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Abstract

The reaction of liquid silicon with glassy carbon and polycrystalline graphite was investigated according to two siliconizing
processes. In the first process, the reactants are progressively heated from room temperature up to 1600 °C. In the second one, the
liquid silicon is poured onto the carbon sample once the reactants have reached the required temperature, in order to consider short
reaction times. Thus, an original equipment consisting of a graphite reactor, has been specially designed for this purpose. The
nature and the growth rate of the resulting silicon carbide has been studied using scanning electron microscopy. The results showed
the formation of a thin continuous layer of SiC crystallites at the liquid silicon/carbon interface. The thickness of the layer shortly
becomes independent of reaction time (about 10 um on glassy carbon and 15 um on polycrystalline graphite after 30 min reaction
time) while some isolated SiC particles appear in the solidified silicon phase, as well as a regular and unusual time dependent SiC
layer at the silicon melt/atmosphere interface.
© 2002 Elsevier Science Ltd and Techna S.r.I. All rights reserved.
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1. Introduction

During space shuttle re-entry into an oxidative atmos-
phere, the nose cone can reach surface temperatures up
to 1800 °C. Similarly, when an aircraft lands, the brakes
can reach temperatures of up to 1000 °C. So, the mat-
erials involved demand a good wear resistance and high
friction coefficients [1].

Silicon carbide, therefore, has become an up and
coming high temperature material since there has been
an increasing demand for high performance ceramics
and composite materials.

Specifically, there has been a great deal of interest in
reaction bonded silicon carbide coating on carbon
materials [2-4]. This processing method has the advan-
tages of combining thermal shock resistance, strength
and fracture toughness of carbon/carbon materials, with
low abrasive and oxidative wear, and a simple and short
production route.
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Reaction bonded silicon carbide coating on carbon
materials can be obtained by melt infiltration of silicon
into porous carbon/carbon preforms [3,5,6]. This pro-
cess implies to control high temperatures because of the
high melting point of silicon (1410 °C). Hence, there are
only a few published data on the physical and chemical
properties of liquid silicon [7-11], and the reaction of
carbon with liquid silicon has essentially been studied in
an empirical way, leaving some disagreement between
the authors in the interpretation of the observed phe-
nomena [2,12-16]. Mainly, two mechanisms are
proposed.

Mechanism I: the limiting step is the diffusion of car-
bon and silicon through SiC.

Fitzer [2] and Li [8] suggest a two stage mechanism.
First, the heterogeneous nucleation and growth of
SiC leads to the formation of a continuous poly-
crystalline SiC layer. Further growth of this layer is
attributed to the diffusion of the reactive species
through the silicon carbide coating. According to Li
[8], the dissolution of carbon in liquid silicon takes
place instantaneously, leading to the formation of
Si—C clusters that can be preferentially adsorbed at
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the liquid/solid interface. After saturation of this
adsorption layer by the Si—C clusters, a two-dimen-
sional continuous SiC film forms through an het-
erogeneous nucleation and crystal growth process.
The formation of this initial continuous SiC layer is
very fast, and the subsequent growth is controlled by
diffusion of C and/or Si through the SiC layer.
Studies of diffusion of carbon and silicon in poly-
crystalline B-SiC have been carried out by Hon
[17,18] and suggest that lattice self-diffusion coeffi-
cient for carbon is 50-100 times higher than for sili-
con. It is likely that the SiC layer growth proceeds
by migration of carbon through SiC and consequent
reaction at the SiC/Si interface. Several mathema-
tical models are presented to describe the kinetics of
the reaction [2,3,13]. Fitzer gives an equation for
parabolic SiC layer growth depending on the diffu-
sion coefficients of C and Si through SiC. Zhou
found a four-power rate law and developed a model
assuming the diffusion of carbon-ion vacancy
through the SiC layer under an electric field as the
rate-limiting step.

Mechanism 2: solution—precipitation process.
Pampuch and Ness suggest a solution—precipitation
mechanism, in which carbon is dissolved into liquid
silicon, and SiC subsequently precipitates from a
supersaturated solution of carbon in silicon. Accord-
ing to Scace [10], the dissolution of carbon in liquid
silicon is exothermic and the enthalpy of solution is
—247 KJ/mol. Then the crystallization of -SiC from
supersaturated solutions of carbon in silicon should
be an exothermic process, as the heat of reaction
between carbon and liquid silicon is —115 KJ/mol
[15]. The exothermic dissolution of carbon in liquid
silicon causes a local temperature rise at the dissolu-
tion sites, which increases the solubility of the carbon
causing further dissolution. The temperature gradient
produced within the silicon causes a rapid diffusion of
the carbon into the melt. The carbon diffuses to
locally cooler sites where it precipitates as silicon
carbide. According to Ness [14] the carbon may dif-
fuse in the liquid silicon as C—Si pairs or even as CSiy
units.

The purpose of this work is to describe the reaction
mechanisms and parameters between different carbon
materials and liquid silicon between 1450 and 1600 °C.
Two different carbon materials have been selected for
this study since they are generally used as references for
their specific structural properties. First, glassy carbon
has been chosen because it is isotropic, has a low density
and only possesses a closed microporosity, so it is not
infiltrated by liquids. Secondly, polycrystalline graphite
has been selected because, unlike vitreous carbon, it
undergoes liquid infiltration due to its micronic
anisotropic structure and its important open porosity.

The first steps of the reaction kinetics of liquid silicon
with glassy carbon and polycrystalline graphite were
investigated according to two siliconizing processes :

1. In a conventional way, siliconizing was per-
formed by placing into contact the carbon and
the silicon at room temperature and heating the
reactants up to 1600 °C. A siliconizing experi-
ment carried on a glassy carbon sample held for
1 min at 1600 °C shows that a continuous silicon
carbide layer has formed, and its thickness
already attains several micrometers. This SiC
layer has grown between the silicon melting
point and 1600 °C, thus the actual reaction time
was in fact about 1 h. Hence, the reaction of
carbon with liquid silicon begins immediately
after melting the silicon at 1410 °C, and infiltra-
tion of porous carbon preforms occurs within
only a few seconds.

2. To avoid SiC formation during heating up to the
determined temperature of treatment, another
siliconizing process has been investigated and
performed. For that purpose, an original gra-
phite reactor was built, which allowed the silicon
and the carbon samples to be heated to 1600 °C
without coming into contact. Once the tempera-
ture became constant, the liquid silicon was
poured onto the substrate. This system allowed
us to investigate the siliconizing at a given tem-
perature during very short times.

2. Experimental

The glassy carbon (CV 25) plates, treated at 2500 °C,
with a density of 1.4 and a thickness of 2.5 mm were
supplied by Carbone Lorraine. Square pieces
(10x10x2.5 mm) were cut into these plates.

The polycrystalline graphite ATJ supplied by Union
Carbide was used in the form of cylindrical crucibles.
The outer diameter of the crucibles is 19 mm, the height
is 21 mm, and the walls thickness is 2 mm. The graphite
contains less than 5 ppm of impurities. Graphite sam-
ples with two different pore sizes were siliconized.

Silicon powders (purity 98%) with two different par-
ticle size ranges (@ > 100 pm and 50<@ <250 pm)
were supplied by Eckart-Poudmet.

Two groups of siliconizing experiments were carried on.

The first group refers to the experiments conducted in
a standard alumina tube, part of a furnace provided
with LaCrOj resistors. The silicon powder was put on
the vitreous carbon plate or in the graphite crucible,
introduced in an alumina cup, at room temperature,
and loaded into the alumina tube, which was evacuated
under a vacuum of 102 mbar. The sample was then
heated to 1500 or 1600 °C at a heating rate of 5 °C/min
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and held for a given time period (5 min to 3 h) under an
argon flow of a total pressure of 1 atm. This process is
called “progressive siliconizing” (A).

The second group refers to the experiments con-
ducted in the original graphite reactor presented in
Fig. 1 and is named ‘‘direct siliconizing” (B). A funnel
is placed over a crucible containing the carbon sub-
strate. The silicon powder is set in an alumina crucible,
which is kept in a vertical position. All the graphite
parts constituting the reactor, except the alumina cruci-
bles containing the silicon and the vitreous carbon, were
realised in our laboratory. The total height of the gra-
phite reactor is 150 mm. It needs to be placed precisely
in the alumina tube of the furnace. The reactor is heated
to 1000 °C at a constant heating rate of 7 °C/min under
a vacuum of 10~2 mbar to remove air and degas the
sample, and from 1000 °C to 1600 °C at a rate of 5 °C/
min under an atmosphere of argon. The furnace tem-
perature is kept constant at 1600 °C for 30 min to
obtain a homogeneous silicon melt. The crucible con-
taining the liquid silicon is then rotated, allowing the
liquid silicon to flow out onto the carbon substrate. The
temperature is kept constant for different reaction times
(1 to 150 min) and then quenched to 1200 °C, followed
by a linear cooling rate of 5 °C/min down to room
temperature. The temperature was measured with a Pt/
Pt+10% Rh thermocouple located under the graphite
reactor.

After reaction, the samples were cut into two pieces
and one-half was polished with SiC abrasive discs to be
observed by scanning electron microscopy (SEM; Phil-
lips XL 30). The reaction product is characterized by

1600 °C

Silicon

AlLO;
crucible

Carbon
substrate

Fig. 1. Original graphite reactor for “direct siliconizing” (B).

SEM and the average thickness of the SiC layer was
directly measured using the SEM micrographs. Between
three and five micrographs were taken of each cross-
section and an average of 25 values for the SiC layer
thickness per micrograph.

In order to remove residual silicon and to reveal the
reaction product, some of these samples were etched
with a mixture of nitric acid (100%) and hydrofluoric
acid (40%).

The phase analysis of the reaction products was car-
ried out by X-ray diffraction (Inel XRG 3000) using
CuK, radiation.

3. Results and discussion
3.1. Reaction between liquid silicon and glassy carbon

The SEM micrographs (Fig. 2) show no penetration
of liquid silicon into glassy carbon, but the formation of
a continuous SiC layer at the silicon/carbon interface
after 90 min at 1600 °C (A). This layer forms a barrier
separating the carbon from the residual silicon.

From the numerous experiments involving the glassy
carbon/liquid silicon system, four main phenomena
have been observed:

1. the fast formation of a continuous SiC layer with
variable thickness,

2. the layer growth seems to break after about 30
min reaction time. After 24 h of reaction at
1600 °C (Fig. 3), the SiC layer thickness is the
same as after 30 min of reaction.

3. the appearance of SiC outgrowths near the solid/
liquid interface, and in some cases, isolated SiC
particles dispersed in the silicon phase (Fig. 4).

4. the formation of a thick SiC layer at the liquid
silicon/argon interface, growing steadily with
reaction time (Fig. 3).

N Spot Magn Det WD bxp 1 wopm
kv 5.1 400x BSE 11.1 0 AF161-1

Fig. 2. Glassy carbon siliconized up to 1600 °C with a hold of 90 min
(A), x400.
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Fig. 3. SiC reaction-product at the C/Si and Si/Ar interfaces after a
hold of 24 h at 1600 °C (A), x100.
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Fig. 4. SiC outgrowths and isolated particles in the Si phase after 7
min of siliconizing at 1600 °C (B), x500.

3.2. Progressive siliconizing

The reaction rate of the silicon/glassy carbon “pro-
gressive”’ reaction is plotted in Fig. 5 as the average
thickness of the continuous SiC layer versus time at
1500 °C [Fig. 5(a)] and 1600 °C [Fig. 5(b)]. It shows that
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most of the SiC was formed during very short reaction
times, up to 30 min. The thickness of the SiC layer
remains nearly constant, about 10 pm, with longer
reaction times. These results are almost similar at 1500
and 1600 °C, and are in agreement with those of other
authors [13,19] as Deike who reports a SiC thickness
layer of about 8 um on glassy carbon after 48 h at
1500 °C. Two samples were held at 1600 °C up to 12
and 24 h, the average SiC thickness is 12 and 7 pum,
respectively, and moreover it can be seen a great
amount of isolated SiC particles scattered in the solidi-
fied silicon phase (Fig. 3). This means that the SiC
thickness does not increase anymore with reaction time,
and can even decrease due to its fragmentation. An
explanation of the mechanism will be given later.

The SEM pictures (Figs. 6 and 7) represent, respec-
tively, the glassy carbon siliconized surface and the
glassy carbon polished cross-section after an HF/HNO;3
etching to remove residual silicon [20,21]. In the case of
the cross-section sample, the silicon is only partly
removed in the depth, on the sample surface. Fig. 6
reveals a uniform coating consisting of adjacent but
randomly oriented crystallites identified by X-ray dif-
fraction as the cubic B-silicon carbide phase. The ana-
lysis by X-ray diffraction only reveals the presence of
the cubic SiC phase. The continuous SiC layer seems to
be a rough monolayer of SiC crystals casually arranged
onto the carbon surface. After 12 and 24 h reaction
time, some faceted, hexagonal, shaped SiC crystals
appear at the liquid/solid interface, adjacent to the SiC
layer (Fig. 7).

On the other side, a silicon carbide layer appears at
the liquid silicon/argon interface and its thickness can
reach 150 pm after 24 hours of reaction time (Fig. 3).
Both SiC layers formed at the carbon/silicon and the
silicon/argon interfaces exhibit the same crystalline
structure. The SiC layer formed at the silicon/argon
interface, whose thickness increases with reaction time,
is composed of larger crystallites than previously, up to
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Fig. 5. Thickness of the SiC layer as a function of the reaction time (a) at 1500 °C for “progressive” and (b) at 1600 °C for “progressive’” and

“direct” siliconizing of glassy carbon.
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Fig. 6. Glassy carbon surface after a hold of 1 h siliconizing at 1600 °C
(A) and subsequent acid etching, x300.

, SiC layer .

Fig. 7. Glassy carbon cross-section after siliconizing with a hold of
12 h at 1600 °C (A) and subsequent acid etching, x500.

Fig. 8. SiC reaction-product at the C/Si and Si/Ar interfaces after
siliconizing with a hold of 24 h at 1600 °C (A) and subsequent acid
etching, x300.

50 pm in diameter after a hold of 24 h at 1600 °C
(Fig. 8).

3.3. Direct siliconizing

The thickness of the SiC layer resulting from direct
siliconizing is represented in Fig. 5(b) as a function of

the reaction time for the silicon/glassy carbon system at
1600 °C. The growth rate of the SiC layer is very high at
the very first stage of the reaction. A thickness of 4 um
is reached within /Jess than 5 min of contact between the
reactants, and the average layer thickness is about 10
um after 1 h. In that case, the actual time of reaction
between liquid silicon and carbon can be less than five
min, whereas for the corresponding time of reaction (5
min) in the case of progressive siliconizing the effective
reaction time is 1 h between 1410 and 1600 °C.

So, it can be concluded that the silicon carbide for-
mation proceeds mainly within the first min of contact,
the primary SiC layer separates the liquid silicon from
the carbon and therefore, prevents further reaction. The
subsequent growth of the silicon carbide layer then
should be controlled by the diffusion of either carbon or
silicon through the SiC layer. Many authors describe
the siliconizing process as a heterogeneous solid/liquid
reaction followed by a mechanism of diffusion of the
reactants [2,12,13] through the SiC layer. Different
kinetic models were developed to explain the observed
SiC growing rate [2,3,13]. The first step is a period of
rapid growth corresponding to a mechanism of hetero-
geneous nucleation and subsequent growth on the car-
bon surface. This is reflected by the initial linear region
of the curve displaying the time dependence of the SiC
formation. Once the continuous polycrystalline SiC
layer has been built, the following growth is ensured by
the diffusion of carbon and/or silicon species through
SiC, thereby considerably reducing the reaction rate,
due to the small diffusion coefficient values of C and Si
through SiC [17,18]. This standard model is usually
adopted to explain the collapsing reaction rate after
passivation of the reactive surface. But, this explanation
does not take into account the presence of the isolated
SiC particles in the silicon phase in our case. If such a
rate-limiting step is considered for the SiC growth, the
appearance of the SiC grains must be dealt with another
mechanism and/or may involve another carbon source.
The polishing procedure must be considered as a way to
introduce some particles on the sample surface. How-
ever, the SiC particles are strongly integrated into the
silicon phase. Besides, the acid etching shows evidence
of the presence of isolated SiC particles deeply incor-
porated in the solidified silicon. To explain the pre-
sence of these SiC particles, we can consider a high
reaction rate even after the formation of the primary
SiC layer. After the nucleation and growth of SiC
crystallites on the carbon surface, the substrate is pro-
tected against the liquid silicon corrosion. At the grain
boundaries the growth of the SiC crystallites generates
high compression forces, leading to the break of the SiC
layer into SiC particles scattered in the liquid silicon.
The SiC formation goes through a succession of grow-
ing SiC periods followed by local breaks of the SiC
layer.
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3.4. Reaction between liquid silicon and polycrystalline
graphite

The SEM pictures (Fig. 9) show that liquid silicon
sweeps into the pores of the graphite and that the
transformation of silicon into silicon carbide occurs on
the pores walls. The siliconizing process involves two
steps, the infiltration of the liquid silicon into the pre-
form, and the reaction of liquid silicon with graphite to
form silicon carbide. These phenomena occur immedi-
ately after the melting of silicon.

The porous graphite is characterised by an important
open macroporosity, with pore size up to 300 um. As a
consequence, the whole amount of liquid silicon pene-
trates into the porous channels, and fills the pores
(Fig. 10, the bottom and right part correspond to the
cross-section of the crucible and top left hand to the
inside bottom of the crucible). Similarly, due to the
smaller average pore size of some less porous graphite
samples, the flow of liquid silicon through the narrow
capillary channels leads to the formation of silicon car-
bide on the capillary walls, causing choking off and
stopping the flow. The resulting infiltration depth is
widely lower than in the usual porous graphite cruci-
bles, as shown in Fig. 11. The cavity inside is still filled
with solidified silicon, and a continuous silicon carbide
coating has appeared at the C/Si interface, filling the
channels.

The SiC layer thickness variation as a function of the
reaction time is presented in Fig. 12 for the less porous
graphite samples progressively and directly siliconized
at 1600 °C. The general evolution trend of the curves is
similar to those of the silicon/glassy carbon system. The
average SiC layer thickness is slightly higher (~12 um),
and the coating is much more irregular than previously.
The diagram representing the extent of reaction versus
time for the direct siliconizing process of graphite con-
firms a high reaction rate during the first min of the
reaction.

P 100mm

Det WD Lxp
BS| 160 AF178-7

Fig. 9. Si infiltration and SiC reaction product at the pore walls of
porous graphite after siliconizing at 1600 °C with a hold of 1 h (A),
%x200.

The SiC layer formed at the C/Si interface appears
highly irregular due to the high porosity and anisotropy
of the graphite material compared to the smooth glassy
carbon surface (Fig. 13). As the infiltration of liquid
silicon and the siliconizing reaction occurs simulta-
neously, the resulting silicon carbide layer is formed of
oriented crystals in relation with the graphite particles,
and consequently, with little cohesion and adherence on
the substrate. The chemical transformation of carbon
into silicon carbide induces an important volume
increase of the solids and the formation of cracks and
flaws in the SiC coating [22]. These new channels pro-
vide a supplementary pathway for the liquid silicon
flow, while shrinkage of the capillary channels may also
provoke local choke off. These corrosion waves can lead
to a cleavage of the graphite substrate, which is empha-
sised by the foliated structure of the graphite (Fig. 14).
This is confirmed by the presence in the solidified silicon
phase, of an alignment of large isolated SiC crystals in
the vicinity of the SiC layer (Fig. 13), probably related
to the local breakdown of the SiC layer.

Several hypotheses may contribute to clarify the pre-
sence of the independent SiC crystallites in the silicon
phase. One of them is the possible dissolution and pre-

Fig. 10. Porous graphite crucible cross-section after 7 min siliconizing
at 1600 °C (B), x20.

| s— T

Fig. 11. Non porous graphite crucible cross-section after 15 min
siliconizing at 1600 °C (B), x20.
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J‘U‘ ey Wn - ¥

o o ] Sid.‘ _.‘:’i"f S

Fig. 13. Morphology of the reaction-formed SiC after siliconizing of
graphite with a hold of 90 min at 1600 °C (A), x300.
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Fig. 14. Morphology of the reaction-formed SiC after siliconizing of
graphite with a hold of 90 min at 1600 °C (A), x200.

cipitation of the SiC layer formed at the Si/SiC inter-
face. Although the Si/SiC system is supposed to be che-
mically inert, the wetting angle of liquid silicon on
silicon carbide is rather low, about 30-45° at 1430
1450 °C [23] and some authors report the dissolution of
SiC in liquid silicon [2,22,23]. The extended contact of

the reactive liquid makes the SiC layer brittle, allowing
the silicon to infiltrate between the SiC crystals. But,
this assumption does not explain why almost no isolated
SiC particles can be observed in the graphite pores filled
with solidified silicon as seen in Fig. 9 which presents
the cross-section of a siliconized porous graphite cruci-
ble. The coating formed on the walls of the pores is
similar in appearance to the SiC layer at the carbon/
silicon interface in the crucible, but no separated SiC
particles can be observed. Thus, the chemical corrosion
of the SiC coating does not alone explain the appear-
ance of the isolated SiC crystallites. One can consider
the building of a SiC layer with a large volume increase
on a “flat” surface or on a closed cylindrical surface. In
the first case, internal stresses due to the chemical reac-
tion induce cracks and fragmentation of the layer, while
in the second case, these concentric stresses are absor-
bed in the bulk of the material and locally provoke high
pressures which limit further reaction.

3.5. External SiC layer

Concerning the SiC layer at the liquid silicon/atmos-
phere interface, a few authors relate the formation of
such a layer based on the precipitation of SiC from a
carbon supersaturated liquid silicon solution [24], or
when using an argon/CO gas mixture to constitute an
equilibrium between Si and SiC [25]. During the syn-
thesis of polycrystalline silicon thin films on graphite
substrates by a zone melting recrystallization process at
1410 °C, Hauttmann [24] observes either a dis-
continuous or a continuous B-SiC crystals layer at the
silicon/atmosphere (pressure of 107°-10~° mbar) inter-
face. The SiC particles size varies from 15 to 300 nm.
The authors attribute the formation of this SiC layer at
the interface to a heterogeneous nucleation process
when the concentration of carbon in the silicon melt
reached saturation, the carbon dissolved in the melt
originating from the graphite substrate. Other authors
[25] use an argon/CO gas mixture to form a SiC film at
the silicon melt surface, the crucible containing the sili-
con being in silicon carbide. In that case, the carbon
originates from the gaseous medium:

2 Si(L) + CO(G) P SiC(s) + SiO(G) (1)

In our case, the carbon forming the silicon carbide at
the silicon/argon interface originates from the carbon
substrate or from the graphite reactor through a gas-
eous chemical reaction. In order to determine the car-
bon source, a few complementary experiments have
been performed at 1600 °C:

1. The alumina crucible containing the silicon is
placed in a graphite crucible, without any carbon
sample.
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2. The alumina crucible containing the silicon is
placed in the graphite reactor described in Fig. 1,
without any carbon sample.

3. The silicon powder is placed in an alumina cru-
cible, without any carbon in the furnace.

4. The silicon powder is placed in a graphite
crucible.

The cross-section of the samples is observed by SEM.

A silicon carbide layer is observed at the silicon/argon
interface for samples 1 and 2. The thickness is 40 and 50
um after a hold of 60 and 30 min at 1600 °C respec-
tively, which suggests that it depends on the accessible
graphite surface. No SiC layer has been observed at the
silicon/argon interface for samples 3 and 4. In the case
of the experiments 1, 2 and 3, there is no contact between
the liquid silicon and the solid carbon, but for samples 1
and 2 graphite surfaces are present in the vicinity of the
liquid silicon. Yet the alumina crucible is directly in con-
tact with carbon, the reduction of alumina by carbon can
be excluded from the reaction scheme.

Thus, these results indicate that the surrounding gra-
phite contributes to the formation of the silicon carbide
layer at the silicon/argon interface. This implies the
formation of gaseous species such as CO and CO, to
transport the carbon. Three sources of oxygen can be
considered as the incomplete initial purging of the fur-
nace tube can be excluded:

1. the small porosity of the alumina tube can cause
oxygen from the atmosphere to enter in the
reactor.

2. the oxygen present as an impurity in argon.

3. a chemical reaction involving the alumina from
the reactor tube and the crucible containing the
silicon.

For both progressive and direct siliconizing, the fur-
nace tube is evacuated under a vacuum of 10~2 mbar
prior to the argon flow. The oxygen content is less than
5 ppm, but can initiate a chain reaction involving the
carbon oxides. Paccaud [26] has observed the oxidation
of a silicon carbide coating due to the oxygen impurity
content of argon.

Alumina (melting point=2040 °C) is relatively inert,
but can react with silicon at 1800 °C under vacuum [27]:

A1203(S) +2 Si(]_) — Ale(G) + ZSiO(G) (2)

through a three-stages reaction:

1. dissolution of alumina in liquid silicon;

2. diffusion of Al and O towards the silicon/argon
interface; and

3. formation and evaporation of the gaseous Al,O
and SiO species.

Turovskii [11] mentions that 0.3-0.4 wt.% of alumi-
nium was dissolved when liquid silicon was maintained
in an alumina crucible at 1440 °C for 2 h.

According to the chemical species present in the reac-
tor at 1600 °C, the following equilibriums should be
considered:

2 Si) 4+ COG) == SiCs) + SiO(G,) 3)
Si() +2COG) == SiCs) + 2COG) (4)
2Si1, + COG) == Cs) + SiO( ()
2Si1, + COxg) == Cs) + 2Si0G) (6)
SiCs) + COxG) == 2Cs) + SiO() 0
SiCs) + COxG) == Cis) + SiOG) + CO) ®)

At 1600 °C, the formation of COy, is insignificant
compared to the formation of CO(. Therefore, the
equilibriums (4), (6) and (8) are not taken into account.

The gaseous specie Si() should also be considered as
the silicon vapour pressure at 1600 °C is not negligible
[28]. A silicon carbide film is formed on the walls of the
graphite reactor, which indicates the presence of silicon
gaseous compounds (Si¢g), SiO(g)).

If the SiC layer at the silicon/argon interface is
formed via the carbon of gaseous CO, then a diffusion
process of the species COg), Sir), Siig) or SiO) must
take place. Such a diffusion process of CO and SiO
through a SiC layer has already been reported when
forming a silicon carbide coating on a carbon substrate
through reactive pack cementation [26]. A mixing of SiC
and SiO, powders was heated to 1600 °C under an
argon flow at a pressure of 1 bar. The reaction leads to
the formation of a homogeneous SiC coating of a
thickness of 80 um after 90 min. The authors [26] favour
a reaction mechanism involving solid/gas interactions
between silicon carbide and SiO and O,, formed when
silica vapourizes. SiOg, diffuses through the SiC layer,
allowing the reaction of formation of SiC to take place at
the C/SiC interface (equilibrium 7). The formed CO then
diffuses through SiC towards the SiC/argon interface.

In our experiments, the CO formed via the carbon of
the graphite reactor, can immediately react with the
liquid silicon [equilibria (3) and (5)] and lead to SiC.
The growth rate of the SiC layer is then controlled by
the diffusion of COg), Si(), Si(gy and SiOg) through
SiC. The diffusion coefficient of liquid silicon in SiC is
very small and 100 times lower than that of carbon [17].
According to the morphology of the outgrown SiC
crystals, the SiC growth seems to originate at the SiC/Si
interface through the diffusion of CO) through the
SiC layer, with the formation of SiO(g, which can dif-
fuse back or react carbon scarcely dissolved in liquid
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silicon. Thus, the growth of the SiC layer mainly
depends on the carbon monoxide diffusion process.
But, as the silicon melt is saturated with carbon, it is
not easy to estimate the contribution of these two reac-
tion paths in the formation of the isolated SiC grains.

4. Conclusion

The reaction of liquid silicon with glassy carbon and
polycrystalline graphite apparently leads to the forma-
tion of a continuous time independent B-SiC layer at the
carbon/silicon interface. An original graphite reactor
was developed to determine the reaction kinetics at the
very first stages of the reaction. The morphology of the
SiC layer is similar for both glassy carbon and graphite,
but the latter undergoes infiltration of the liquid silicon
in the porosity and local cleavage of graphite particles,
which increases the fragmentation of the SiC coating.
The development of the SiC layer on glassy carbon
seems to be controlled by a mechanism similar to that
for the graphite. The time independent thickness of the
layer as well as the presence of isolated SiC crystals in
the silicon phase, is in contradiction with the assump-
tion of a growth mechanism only controlled by the dif-
fusion of the reactants through the SiC layer. Hence, a
mechanism of alternating periods of crystallization and
fracture of the SiC layer would be more able to describe
the observed phenomena. These results can be related to
the results obtained by Birkel [29] who studied the cor-
rosion of carbon materials by liquid aluminium at
800 °C. He observed a progressive peeling of the alumi-
nium carbide Al4C; layer starting below 500 h of reac-
tion. The maximum thickness of the carbide layer is
about 200 um after more than 5000 h.
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