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Hot corrosion of chemical vapour deposited
SiC and Si;N, in molten Na,SO, salt

D.-Y. SONG, S. KITAOKA, H. KAWAMOTO
Japan Fine Ceramics Center, 2-4-1 Mutsuno, Atsuta-Ku Nagoya, 456 Japan

The corrosion behaviour of SiC and SisN, prepared by chemical vapour deposition (CVD)
technique was investigated in molten Na,SO, salt under argon and argon—oxygen mixture
gases. The CVD-SiC was more attacked than the CVD-SizN,4 in molten Na,SO, salt. This was in
good agreement with the results of the thermodynamic equilibrium calculations. The
corrosion of both materials in argon-oxygen mixture was less severe compared to that in
argon. This was attributed to the formation of amorphous SiO, acting as a protective film
against the corrosion. The apparent activation energies of the CVD-SiC and CVD-SizN, in

molten Na,SO, under argon gas were 167 kJ mol~" and 595 kJ mol ™", respectively.
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1. Introduction
Silicon carbide and silicon nitride ceramics are poten-
tial high temperature structural materials in corrosive
environments such as power plant systems and gas
turbines because of their excellent high-temperature
strength, oxidation and corrosion resistance. There-
fore, there have been many studies of the thermal,
chemical and mechanical properties of these materials,
including the effects of corrosive gaseous environ-
ments on their mechanical properties [1, 2]. However,
the corrosion behaviour of ceramic materials under
molten salt environments is not yet fully understood.
Fox et al. [3] investigated the molten salt corrosion
of commercial SiC and SizN, at 1000°C using
a burner rig. They found that the corrosion was pro-
ceeded by oxidation to form protective silica scales
and the subsequent dissolution of these scales to form
non-protective sodium silicates. The chemical cor-
rosion mechanisms were discussed on the basis of
acidic/basic dissolution of oxides in molten salts.
Tressler et al. [4] investigated the corrosion reaction
of reaction-sintered and hot-pressed SiC and SizN,
completely immersed in molten salt under air atmo-
sphere. They have shown that the corrosion behav-
iours depend on the concentration of free oxide ions in
the molten NaCl-Na,SO, salts. Mayer and Riley [5]
studied the corrosion of reaction-bonded Si;N, by
thin films of Na,CQOj;. Initially rapid rates were ob-
served followed by an abrupt slowing of the reaction.
Chemical compositions at this slow reaction stage are
close to the liquidus on the Na,O-SiO, phase dia-
gram. It thus appears that the accelerated rates are
due to formation of sodium silicate liquid and the slow
reaction is postulated to be caused by a tridymite layer
forming between the melt and Siz;N, substrate.
Mckee and Chatterji [6] investigated the corrosion
of SiC in crucibles and thin films of molten salts.
They have shown that rapid corrosion of SiC occurs
when the protective SiO, layer is attacked by a basic
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molten salt or a low oxygen pressure is created at the
melt/ceramic interface. Jacobson and Smialek [7]
have shown that thin films of Na,SO, or Na,CO;
lead to thick glassy products on SiC after 48 h at
1000°C. These products contain small amounts of
sodium silicate and 10 to 20 times the amount of silica
formed in simple oxidation at 1000 °C over the same
time period.

These studies mentioned above are useful to under-
stand the hot corrosion behaviour under molten salt
environments. However, all of them have been con-
cerned with commercial SiC and Si;N, formed by addi-
tion of sintering promoting additives. Many studies have
revealed that the corrosion behaviour are affected by
those additives [ 5, 8—12]. Therefore, it is essential that
pure and dense SiC and Si;N4 prepared by chemical
vapour deposition (CVD) technique are used in study-
ing the inherent nature of corrosion behaviour.

In this study, the corrosion behaviours of highly pure
and dense CVD-SiC and CVD-Si;N, in Na,SO, mol-
ten salt are investigated under argon and argon—oxy-
gen mixture gases, and the corrosion mechanisms are
discussed in relation with the thermodynamic equilib-
rium calculations.

2. Experimental procedure

The materials used were SiC (a-type) and SizN, (o-
type) without additives, which were fabricated by
CVD technique. The specimens were cut to 10 x 10 x
0.5 mm, cleaned ultrasonically in acetone and dried.
Fig. 1 shows schematically the apparatus for the cor-
rosion test. In each test, a weighed specimen and
powdered reagent grade Na,SO, (about 12 g) were
put into a highly pure alumina (>99.5%) crucible.
This crucible was placed into a Tamman tube, of
highly purified alumina, with 95 mm inner diameter
and 600 mm in length, then placed into an electric
furnace controlled at a desired temperature. The
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Figure 1 Schematic diagram of the reaction apparatus.

testing temperature of CVD-SiC and CVD-Si;N, was
changed from 900 to 1000°C and from 1000 to
1080 °C, respectively. The time exposed to the molten
salt in flowing argon (= 99.9999%) and argon—oxygen
(= 99.99%) mixture gases was varied from 3 h to 25 h
(CVD-SIiC: 3 ~ 10h, CVD-Si3Ny: 5~ 25h). These
conditions were determined on the basis of the results
of preliminary corrosion tests, including effect of speci-
men size. The gases were injected into the Tamman
tube at a rate of 10 mlmin~'. The total gas pressures
were maintained at 1.013 x 10°> Pa throughout the
tests. The partial pressure of impurity oxygen con-
tained in the argon gas was measured by CP-X type
oxygen sensor (NGK Insulators. Ltd.). The oxygen
partial pressure of argon—oxygen mixture gas was
determined by adjusting the volume ratio of the argon
and oxygen gas (0.8 vol% argon—0.2 vol% oxygen).

After the test was completed, the specimen cooled to
room temperature was removed from a Tamman tube.
The specimen was washed in distilled water at about
80°C to remove any residual Na,SO, and sodium
silicate. The crystalline phases and microstructures on
the surface of corroded specimens were examined by
X-ray diffraction (XRD) and scanning electron
microscopy (SEM).

3. Results and discussion

3.1. Weight change

Fig. 2 shows the weight change with time of the speci-
mens immersed into the molten Na,SO, salt in the
temperature range from 900 to 1080 °C under argon
gas. The weight loss rate of both CVD-SiC and CVD-
SizN, increased with increasing temperature. The
weight loss of specimens also increased linearly with
increasing immersing time, that is, this seems to follow
a linear rate law, where the reaction is controlled by
interface between Na,SO, and ceramic. Moreover,
though the testing temperatures of CVD-SiC were
lower than those of CVD-Si;N,, the CVD-SiC was
more severely attacked compared to the CVD-Si3;Ny.
It can be said, therefore, that the CVD-Si3;N, material
was much less reactive in molten Na,SO, under argon
gas atmosphere. This is similar to the results reported
for commercial SiC and SizN,4 by Jacobson and Fox
et al. [9,13] and Federer [14]. They suggest that
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Figure 2 Weight change with time of CVD-SiC ((O) 950°C; (A)
930°C; (O) 900°C) and CVD-SizN, (@) 1080 °C; (A) 1050 °C; (M)
1020°C) in molten Na,SO, at various temperatures under argon
gas.
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Figure 3 Weight change with time of CVD-SiC and CVD-Si3;N, in
molten Na,SO, under argon and argon—oxygen mixture gases
(CVD-SiC: 930°C, CVD-SizNy: 1080 °C). CVD-Si3Ny: (O) Ar; (@)
Ar 4+ O,. CVD-SIiC: (A) Ar; (A) Ar + O,.

the higher solubility in silicate melts of CO(g) as
compared to N,(g) may lead to faster product escape
and more reaction.

Fig. 3 shows the influence of oxygen partial pressure
on the weight loss of CVD-Si;N, and CVD-SiC in
argon and argon—oxygen mixture gases. The weight
loss of both materials under mixture gas (high oxygen
partial pressure, P, = 0.202x 10° Pa) was signifi-
cantly lower than that under argon gas (low oxygen
partial pressure, Py, = 0.1013 Pa).

This trend is similar to that reported by Mckee and
Chatterji [6] for corrosion of SiC in crucibles and
under thin films of molten salts. They have shown that
rapid corrosion of SiC occurs when the protective SiO,
layer is attacked by a basic molten salt or a low oxygen
partial pressure is created at the melt/ceramic interface.

3.2. Surface morphology
Fig. 4 shows the surface morphologies of the CVD-
SiC specimens before and after corrosion under argon



gas. The specimen surface before corrosion is smooth
and flat, but the corroded specimen is extremely rough
and reveals general pitting, probably caused by the
dissolution of the substrate involving gas evolution in
molten salt (surface irregularities observed in the
Fig. 4 were caused by the severe pitting in localized
regions, where oxygen partial pressure was much
lower compared to that of the surface). This pitting

Figure 4 Surface photographs of CVD-SiC before and after cor-
rosion under argon gas: (a) before corrosion; (b) after corrosion at
950°C for 5 h; and (c) magnified image of region indicated by arrow
in (b).

shows a porous honeycomb-like structure, which is
similar to that observed on the SiC substrate surface
of corroded a-SiC by Smialek and Jacobson [15]. In
the case of CVD-Si3N, the pitting appears somewhat
less severe and the substantial grain boundaries are
preferentially attacked, as shown in Fig. 5. This trend

Figure 5 Surface photographs of CVD-Si3;N, before and after cor-
rosion under argon gas: (a) before corrosion; (b) after corrosion at
1080°C for 10 h; and (c) magnified image of region indicated by
arrow in (b).
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is identical to the results by Jacobson et al. [16] who
described predominant grain boundary attack of
SizN, as opposed to pitting attack of SiC. Surface
morphology of the CVD-Si;N, specimen corroded
under argon—oxygen mixture gas is shown in Fig. 6.
Corrosion product of white powder was observed on
the surface of the corroded specimen after washing in
the distilled water (this white powder was also ob-
served on the surface of the CVD-SiC specimen under
the same environment).

The change of X-ray diffraction patterns caused by
corrosion was not, however, identified for the CVD-
SiC and CVD-Si3;N,. This indicates that no crystalline
corrosion products were formed on the specimen sur-
faces. So it is believed that the white corrosion product
formed on the specimen surfaces under argon—oxygen
mixture gas is likely to be amorphous SiO,, which acts
as a protective film against corrosion.

[

Figure 6 Surface photograph of CVD-SizN, corroded under ar-
gon—oxygen mixture gas.

3.3. Corrosion mechanisms and oxidation
rates in molten Na,SO, salt

As mentioned above, the weight loss rate of CVD-
SiC in molten Na,SO, salt was faster than that of
CVD-Si3N,, and the corrosion of both materials
under argon was considerably severe compared to
that under argon—oxygen mixture. These corrosion
behaviour can be characterized by considering the
thermodynamic equilibrium calculations (where all
thermodynamic equilibrium calculations are obtained
using the ChemSage program [17]).

Fig. 7 shows the phase stability diagram obtained
by the thermodynamic equilibrium calculations for
Na—-S—O system. This figure was calculated by using
the minimum activity of Na,O when the following
reaction (where x = 1) proceeds for various temper-
atures

xSi0, + Na,0(s) = Na,0-x(SiO)(1) (1)

It is found that Na,S is stable when oxygen partial
pressure is low (i.e. Na,SO, acts as oxidizer when
oxygen partial pressure). Therefore, when dissolved
oxygen concentrations in Na,SO, are as low as argon
gas atmosphere, it is thought that the oxygen formed
by dissolution of Na,SO, leads to the oxidation reac-
tion of SiC and Siz;Ny.

The possible reactions of the oxidation and reduc-
tion in the system of SiC, Si3;N, and Na,SO, can be
expressed as Equations 2 and 3 by the thermodynamic
equilibrium calculations

2SiC + 2Na,SO, = 2SiO(g) + 2CO(g) + Na,S
2)

SiyN, + 6Na,SO, = 3Si0, + 2N, (g) + 6Na,SO,
3)

Subsequently, the dissolution of SiO, and SiO is
considered to be favoured thermodynamically as

I
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Figure 7 Phase stability diagram for Na—S—O system.
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follows
Si0, + Na,SO3; = Na,0-5i0, + SO,(g)
AG® = — 57 kI mol ! 4)
2510(g) + Na,SO, = Na,0-SiO, + SO,(g)
AG® = — 342 kJmol ! Q)

In the case of CVD-SiC, SiO(g), CO(g) and Na,S are
formed by the reaction with Na,SO, and then the
gaseous SiO subsequently reacts with the excess
Na,SO, and formed the liquid Na,O-SiO,, leading to
rapid oxidation—dissolution. While, for CVD-SizN,
the formed amorphous SiO, is dissolved by Na,SO;
and then acceleration corrosion occurs. Fig. 8 shows
the temperature dependence of the thermodynamic
equilibrium mole fractions, which is determined by
minimizing the Gibbs’ free energy, for SiC/Na,SO,
and SizN,/Na,SO, system. The calculations were
conducted under the presence of excess Na,SO, in
order to simulate the actual experimental conditions
(i.e. mole ratio: SiC/Na,SO, = 1/10, Siz;N,/Na,SO, =
1/10). It can be seen that all of the SiC and Si;N, are
oxidized under the equilibrium conditions. However,
in the SiC system the Na,S exists in the equilibrium
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Figure 8 Temperature dependence of thermodynamic equilibrium
mole fractions. SiC = 1 mol, Na,SO, = 10 mol, total pressure =
1.013x107° Pa. (a) (——-) CO(g); () CO,(g); (—-) SO(g); ()
SO,g; (—-) S2(g); () Na,SOy; (——) Na,SiO;; (l H W) Na,S. (b)
(==-) Na(g) (=) SO(g); (---) SOs(g); () Sa(g) (+-) NaSOy;
(——) Na,SiO3; (H W W) Na,Si,0;.

state, but in the Si;N, system the Na,O-2(SiO,) are
formed under 1000 °C instead of forming Na,S. It is
predicted from these results that the molten salt of SiC
system is more strongly basic than the SizN, system.
Therefore, it is expected that the SiC is more remark-
ably corroded than the SizN, because the corrosion
reaction of SiC occurs in the more strongly basic
environment compared to the case of SizN,. This
trend is in good agreement with the experimental
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Figure 9 Schematic representation for the corrosion behaviour of
CVD-SiC and CVD-Si3N, in the presence of excess molten Na,SO,
salt.
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Figure 10 Arrhenius plot for the corrosion rate constants for CVD-
SiC in molten Na,SO, salt under argon gas. (®) CVD-SiC,
E =167 kJmol~!; (O) CVD-SizNy, E = 595 kJ mol .
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results. These corrosion behaviours of CVD-SiC and
CVD-Si3;N, in molten Na,SO, salt are summarized
schematically in Fig. 9.

Fig. 10 shows Arrhenius plots for oxidation rate of
CVD-SiC and CVD-Si3N, in molten Na,SO, under
argon atmosphere. This plot of the rate constant
k against 1/T is linear. These results indicate that the
rate of the oxidation is controlled by the direct reac-
tion between these materials and Na,SO, salt. Also,
the apparent activation energies of CVD-SiC and
CVD-SizN, were 167 kI mol ! and 595 kJ mol ™ 1, re-
spectively.

4. Conclusions

The corrosion behaviours of highly pure and dense

CVD-SiC and CVD-Si3;N, in Na,SO, molten salt

were clarified in relation with the thermodynamic

equilibrium calculations. The obtained results are as
follows:

1. The CVD-SiC was more attacked than the CVD-
Si3;N, in molten Na,SO, salt. This was good agree-
ment with the results of the thermodynamic equi-
librium calculations.

2. Crystalline corrosion products were not identified
for both CVD-SiC and CVD-Si;N,. For argon—
oxygen mixture gas amorphous SiO, was formed.

3. The corrosion of both materials in argon—oxygen
mixture was less severe compared to that in argon.
This was attributed to the formation of SiO, acting
as a protective film against the corrosion.

4. The apparent activation energies of CVD-SiC and
CVD-SizN, in molten Na,SO, under argon
atmosphere were 167 kI mol ™! and 599 kJmol ™!,
respectively.
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