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Abstract 

High-temperature corrosion of a silicon-infiltrated 
alpha silicon carbide material was investigated, 
using an atmospheric pressure low-velocity Burner 
Rig to simulate gas turbine atmospheres with a 
range of SO, partial pressures and sodium concen- 
trations. Experiments were carried out at tempera- 
tures above the dew point of sodium sulphate in the 
range 12.50 to 1350°C. Sample weight was monitored 
for corrosion assessment on a 20 h cyclic basis. 

Corrosion followed a parabolic rate law under all 
conditions studied and the activation energy was 

found to be 140 kJ mot’. 
It was found that at constant sodium contaminant 

Jlux rates P,, had a greater eflect on corrosion 
than sodium concentration in the atmosphere. The 
corrosion rate increased as sulphur trioxide partial 
pressure decreased. There appeared to be a strong 
correlation between sodium content of the oxide 
scale and the rate of corrosion. This is explained by 
considering oxidation in the presence of sodium to 
occur by ionic dtjtusion of oxygen in the glassy 
scale. 

The mechanism of oxidation is discussed, and it is 
demonstrated that the metallic silicon in the ceramic 
must oxidise in advance of the silicon carbide in 
order for the reaction to proceed but it is also 
shown that the distance separating the two reaction 
fronts would not be observable in the present circum- 
stances. 0 1997 Elsevier Science Limited. 

Introduction 

Non-oxide silicon-based ceramics (e.g. Sic, S&N, 
and Sialons) with superior high-temperature prop- 
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erties are candidates for use in a number of com- 
bustion applications’J including gas turbines.3,4 

The major cause of corrosion in metallic gas 
turbines is sodium sulphate which deposits on 
components and reacts with the protective oxide 
scale reducing its protectiveness.5*6+7 Corrosion of 
silicon-based ceramics by molten salt deposits has 
been studied by a number of workers,8-12 and has 
been shown to follow similar principles to the cor- 
rosion of alloys. However, there have been rela- 
tively few studies on corrosion at temperatures 
above the dew point of these salts,1*,‘3-*5 which are 
likely to be representative of the service tempera- 
tures of ceramic components. The present study is 
aimed at assessing the effect of contaminants such 
as sodium and sulphur at temperatures above the 
dew point of sodium sulphate, on the corrosion of 
silicon carbide. 

Burner rigs have been found to be the most 
effective method of simulating gas turbine envi- 
ronments in the laboratory16 and the parameters 
affecting their operation are fairly well under- 
stoodi6*17 when operating below the dew point of 
sodium sulphate. Therefore a low-velocity burner 
rig has been employed in the current work to 
investigate the corrosion of silicon carbide. 

Hancock18 has suggested that sodium contami- 
nant flux rate (CFR) is the critical parameter in 
controlling corrosion rate and Saunders et al. I9 
suggested that deposition rate, which is related to 
CFR, is critical. In the present circumstances, 
where we are operating above the dew point of 
sodium sulphate, the critical operating parameters 
are expected to be somewhat different.13 The 
conditions chosen for the present study based 
on those recommended for a recent VAMAS 
round robin on testing of superalloys, were varied 
in order to determine the relative importance of 
contaminant flux rate, sodium oxide partial pres- 
sure, and sulphur trioxide partial pressure. These 
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conditions not only have the advantage of being 
consistent with those employed on metallic mate- 
rials,16 but are also identical to conditions 
employed in a recent study on materials very sim- 
ilar to that in the current investigation.14 

Experimental Procedure 

Alphalite Sic material used in this study was sup- 
plied by Kanthal, and is manufactured by slip- 
casting in the form of rods with a diameter of 6 
mm and length of 120 mm. This material consists 
of 85 wt% a-silicon carbide 15 wt% free silicon 
and is almost 100% of theoretical density. It is 
fired at T<14OO”C and a maximum working tem- 
perature of 1300°C is recommended. Figure 1 
shows the as-received material, where there is evi- 
dence of inhomogeneity in the distribution of sili- 
con. Samples were centreless ground to give a 
surface roughness parameter of 0.8 to 1.4 pm and 
nominal dimensions of 5 mm diameter and 55 mm 
length. Samples were washed with acetone and 
methanol, then dried overnight in an oven at 
250°C; their weights were determined, using a bal- 
ance, to five decimal places (10 fig). 

A low-velocity burner rig, which is heated elec- 
trically and capable of giving operating (sample) 
temperatures of up to 135O”C, was used for corro- 
sion studies of the prepared samples. The burner 
rig has been described in some detail elsewhere.21 
The combustion atmosphere was simulated by 
injecting 1.2 cc/min of a low ash content fuel oil 
(1 wt% sulphur), and 0.8 cc/min diluted synthetic 
sea water (ASTM D1141 diluted by a factor of 4)20 
into the air stream flowing into the combustion 
chamber at 25 l/min. The condition achieved by 
this procedure is given in Table 1 as Condition 1. 
Additional experiments were carried out, in an 
attempt to determine critical operating parameters 
for burner rig testing at temperatures above the 
dew point of sodium sulphate. During these exper- 

Fig. 1. As-received silicon carbide demonstrating some level 
of inhomogeneity in silicon metal distribution, (a) centre of 

sample, (b) surface of sample. 

iments the flow rates of fuel and air were set to 
half of those for Condition 1 to create Condition 
2 and a further reduction of fuel to zero with the 
air flow as for Condition 2, resulted in Condition 
3. In addition, some experiments were conducted 
in laboratory air for comparison and this is 
termed Condition 4 in Table 1. The partial pres- 
sures of the gaseous species have been calculated 
using SOLGASMIX22 with data obtained from 
the JANAF Tables23 and those of critical species 
are quoted in Table 1. 

Samples were mounted on a carousel (made 
from a high-alumina castable refractory) in a ver- 
tical position. The carousel was then placed in the 
combustion chamber of the burner rig, which was 
already at the experimental temperature, and 
rotated at 10 rpm in the flowing gas stream. The 
extent of corrosion was assessed by determining 
sample weight change at the end of each 20-h 
cycle. At the end of each cycle, samples were 
removed from the burner rig at temperature and 
immediately placed in an insulating chamber to 
reduce the cooling rate in order to prevent crack- 
ing or spalling of the corrosion scale. After cool- 
ing to room temperature samples were weighed to 
an accuracy of 10 pg. Attempts were made to 
measure section loss but the amount of loss was 
too low to measure with a reasonable accuracy 
therefore weight change was used as the measure 
of corrosion. 

Results and Discussion 

Visual examination of samples showed that corro- 
sion products form a uniform glassy scale which is 
shown by EDAX analysis to contain a high level 
of calcium and sodium picked up from the com- 
bustion atmosphere, as shown in Table 2. There 
was no evidence that the non-uniform silicon 
distribution in the original material affected the 
corrosion. 

The specific weight gain versus square root of 
time is shown in Fig. 2 for samples exposed 
at temperatures 1250, 1300 and 1350°C under 
Condition 1. Rate constant values are tabulated in 
Table 3. Oxidation of this material follows a 
parabolic rate law which suggests that the reaction 
is controlled predominantly by a diffusion step. 
However, the parabolic rate curves for 1250 and 
1300°C exhibit an ‘incubation period’. This could 
be due to a chemical reaction step being rate- 
limiting prior to the oxide layer reaching sufficient 
thickness to control the corrosion rate or to a pre- 
existing oxide layer which contains no impurities 
and therefore is less permeable to oxygen. Tn 
the latter case the incubation time would be 
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Table 1. Burner rig operating conditions and parabolic rate constants 

Condition 

1 
2 
3 
4 

P I%*0 

(atmos X IO’-‘) 
pso3 

(atmos X 106) 

1.3 2.3 
2.8 2.3 
3.0 0 
0 0 

P 
02 

Na CFR k 
(atmos X IO’-‘) (g crn-‘h-’ X IO -‘) (g-‘cm ‘s ’ X 10”) 

0.097 36 4.3 
0.092 36 4.3 
0.18 3.6 6.0 
0.21 0 0.22 

the time for the sodium content of the scale to 
increase to its equilibrium level. The plot for 
1350°C does not show this incubation time but 
this would be consistent with either of the pro- 
posed mechanisms. Chemical reaction steps tend 
to have higher activation energies than diffusion 
steps and therefore are less likely to be rate-con- 
trolling at higher temperatures. If the incubation 
time is related to the time to reach sodium satura- 
tion we would also expect this to be shorter at 
higher temperatures. 

The effect of temperature on the parabolic rate 
constant is shown in Fig. 3. This silicon-infiltrated 
Sic material exhibits an activation energy of 104 
kJ/mol for corrosion in combustion atmosphere 
(Condition 1) which is representative of that for 
molecular diffusion of oxygen in silicate 
glasses.24,25 

Samples corroded under different conditions 
looked very much alike. Specific weight gain values 
(at T= 1300°C) for Conditions 1 and 2 were very 
similar but removing sulphur from the system, 
Condition 3, had more effect on the corrosion 
rate, as shown in Fig. 4. 

From these results it appears that changing the 
sodium oxide activity at a constant contaminant 
flux rate makes little difference to the corrosion 
rate, whereas decreasing the sulphur trioxide par- 
tial pressure increases the corrosion rate. Analysis 
of the oxide scale shows little difference in corro- 
sion Conditions 1 and 2 although the calculated 
sodium oxide activity is a factor of two greater for 
Condition 2. However the low sulphur trioxide 
pressure (Condition 3), leads to an increase in 
sodium oxide content. Although there was some 
scatter in the analyses of the scale there was no 

Table 2. EDX analysis of samples corroded at 1300°C 
(compositions are expressed as wt’% of detectable elements) 

Atmosphere Cond. 1 
Phase Silicon Sic 

Cond. 3 
Scale Scale 

Si 99.8 98.85 78.98 78.2 
AI 2.74 0.54 
Na 0.2 0.06 3.64 6.33 
K - 0.71 0.16 
Ca - 9.88 14.24 

Mg - 0.24 4.04 0.53 
S - 

evidence of a gradient in sodium concentration 
across the scale. The corrosion rate in air, Condi- 
tion 4, is very much lower than in any of the 
sodium-bearing atmospheres, Table 1. These results 
are consistent with the work of other authors26 
and are believed to be due to sodium decreasing 
the viscosity of the scale thereby increasing the 
transport rate of oxygen, although this would not 
be consistent with molecular diffusion as a rate- 
determining step. 27 These results are also in com- 
plete agreement with previous work by the authors 
on corrosion of silicon nitride,13 although the 
magnitude of the effect does not appear to be as 
great in the present case. 

It is clear that the increased sodium contamina- 
tion in the scale has resulted in faster corrosion 
rates. However, it is much less clear why there 
should be an increase in changing conditions from 

*O I 
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Fig. 2. Parabolic rate plot for samples exposed in the burner 
rig at 1250, 1300 and 1350°C Condition 1. Each data point is 
average of four measurements. The lines have been obtained 

using linear regression. 

Table 3. Parabolic rate constant at different temperatures 
under Condition 1 

Temperature (“C) k (g&~‘s ’ X IO”) 

1250 2.8 
1300 4.3 
1350 4.6 
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1 to 3 and not in changing from Condition 1 to 2. 
Hancock18 has suggested that when there is depo- 
sition involved CFR is the critical parameter in 
controlling the rate of burner rig corrosion. How- 
ever, in the present work, where we are operating 
above the dew point of sodium sulphate, and 
would expect conventional gas phase corrosion, 
the partial pressures of the reactive species should 
be more important than the flux of these species. 
From the results of the present work that does not 
appear to be the case. The effect of SO, partial 
pressure is also more akin to behaviour in the 
presence of a deposit than would be expected 
at temperatures above the dew point of sodium 
sulphate. 

-26 
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; -26.5 

g -26.6 
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-26.8 
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1/T,Kx104 

Fig. 3. Temperature dependence of parabolic rate constant 
for corrosion under Condition 1. 
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Fig. 4. Comparison of parabolic rate plots for samples 
exposed in the burner rig at 1300°C under Conditions 1, 2 

and 3. 

If we consider the reaction 

Na2S04 = Na,O + SOjcgJ, K = aNa20’PS03 

aNa2S04 
(1) 

we can see that at a constant activity of sodium 
sulphate, a = 1 for the case of deposition, the 
sodium oxide activity will be inversely propor- 
tional to Pso, therefore we will have a high 
sodium oxide activity at low Pso3. On the other 
hand, in this case there can be no deposition of 
sodium sulphate, and furthermore the major 
sodium-bearing species in the gas phase are 
sodium chloride and sodium hydroxide.23,28 There- 
fore the sodium oxide activity, which is the driving 
force for sodium dissolution in the scale, cannot 
be controlled by eqn (1). In a previous publi- 
cation13 the authors suggested that the effect of 
SO, on the rate of corrosion of silicon nitride 
could be due to SO3 itself being incorporated in 
the scale rather than an indirect effect on the 
activity of Na,O. However, there is no evidence 
for sulphur incorporation in the scale and there is 
clear evidence for a change in sodium oxide con- 
tent with Pso3. 

The most likely explanation for this inconsis- 
tency between calculation and observation is that 
the thermodynamic data are inaccurate and that 
sodium sulphate is indeed the predominant 
gaseous species, in which case eqn (1) would dictate 
the sodium oxide activity. It is clear that further 
work is required in order to determine the exact 
role of contaminants such as sulphur and sodium. 

Having accepted that there is some discrepancy 
between theoretical prediction and experimental 
behaviour, in relation to the role of sodium oxide 
activity and sulphur trioxide partial pressure, it is 
clear that sodium contamination in the scale 
increases the corrosion rate. This result in itself 
presents some difficulty because, it is generally 
accepted that ‘silica formers’ oxidise by molecular 
oxygen diffusion25 and network modifiers such as 
sodium oxide would be expected to slow molecu- 
lar diffusion.*’ On the other hand, network 
modifiers will decrease the viscosity of the glassy 
scale and increase the rate of ionic diffusion.29 It is 
therefore likely that silicon carbide oxidises by 
molecular diffusion in laboratory air, but in the 
presence of contaminants ionic diffusion is the pri- 
mary transport mechanism. This is consistent with 
the mechanism proposed by Pareek and Shores26 
for oxidation in the presence of potassium. 

Mechanism of attack 
The parabolic nature of the reaction kinetics ind- 
icates that a diffusion process is the dominant 
rate-determining step although it does not exclude 
an element of mixed control. If we consider the 
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possible diffusion steps, we have either the inward 
diffusion of oxygen, as O2 molecules or 02- ions, 
or the outward diffusion of CO. 

As a number of workers have proposed that the 
oxidation of silica formers is controlled by molec- 
ular diffusion of oxygen24,30*3’ we will start by con- 
sidering this to be the rate-determining step. The 
flux of oxygen which will be directly proportional 
to the rate of oxidation is given by eqn (2). 

(2) 

Where, Do, is the diffusivity of molecular oxygen 
in the scale, SoZ is the molecular solubility of oxy- 
gen in the scale, x is the scale thickness, PO2 is the 
external oxygen partial pressure and Pie, is the 
oxygen partial pressure at the scale/ceramic inter- 
face. In the present case our material contains 
15% free silicon, therefore the oxygen partial pres- 
sure at the scale/ceramic interface will be con- 
trolled by the reaction given in eqn (3). 

Si + O2 = SiO,, K,573K = 9.12 X 1020 (3) 

This gives Pioz = 1.1 X 10e2’ atmosphere. As this is 
very much less than the external oxygen partial 
pressure we can consider 

Paz - Pi,, = PO, = 9.7 X 10m2 atmosphere. 

Jo, = 9.7 x 10-2(DoZ.S0J 
X 

In order for oxidation to proceed the outward 
flux of CO must be two-thirds that of O2 other- 
wise there will be a build-up of CO which will 
inhibit the oxidation of silicon carbide according 
to eqn (4). 

SIC + +02 = SiO, + CO, 

(4) 

K ,573K = 163 x lo*’ 

If we assume Pie, is in equilibrium with silicon, 
P’(.o = 5.9 X 1O-5 then we can calculate the flux of 
CO from eqn (5) which is analogous to eqn (2). 

(PC0 - Pi,,) Jco = Dco&o x 

We can assume that PC0 = 0 and that DC0 and 
s co are very similar to Do, and So, as the 
molecules are of a similar size. This assumption, 
that gases of similar molecular size have similar 
molecular solubilities and dilfusivities in glasses, has 
been shown to be widely applicable.33 Therefore 

we would expect Jco to be 10il times less than Jo,, 
which would lead to an increase in PC0 and the 
oxidation of Sic would cease, leading to preferen- 
tial oxidation of silicon metal. Metallographic 
examination, both optical and SEM, showed no 
evidence of preferential oxidation of silicon sug- 
gesting some deficiency in the foregoing analysis. 
However, it is instructive at this stage to consider 
the extent to which silicon oxidation must precede 
that of silicon carbide. Consider Fig. 5 showing a 
schematic representation of oxidation of adjacent 
grains of silicon and silicon carbide. Figure 5(b) 
shows the oxygen and carbon monoxide partial 
pressure gradients across the scale that would exist 
according to the foregoing hypothesis. If silicon is 
preferentially oxidised ahead of the silicon car- 
bide, eqn (3) will no longer fix the oxygen partial 
pressure at point B. The pressures of CO and O2 
will be given by simultaneous solution of the 
following equations: 

D 
02 

s (PO, - P’oJ_ 3 
. 02 X 

_ 2 &,.&,p’,, 
X 

and from eqn (4) 

Pi,, = 1.63 x 1027(PioJ2 

as DO? E DC0 and So1 E Sc, 

PO1 - Pioz = +63 x 1027)(Pioz; 

as Paz - P& = PO, = 9.7 x 10m2, Pioz = 1.16 X 

lo-l9 then P’ co = 6.47 X 10m2 (i.e. = 2/3 of PoJ. 

Fig. 5. Schematic representation of oxidation of adjacent 
grains of silicon and silicon carbide. 
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The important result from this calculation is the 
small value for PO1 which is the driving force for 
diffusion of oxygen across x’. 

So, = (1.16 x lo-l9 - 1.11 X 10-2’) 
Do2.So, 

X’ 

So2 is the flux of oxygen across x’. 
As dp’o,., the oxygen partial pressure change 

across x’, is about 18 orders of magnitude less 
than dpo,, the size of x’ will be negligible in rela- 
tion to x and although for oxidation to proceed 
the silicon must oxidise in advance of the silicon 
carbide, the distance between the reaction fronts 
would not be observable, Fig. 6. No attempt was 
made to use TEM to assess the difference between 
the reaction fronts as according to the foregoing 
analysis there would have been none observable. 

The foregoing calculation is an approximation 
because the oxidation of 15% free silicon was not 
taken into account when calculating the CO mass 
balance. However to be more rigorous would 
make no difference to the argument and negligible 
difference to the calculated partial pressures (15% 
change in 18 orders of magnitude). 

Having established that the observed reaction 
kinetics can be explained by diffusion of molecular 
oxygen as the rate-determining step we are faced 
with the further complication of the effect of con- 
taminants. In the previous section it was argued 
that the likely transport process, for oxygen in the 
presence of sodium, is ionic diffusion. Ionic diffu- 
sion of oxygen further complicates analysis of oxi- 
dation mechanism as the oxygen flux may not be 
a linear function of PO* and it is unlikely that CO 
product gas can escape by ionic diffusion. 

Fig. 6. Photomicrograph demonstrating an oxidised sample at 
1300°C for 147 h; (a) and (b) show the same micrograph 
printed to give different levels of contrast in order to show all 
salient features. The apparent crack at the interface is an 

artefact created during printing. 

If, in the absence of data to the contrary, we 
assume that the flux of oxygen is linearly depen- 
dent on Po2, we can describe the oxygen flux by a 
similar equation to eqn (2) but, as the rate of oxida- 
tion in contaminated atmospheres is more than an 
order of magnitude greater, the product of terms 
Do2 and So, must be more than an order greater. 
In order to avoid a build-up of CO the flux of CO 
must also increase by more than an order of mag- 
nitude, but as DcoSco remains the same as for 
the analysis of molecular diffusion control, Pi,, 
must increase by more than an order of magni- 
tude. In fact, it is likely that D,,S,, will be less in 
a contaminated scale as it has been shown that 
molecular permeability normally decreases with 
increasing concentration of network modifiers.27,33 
but in the absence of data we can only assume 
that at most the value will be the same as in the 
uncontaminated case. 

Under the present conditions this would raise 
the CO partial pressure to a level where gas bub- 
ble formation may be possible. There is some evi- 
dence to support this conclusion in Fig. 6 where a 
few small bubbles can be seen in the scale. 
Luthra32 has suggested that no bubbles will form 
unless the permeability of oxygen is much greater 
than that of CO which in this case would be so, as 
oxygen will diffuse by ionic diffusion in the scale 
but CO will not. 

Conclusion 

Alphalite Sic material was corroded at tempera- 
tures in the range 1250 to 1350°C in simulated 
combustion atmospheres with various SO3 partial 
pressures. 

Oxidation followed a parabolic rate law under 
all conditions studied and exhibited an activation 
energy of 104 kJ/mol, which is consistent with 
molecular oxygen diffusion through silica scales. 
However sodium contamination was found to 
enhance the corrosion rate which suggests that 
ionic diffusion is the predominant transport mech- 
anism. 

In the absence of sulphur the corrosion rate 
increased by a factor of 1.6, which appears to be 
related to the activity of sodium oxide. Further 
work is required before a satisfactory explanation 
can be offered for this result. 

At constant contaminant flux rates Ps,, appears 
to have more effect on the corrosion than sodium 
concentration in the gas phase but more work is 
required on the relative importance of these 
parameters. 

The mechanism of corrosion was discussed, and it 
was demonstrated that for the present conditions, 
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silicon metal must oxidise in preference to silicon 
carbide, but the separation of the two reaction 
fronts would be too small to observe. 
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