial pres-
ures of SiO and CO species depend only on temperature. Using
ata of19 it was found that the condition

SiO + PCO = 1 atm (9)

s satisfied at 1525 ◦C. Therefore, for our experiments, per-
ormed under a total pressure of 1 atm, 1525 ◦C is the minimum
emperature for bubble formation. This calculation result is com-
atible 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-
ng PSiO = 3PCO), nor the reaction (8a) alone (total pressure of
.20 atm calculated taking PSiO = PCO) can account for bubble
ormation. Only the reaction (2) with carbon-saturated SiC is
ble to do this.

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

ccompanied by (8a) but, alternatively, by reaction (8b):
i(l) + SiO2(s) → 2SiO(g) (8b)

However, the temperature at which the sum of calculated SiO
nd CO pressures becomes equal to 1 atm is 1840 ◦C, which
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s much higher than the experimental temperature of 1550 ◦C.
hus, only the reaction (2) accompanied by the reaction (8a)
an account for the experimental observations. Bubbles have
lso been observed in previous studies of oxidation of CVD SiC
oatings22,24 and explained by assuming that the SiC in CVD
oatings is saturated in carbon.24

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

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

The mechanism proposed for the degradation of silicided
raphite in air at 1550 ◦C will now be used to predict the effect
f temperature on oxidation resistance. To this end, consider a
emperature decrease of 200 ◦C (from 1550 ◦C to 1350 ◦C) and
ssume that in this temperature range the mechanism of silica
rowth according to reaction (5) does not change (at tempera-
ures lower than 1350 ◦C, a change in the diffusion mechanism in
he passive layer can occur6). The temperature-dependent vari-
tion in the growth rate of silica layer is calculated taking a
alue of 250 kJ/mol for the activation energy of the oxidation
rocess.6 With this value, the thickness of the passive layer at
350 ◦C is found to be lower by a factor of 3 than its value at
he reference temperature (1550 ◦C). For the same temperature
hange, the total pressure of SiO and CO species formed from
eaction (2) for C-saturated SiC is reduced by a factor of 8. This
actor would be even higher if, for kinetic reasons, the reac-
ion (2) does not occur at equilibrium at 1350 ◦C. Therefore, at
350 ◦C, the maximum of the �m/S vs time curve is expected to

hift towards longer times, resulting in increasing lifetime. The
ffect of temperature predicted by our analysis is confirmed by
he results obtained in [2] showing an increase in the lifetime
f silicided graphite by a factor of 10 (from 20 h to 200 h) for
ramic Society 31 (2011) 2167–2174 2173

decrease in temperature of 200 ◦C. With regard to an increase
n temperature above 1550 ◦C, the present analysis agrees with
he intuitive idea that it will lead to decreasing lifetime. For
nstance, for an increase in temperature of 50 ◦C, the calculated
alue of e increases by 1.2 while the total pressure of SiO and
O species increases by a factor of 2.5, thus increasing consid-
rably the driving force for bubble nucleation and growth. As
een in Table 3, when the oxidation temperature increases from
550 ◦C to 1600 ◦C, the lifetime of SGI-graphite is reduced by
ne order of magnitude. This dramatical reduction of lifetime,
bserved for a relatively modest increase in temperature, under-
ines the double contribution of bubbles to the degradation of the
ilicided zone, consisting of the evacuation of reaction products
rom the reactive SiO2/SiC interface and the direct exposure of
raphite particles to oxygen.

. Conclusions

Silicidation of graphite by RGI leads to the formation of a
omposite zone consisting of silicon carbide and graphite with,
n its surface, a continuous SiC layer several tens of microns
hick. The oxidation behaviour of silicided graphite in air at
550 ◦C is dictated by two conflicting reactions: the passive oxi-
ation of silica, which predominates at short times and results
n a gain in material mass, and the reduction of the passive
ayer by the underlying silicon carbide, which predominates
t longer times and causes mass losses. The lifetime of the
aterial is strongly reduced by two factors inherent to the sili-

idation process, namely the unreacted carbon particles present
n the continuous SiC layer, that enhance the reaction between
ilica and silicon carbide and cause bubble formation, and the
resence on the material surface of sites of weak resistance to
xidation (consisting of places where the thickness of the con-
inuous layer is much smaller than its average value) allowing
he non-infiltrated porous graphite region to be attained rapidly
y the oxidation front. The lifetime of graphite silicided by RGI
as found as high as 74 h under air at 1550 ◦C but it decreased
y one order of magnitude for a temperature increase of only
0 ◦C. This result clearly indicates that for this type of silicided
raphite, the upper temperature limit is 1550 ◦C. According to
he proposed analysis of the degradation process of the silicided
one in air, and in agreement with the experimental findings,
he temporal stability of this zone and thus the material lifetime,
ncrease rapidly with decreasing temperature. Graphite silicided
y RLI resists to oxidation in air at 1550 ◦C quite well; however,
ue to a thinner continuous SiC layer, its lifetime is lower, by a
actor of 1.6, compared to RGI-graphite.
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