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Corrosion of Silicon-Based Ceramics in Combustion Environments

Nathan S. Jacobson*

National Aeronautics and Space Administration, Lewis Research Center, Cleveland, Ohio 44135

Silicon-based ceramics and composites are prime candi-
dates for heat engine and heat exchanger structural compo-
nents. In such applications these materials are exposed to
combustion gases and deposit-forming corrodents. In this
paper combustion environments are defined for various
applications. These environments lead to five main types of
corrosive degradation: passive oxidation, deposit-induced
corrosion, active oxidation, scale/substrate interactions,
and scale volatility. Each of these is discussed in detail. The
key issues in oxidation mechanisms of high-purity silicon
carbide (SiC) and silicon nitride (Si,N,) in pure oxygen are
discussed. The complicating factors due to the actual com-
bustion environment and commercial materials are dis-
cussed. These discussions include secondary elements in the
ceramics; additional oxidants, such as water and carbon
dioxide (CO,); combustion environment impurities; long-
term oxidation effects; and thermal cycling. Active oxida-
tion is expected in a limited number of combustion situa-
tions, and the active-to-passive transition is discussed. At
high temperatures the limiting factors are scale melting,
scale volatility, and scale/substrate interactions. Deposit-
induced corrosion is discussed, primarily for sodium sulfate
(Na,S0,), but also for vanadate and oxide-slag deposits as
well. in applying ceramics in combustion environments it is
essential to be aware of these corrosion routes and how they
affect the performance of a component.

I. Introduction

MANY potential uses of silicon-based ceramics and com-
posites involve exposure to combustion gases. These
applications range from hot-section structural components of
gas turbines and piston engines to heat exchanger tubes for
industrial furnaces. Gas turbines are used in aircraft and electric
power generation and have been tested for automobiles.' Poten-
tial ceramic components of these engines include combustor
liners and, perhaps some day, turbine blades.”* The location of
these components in a gas turbine engine is shown in Fig. 1(a).
In piston engines the potential ceramic components include
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valves and piston heads,* as shown in Fig. 1(b). The use of
ceramic tubes as heat exchangers has been proposed for indus-
trial furnaces, such as glass remelt furnaces, steel soaking pits,
and aluminum reclamation furnaces.’ An example is illustrated
in Fig. 1(c). In addition, ceramics are under consideration for
heat exchangers in coal-fired combustors.® A more developed
application is the use of ceramic tubes for indirect heating,
where hot combustion gases pass through the tube, heating a
process on the outside.” The structural components of the hot
sections are subject to a range of chemical attack processes,
depending on the temperature, pressure, and chemical
environment.

The focus of this paper is on the silicon-based ceramics sili-
con carbide (SiC) and silicon nitride (Si;N,). These materials
are inherently unstable in air and form a thin layer of silicon
dioxide (8i0,) in an oxidizing environment. SiO, has the lowest
permeability to oxygen of any of the common oxides and forms
an effective reaction barrier.* Therefore, silicon-based ceramics
have the potential of substantially better high-temperature oxi-
dation behavior than metals. The protective oxide scales on sili-
con, SiC, and Si;N, are shown schematically in Fig. 2. Note
that Si;N, forms a silicon oxynitride (Si,N,0) layer below the
Si0, layer.” SiC may also form an oxycarbide layer, but there is
only limited evidence for this.'° The analogous protective layers
on superalloys for high-temperature applications are alumina
(Al,0,) and chromtia (Cr,0,)."" Extensive work has been done
on the performance of Al,O; and Cr,0; scales in combustion
environments. In general, our knowledge of the behavior of
Si0, scales lags behind that of Al,O; and Cr,0,;.

The purpose of this paper is to review our current state of
knowledge of the interaction of SiO, with combustion environ-
ments. Because the focus is on the interaction of SiO, with the
environment, many of the conclusions apply to all SiO,-pro-
tected materials. This includes composites of SiC and Si;N,,
such as SiC-fiber-reinforced SiC matrices and SiC-fiber-rein-
forced Si,N, matrices, and SiO,-forming alloys, such as molyb-
denum disilicide (MoSi,). In this paper the major chemical
degradation routes are discussed. Particular emphasis is on the
mechanisms of corrosion and the key questions involving them.

II. Environments

Combustion environments vary widely, depending on fuel,
temperature, pressure, and oxidizer. Fuels are complex mix-
tures of hydrocarbons, and they are classified by boiling points.
Lower-boiling-point fuels include automotive gasoline, and
higher-boiling-point fuels include aviation fuel and fuel oils.?
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Fig. 1. Schematics of proposed applications for ceramics where ceramics will be subjected to combustion environments: (a) gas turbine engine, (b)

piston engine, and (c) aluminum reclamation furnace (sec Ref. 5).

Table I lists some common fuels and their approximate impurity
contents.'™'* Note that all fuels have some amount of sulfur,
which may lead to corrosion. The last category of fuel oils con-
tains more sodium, potassium, and vanadium than the other
fuels. These lower-purity fuels are likely to be utilized more in
the future as petroleum resources decrease. Impurities have a
major influence on corrosion. Table I does not include coal-
derived fuels, which generally have even higher impurity
levels.

Combustion is the oxidation of these fuels to the stable prod-
ucts carbon dioxide (CO,) and water (H,O). Equilibrium com-
bustion products can be calculated by mixing the fuel and the
oxidant together in a free-energy-minimization computer
code.'” Figure 3(a) shows the equilibrium combustion products
for a standard aviation fuel (Jet A—CH, ,,45) as a function of
equivalence ratio. Equivalence ratio is defined as the fuel-to-air
ratio at a particular point divided by the stoichiometric fuel-to-
air ratio for complete combustion to CO, and H,O. Thus, an

equivalence ratio of 1 is stoichiometric, an equivalence ratio of
less than 1 denotes a fuel-lean region, and an equivalence ratio
greater than | denotes a fuel-rich region. Most gas turbines
operate in the fuel-lean or stoichiometric regions. These
regions contain large amounts of oxygen with the CO, and H,O.
Most corrosion studies have been performed in the fuel-lean
region. However, some novel combustor designs may involve
the fuel-rich region, which produces larger amounts of carbon
monoxide (CO) and hydrogen gas (H,). However, this region
also contains the combustion products CO, and H,O. Note that
these are equilibrium calculations; if equilibrium is not
atfained, other species, such as elemental carbon, may form.
The goal of a corrosion study is to understand the chemical
reactions that occur between these combustion products and the
proposed hot-gas-path structural materials.

Figure 3(b) shows the adiabatic flame temperature as a func-
tion of equivalence ratio. This temperature is calculated by
using a free-energy-minimization computer code and setting
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Fig. 2. Schematic of protective oxide scales: (a) on Si, (b) on SiC,
and (c) on Si;N,.

the net heat loss equal to zero."” This is an idealized case that
assumes no heat loss through the walls of the combustion cham-
ber. It does give the maximum temperature of the flame, how-
ever. In general, the wall materials and the components
downstream from the flame are at lower temperatures.

Corrosion occurs not only by gaseous combustion products,
but also by deposits. Perhaps the most common deposit is
sodium sulfate (Na,SO,), which forms when sodium reacts with
sulfur fuel impurities.” The sodium may originate from a
marine environment, from a salted roadway, or as a fuel impu-
rity. Corrosion by Na,SO, is termed “hot corrosion” and is dis-
cussed in detail herein. Other types of deposit-induced
corrosion originate from vanadium fuel impurities and from
oxide slags.

In some ways the piston chamber of an internal combustion
engine is a more complex environment than the hot section of a
gas turbine." Pressures and temperatures vary through the
stroke of the piston. Adiabatic flame temperatures and combus-
tion gas product compositions can be calculated by the same
free-energy-minimization program described previously with
propane (C;Hy) as a model fuel. The results of this calculation
are similar to those for Jet A aviation fuel. Current automotive
engines run slightly fuel rich to allow proper operation of pollu-
tion control devices.

In addition to heat engines, silicon-based ceramics are also
prime candidates for heat exchanger tubes in industrial fur-
naces. The environment encountered by a heat exchanger var-
ies widely. Again, one would expect large amounts of CO, and
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Fig. 3. Calculated gas composition and flame temperature as a func-
tion of equivalence ratio: (a) equilibrium gas composition and (b) adia-
batic flame temperature.

H,0, but now the impurities play a key role. An aluminum rec-
lamation furnace and a glass remelt furnace may involve alkali-
metal salts that can deposit on the heat exchanger.’ In a coal-
fired furnace the atmosphere may be more reducing.® In addi-
tion, a mixture of oxides may form a slag deposit, which can be
quite corrosive, on the tubes.

Table I summarizes the composition of these combustion
environments. This list is by no means exhaustive. As noted,
specific applications generate specific corrodents. For example,
combustion of municipal wastes may generate hydrogen chlo-
ride (HCI).*® In summary, combustion environments are com-
plex, involving not only the combustion products CO, and
H,0, but a variety of other gases and possible deposits as well.

Temperatures and pressures are again quite dependent on the
particular system. The ranges are listed in Table II. An
important issue to consider is thermal cycling. Some applica-
tions, such as a utility turbine or industrial furnace, involve
essentially isothermal exposures for long periods. Other appli-
cations, such as an aircraft gas turbine, involve thermal
cycling.

III. Types of Corrosive Attack and
Experimental Technigues

Figure 4 shows the major types of corrosive attack as a func-
tion of pressure and reciprocal temperature. The major types of
corrosive degradation are passive oxidation, deposit-induced
corrosion, active oxidation, oxide/substrate interactions, and
scale vaporization. The temperature boundaries between these
types are only approximate and are dependent on the specific
system. Furthermore, rarely is one mechanism operative. In
practice, several mechanisms operate simultaneously.

Laboratory studies of corrosive degradation fall into two
main categories: burner rig studies and laboratory furnace stud-
ies. Burners more accurately model the actual combustion situ-
ation. Figure 5 shows a typical high-velocity burner rig.

TableI. Properties of Some Common Hydrocarbon Fuels

Boiling range H:C molar S content Na+ K content V content
Fuel (K)* (W% (ppm)* (ppm)’
Unleaded automotive gasoline 300-375 0.15 3.6 <0.003
Jet A (commercial aviation fuel) 450-560 0.05 ~10 0.06
Fuel oils 450-615 0.1-1.0 10-20 <300

*Reference 12. ‘Reference 13. 'References 14 and 15. ‘Reference 15. "References 15 and 16.
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Application Temperature (K) Pressure (bar)’

Gas atmosphere

Potential deposit

Heat engines

Gas turbine 11731673 1-50

Piston 1273-1873* 1-10
Heat exchanger 12731873 ~1
Coal combustion 1473-1673 1-10

Fuel lean: N,, O,, CO,, H,0;

fuel rich: N,, CO,, H,0, CO, H,
N,, CO,, H,0, 0,
Oxidizing

Reducing

Na,SO,, Na,V O,

Alkali halides, Na,SO,,
transition-metal oxides
Acidic or basic coal slags

"I'bar = 10" Pa. *Cycling.

— Na,S0,-induced Melt_ing point
‘' corrosion of Si0;
LA ——— 1
= Scale/substrate {
1o ¥ reaction; _
5 scale volatility — ~ <
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Fig. 4. Major types of corrosive attack and degradation as an
approximate function of reciprocal temperature (P, = P, igun)-

However, burner rig tests are expensive, and it is difficult to
precisely control all the operating parameters. Laboratory fur-
nace tests offer much more accurate control of system parame-
ters. Gas composition, pressure, and temperature can be
accurately controlled. The extent of corrosion can be monitored
by following the weight gain with a microbalance or by measur-
ing scale thickness with various optical techniques. Figure 6
shows a standard laboratory microbalance apparatus for iso-
thermal oxidation studies. Standard electron—optical techniques
have been useful for characterizing corroded specimens. In gen-
eral, burner rig tests are helpful for an overall assessment of
behavior in the actual environment. Laboratory furnace tests
complement burner rig tests by permitting isolation of individ-
ual effects so that they can be understood on a fundamental
basis.

IV. Isothermal Oxidation

(1) General Considerations and Pure Silicon Oxidation

A large amount of research has been performed on the iso-
thermal, passive oxidation of silicon-based ceramics. This
research is complex because of the various secondary effects,
such as other oxidants and impurities in the ceramics and the
environment. These effects are noted in Fig. 7. Fundamental
studies are at the center of the circle—pure materials and pure
oxygen environments. Eliminating the complicating factors
allows detailed studies of the basic oxidation mechanism.
Actual combustion environments are more complex, involving
the various factors on the outer circle in Fig. 7.

The focus of this section is on fundamental studies of SiC and
Si;N, oxidation. These studies provide an atomistic understand-
ing of the mechanism of SiO, scale growth. These include
determining the slow reaction step (or steps) and understanding
the diffusion mechanism. Despite the large number of papers in
this area, many questions remain unanswered. This paper is not
intended to be an exhaustive review but rather a discussion of
some of the key issues involved.

SiO, has some unique properties that influence its perfor-
mance as a protective oxide. In most oxidation experiments,
Si0, forms as an amorphous film and then crystallizes to either
cristobalite or tridymite. This is significant because these
phases have very different physical and chemical properties.”
It is generally accepted that the mobile species is oxygen, not
silicon. For this reason the chemical reaction occurs at the
Si0,/Si or SiO,/ceramic interface.** Transport through SiO,
can occur by diffusion of molecular oxygen as interstitials or by
network exchange of ionic oxygen.?* The latter is referred to
as either “network exchange diffusion” or “ionic diffusion” in
this paper. Molecular oxygen diffusion coefficients are mea-
sured by examining permeation through a SiQ, membrane;™
network exchange diffusion coefficients are measured by an
isotope exchange technique.”* Table III lists both types of dif-
fusion coefficients. The molecular oxygen diffusion coefficient
is roughly 10° times greater than the ionic oxygen diffusion
coefficient. There have been attempts to correlate these two
types of diffusion coefficients;® however, Cawley® has
reported the difficulties with such a correlation due to network/
interstitial exchange and mobile network ions. These issues and
the disparity of the diffusion coefficient measurements (Table
I11) indicate there are still some unresolved issues in these fun-
damental transport quantities.

Before discussing the oxidation of SiC and Si;N,, it is appro-
priate to discuss the oxidation of pure silicon. Because this pro-
cess is critically important to the semiconductor industry, it has
been extensively studied. The classic paper in this area is by
Deal and Grove.®' They view oxidation as consisting of three
distinct steps, as shown in Fig. 8. The three steps are transfer of
the gaseous oxidant to the outer surface of the oxide film, diffu-
sion through the oxide film, and reaction at the oxide/silicon
interface. From these steps they derive the following linear—
parabolic equation:

x>+ Ax = B(t + 1) (nH

where x is the scale thickness, B the parabolic rate constant, ¢
the time, and 7 the time shift corresponding to the presence of
an initial oxide layer. The quantity B/A is the linear rate con-
stant. The parabolic rate constant is given by

B = 2DC*(O,)IN, (2)

where D,; is the diffusion coefficient through the film, C*(0O,)
is the equilibrium concentration of oxidant in the scale, N, the
number of oxygen molecules incorporated into the SiO, scale
per unit volume. Note that N, must be modified for SiC oxida-
tion due to the formation of CO. For short oxidation times, oxi-
dation follows a linear rate law. The physical interpretation of
this linear region is still controversial; it has been attributed to
interface control’' or to diffusion control which is nonparabolic
due to strain effects in the oxide.™ For longer times, oxidation
follows a parabolic law, and diffusion through the thicker oxide
is rate controlling. An activation energy can be determined
from a plot of In B vs 1/T. The magnitude of the activation
energy can reveal useful information about the diffusion pro-
cess. Deal and Grove® report that care must be taken to inter-
pret the oxidation process at the appropriate times (i.e.,
parabolic behavior cannot be assumed when the process is still
in the linear region). They have shown that Eq. (1) describes a
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wide range of oxidation data. Calculations of the parabolic rate
constant that are based on the molecular oxygen diffusion coef-
ficient of Norton® show good agreement with the measured val-
ues, and the activation energy for parabolic oxidation is close to
that for molecular oxygen diffusion through SiO,. Thus, it is
generally accepted that molecular oxygen diffusion through the
Si0, layer is rate controlling.**
The oxidation of SiC and Si;N, is more complex. Figure 2

illustrates some of the processes involved. In both ceramics

— Fuel nozzle
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pressure tap
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Mach 0.3 burner rig. (Courtesy of M. Cuy, NASA Lewis.)

there is a countercurrent of gas. The following reactions are
generally accepted:

SiC(s) + 1.50,(g) = SiOy(s) + CO(g)
Si;NL(s) + 0.7505(¢) = 1.5Si,N,0(s) + 0.5Ny(g) (4a)
Si,N,O(s) + 1.50,(g) = 28iOs(s) + N,(g) (4b)

However, the actual processes may involve other reactions. The
production of CO in the oxidation of SiC has been observed

(3)
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with the gas chromatograph,® although the possibility of fur-
ther oxidation to CO, must be considered. There has been no
clear observation of the production of elemental carbon. The
oxidation of Si;N, may lead to the production of nitrous oxide
(NO(g)) in addition to molecular nitrogen gas, as observed with
a mass spectrometer.’®?’ Note that, even though the reactions
lead to a net weight gain, there is also some weight loss due to
gas evolution. These reactions may be monitored by following
net weight gain, scale thickness as a function of time, or even
gas evolution. The following factors allow conversion of para-
bolic rate constants from scale thickness to net weight gain:*

1 (m¥s) = 1.67 x 107° (kg*/(m*s)) for SiC (5)
I (m¥Ys) = 3.77 x 107 (kg¥/(m*s)) for Si,N, (6)

Note that Eq. (5) is based on Eq. (3) and that Eq. (6) is based on
a combination of Egs. (4a) and (4b), i.e., the oxidation of Si;N,
to SiO,. This is appropriate since SiO, is formed in much larger
amounts than Si,N,0.°

The oxidation process for SiC and Si;N, involves five steps:
(1) transport of molecular oxygen gas to the oxide surface, (2)
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diffusion of oxygen through the oxide film, (3) reaction at the
oxide/ceramic interface, (4) transport of product gases (e.g.,
CO and nitrogen) through the oxide film, and (5) transport of
product gases away from the surface. This process is even more
complex in the Si;N, case because of the duplex film formation.
Many questions remain about these steps. The key question
concerns the rate-controlling, or slowest, step. This has been an
area of controversy for both SiC and Si;N, and is discussed in
further detail herein. Another question deals with the transport
mechanism through the SiO, scale. Is it permeation through the
network by oxygen molecules or a network exchange mecha-
nism of O?~? Even less is known about the transport mecha-
nism of product gases (CO and nitrogen) outward through the
Si0, scale. As noted, SiO, undergoes a number of phase
changes. This section deals primarily with amorphous scales.
Crystallization, which complicates the oxidation process, is
discussed separately.

(2) Silicon Carbide

First consider the oxidation of SiC. The key observations
have been summarized by several investigators.”™* Generally,
only one scale forms, although there is limited evidence that an
oxycarbide may form between the oxide and the SiC." Figure 9
shows a representative kinetic curve. Many investigators have
observed a brief (<<(1 h) linear region followed by a parabolic
region.*™ The focus of most investigations has been on the
parabolic region, as shown in Fig. 9. Figure 10 shows the para-
bolic rate constants for a number of SiC materials. Only the
higher-purity materials (i.e., chemically-vapor-deposited
(CVD) SiC and single-crystal SiC) are discussed in this section.

The key question concerns the rate-controlling step. There
are three possibilities: (1) oxygen diffusion inward, (2) CO dif-
fusion outward, and/or (3) an interfacial reaction. Recently,
Luthra™ systematically examined these possibilities based on
available experimental data. His general approach is taken
here. Table IV summarizes some of the experimental observa-
tions and their implications.

(A) Oxygen Diffusion Inward: In general, most of the
data imply oxygen diffusion inward as rate limiting. Rates are
parabolic and dependent on the partial pressure of oxygen
(Py.). Motzfeld*® has reviewed the literature to about 1963 and
carefully compared the rate constants for silicon and SiC. After
correcting for the stoichiometry difference (i.e., the additional
oxygen necessary to oxidize carbon), he finds that silicon and
SiC have essentially the same rates and the same activation
energies. Therefore, he concludes that the same process that
controls silicon oxidation also controls SiC oxidation (i.e.,
oxygen diffusion inward). Much of the data he uses are for SiC
powder. The difficulty in a precise determination of the surface
area and possible impurities suggests that high-purity coupons
may give more precise data for SiC. Recent measurements on
single-crystal SiC* give rates somewhat slower than those for
silicon, as shown in Fig. 10.

Table V summarizes the activation energies for oxidation of
high-purity SiC. Note that there is generally a low-temperature
(T < 1623 K) and a high-temperature (7 > 1623 K) regime.
Consider the low-temperature regime. Here the activation
energy is low, about 120 to 140 ki/mol, and is similar to that for
oxidation of pure silicon and molecular oxygen diffusion
through amorphous SiO,. This supports molecular oxygen dif-
fusion inward as a rate-controlling step for SiC oxidation below
1623 K.

Consider further the type of transport through the growing
SiO, layer. As mentioned, the activation energy for oxidation
becomes much greater after 1623 to 1673 K for controlled-
nucleation thermally deposited (CNTD) SiC and the carbon
face of single-crystal SiC. Zheng et al.”** have explained this
phenomenon as a change in the oxygen transport mechanism.
Below about 1623 K, the activation energy for the parabolic
rate constant is close to that for silicon oxidation, and diffusion
of molecular oxygen through the scale is rate controlling. They
show this by forming a scale in '®O and then reoxidizing in "®O.



January 1993

Table II1.

Corrosion of Silicon-Based Ceramics in Combustion Eavironments 9

Diffusion Coefficients for Oxygen in Amorphous SiO,

Type of diffusion coefficient,

Diffusion coctticient

Investigator Technique temperature runge (K) value (m'/s)

Norton™ Permeation Molecular O,, 973-1373 2.9 x 10 “exp(—112900/RT)

Williams™ Isotope exchange Network exchange, 1123-1523 2.0 x 10 "exp(— 121336/RT)

Sucov”’ Isotope exchange Network exchange, 11981498 1.5 X 10 “exp( —297901/RT)

Muehlenbachs and Schaeffer” Isotope exchange Network exchange, 1423-1703 4.4 x 10" "exp(— 82425/RT)

"E* in J/mol.
f KII Px‘)z
Gas Oxide Si k, = 3 DydInF, = 3K”1)8(P[()|:ﬁ - ;(I)(’) 9
L (!‘
c | '
c =~ 3K'DYP
where the subscripts i and g refer to the SiC/SiQ, interface and
S10./gas interface, respectively; D, is the diffusivity of oxygen;,
and the K’ and K" are constants. Equation (9) simplifies since
P,y >>P,, and there is a negative vacancy gradient as
descnbed by Eq. (7b). Thus, k; shows very little dependence on
x C; external A, . This is in accordance with the oxidation literature
L~ for scale growth on materials with this type of oxide defect
_ _ structure. * The change in P, dependence of k, with tempera-
Gas-to-oxide Diffusion Interface ture® s consistent with a transition from molecular diffusion to
5’3’15;,""(':* c in oxide, reaction, a larger contribution of ionic diffusion. Note also that, with a
3=h(C"-C,)) JozD C,-C; J3 = kC; defect structure different from that in Eq. (74), the Py, depen-
27 Veff

Fig. 8. Processes involved in silicon oxidation. (After Deal and
Grove.™")

An accumulation of O at the SiO,/SiC and SiO./gas interface,
as determined by secondary ion mass spectrometry (SIMS),
supports this. Above 1673 K the activation energy becomes
higher, and this is attributed to a mixture of network exchange
diffusion and molecular oxygen diffusion. Zheng ef al.*’** have
observed a constant distribution of *O through the scale in their
reoxidation experiment. They attribute this to the exchange
process. However, Cawley and Boyce® have reported that,
without some type of concentration gradient, it is difficult to
draw conclusions about the diffusion mechanism.

A transition from molecular oxygen to network oxygen dif-
fusion should be reflected in the dependence of the parabolic
rate constant k, on P, . For molecular oxygen diffusion, the rate
constant should be proportional to P, , assuming that the solu-
bility of oxygen in SiO, obeys Henry’s law. For network
exchange diffusion, one expects &, to show a weak dependence
on Py .*% Zheng et al.* have found k, to be dependent on
(P()Z)",‘where n varies from 0.6 at 1473 K to 0.3 at 1773 K. This

variation is generally consistent with the proposed transition
between the two types of diffusion. At lower temperatures one
might expect a value of n closer to 1 for molecular oxygen dif-
fusion. Zheng et al. attribute the difference to deviations from
Henry’s law for the solubility of oxygen in SiO,. Narushima
et al.™ have found k, to be proportional to (P,)"” at 1823 to
1948 K. From the high activation energy, Narushima et al. con-
clude that network exchange diffusion of oxygen inward is rate
controlling.

In the case of network exchange diffusion, the expected P,
dependence is important to explore further. Using standard
Kroger—Vink notation and assuming that oxygen vacancies are
the primary defect,

Oy = Vg + 2¢ + 0.50, (Ta)
Vil = K" P (7b)
D — D PO e (8)

According to the Wagner oxidation theory™ for ionic diffusion,

dence of k, changes.

(B) co Diffusion Outward: Some investigators have
attributed the higher activation energies at higher temperatures
to a transition to CO-diffusion-outward rate control.™* Two
factors tend to discount this. Zheng ef al.*” have oxidized Si**C
and examined the resultant scale by using SIMS. They found no
carbon gradient, as one would expect if CO diffuses outward
slowly. Thermodynamic arguments also support the rapid trans-
port of CO outward. Suppose the reverse is true and CO dif-
fuses outward slowly. Then P, at the SiC/SiO, interface must
be close to 1, and, as required by diffusion control, Eq. (3)
equilibrium is maintained; the P, has a value of about 10°7 bar
(1 bar = 10° Pa) at 1600 K. Extremely high pressure would be
expected to blow the scale off, but this is not observed. Some
type of “CO pressure gauge” is needed at the SiC/SiO, inter-
face. The formation of bubbles in the scale may provide some
indication of pressure buildup.” However, there are two diffi-
culties with this. First, the precise pressure to form a bubble is
not clear—it depends on local surface tension and a variety of
other factors. Second, the source of bubbles at high tempera-
tures may also be the SiC + SiO, reaction,*' as discussed later
in this paper.

(C) Interfacial Reaction: The other possibility for rate
control is interfacial reaction. Some investigators have reported
linear reaction rates for the silicon face of single-crystal SiC,
which is attributed to interfacial reaction control.”* However,
most of the data for pure SiC indicate parabolic kinetics for the
majority of the reaction period. Table I'V summarizes the exper-
imental observations and the rate-controlling step supported.
Most of the evidence implies oxygen diffusion inward as being
rate controlling.

However, the situation is not so clear. The most recent data
indicate that single-crystal SiC has rates slower than that of
pure silicon, even with the stoichiometry correction. The
(0001) silicon face of single-crystal SiC shows rates slower
than that of the (000T) carbon face.”” There is no explanation
for this. Furthermore, the assumption of oxygen diffusion
inward and CO diffusion outward assumes that one is fast and
the other is slow. Although CO is polar and molecular oxygen is
not, it is difficult to imagine that they would have dramatically
different permeation properties. These three facts make it dif-
ficult to accept oxygen diffusion inward as completely rate con-
trolling. Physical phenomena do not always fall into distinct
categories. As Luthra™ reports, it may be that a mixed control
mechanism is operative and both diffusion and the interface
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reaction are rate controlling. Because of the different rates of
single-crystal SiC and silicon, Luthra advocates mixed inter-
face and CO diffusion outward control. However, the limited
evidence for high CO pressures at the S10,/SiC interface and
lack of a carbon gradient tend to oppose CO diffusion outward.
More work is necessary to determine the rate-controlling step
(or steps).

(3) Silicon Nitride

Next consider Si;N, oxidation. This is more complex
because of the duplex layer formation. Figure 11 shows the par-
abolic rate constants for a range of Si;N, materials. As in the
SiC case, the focus in this section is on the high-purity materials
(i.e., CVD Si;N,). Perhaps the most obvious thing about the
CVD Si;N, material is the steeper slope—the activation energy
is substantially more than that for pure silicon. Table VI lists
some activation energies for CVD Si;N,. In addition, the rates
are slower than those for pure silicon and pure SiC for short oxi-
dation times (~5 h) below about 1700 K; above 1700 K the
rates are similar. These facts suggest that the oxidation mecha-
nism for Si;N, is different from that for SiC.

Luthra® has also systematically investigated the possible
rate-controlling steps for Si;N,. Most investigators have

Sample oxidation curves for CVD SiC in dry oxygen (T = 1673 K):** (a) weight gain versus time (1 mg/em® = 10 kg/m’®) and (b) (weight

observed parabolic kinetics, suggesting that either oxygen dif-
fusion inward is rate limiting or nitrogen diffusion outward is
rate limiting.”**** The parabolic rate constant varies linearly
with oxygen pressure’ at 1523 to 1673 K, and this variation
suggests a molecular oxygen diffusion mechanism. Du ez al.*
have performed double oxidation experiments with *0, and
"*0, and suggest that permeation by molecular oxygen is the
primary diffusion mechanism and that considerable exchange
with the network occurs at higher temperatures. The higher
activation energies for Si;N, as compared with silicon (Table
VI) have been attributed to oxygen transport through Si,N,O.”’
As in the SiC case, rate control by diffusion of a gaseous prod-
uct outward is unlikely because this would create a very large
nitrogen pressure at the oxide/nitride interface. Oxidation stud-
ies at very high temperatures show only limited bubbling.*' An
interfacial reaction-rate-limiting step is not likely because lin-
ear rates have not been clearly observed. Table VIl summarizes
the experimental observations and the rate-controlling steps.
Again, most of the data support oxygen diffusion inward as a
rate-controlling step, but there are some inconsistencies, as are
shown below.

The difficulty with oxygen diffusion inward as a rate-control-
ling step arises from the substantially slower rates of Si;N, as
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A Single-crystal silicon, Deal and Grove31
B Single-crystal SiC, Zheng et al.47
C Chemically vapor-deposited (CVD) SiC, Schiroky et al.41
D CVD SiC, Narushima et al.5
E Controlled-nucleation, thermally deposited SiC, Costello and Tressler et al.42
_14 _.F Sintered a-SiC, Costelio and Tressler et al.*2
G Hot-pressed SIiC(Al,03, 0.20-atm O,), Hinze et al.5
H Hot-pressed SIC(Al,0,), Singhal et al.61
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Fig. 10. Parabolic rate constants for a variety of SiC materials.
Table IV. Rate-Controlling Steps for SiC Oxidation
Observations support
Oxygen diffusion Interfacial CO diffusion
Observation inward reaction outward Reference(s)
Parabolic kinetics v v 41,42,46,47,51
k,xps, (0.3<n<0.5) v v 47
Double oxidation
¥O at SiC/Si0, (low T)' v 47
Even distribution of O  (high 7)* 47
Oxidation of Si"’C; v 47
no accumulation of "*C at
SiC/8i0,
No clear indication of large 4 51
P at SiC/Si0,
Activation energy v/ 42,47
E*(SiC) = E*(Si) (low T)'
Rate constants
k(Si) > k(C face -SiC) v v 47
k(C face) > k,(Si face) v v Ve 42,44, 47

'Permeation of O,. *Network exchange of OF 7.

Table V. Activation Energies for SiC Oxidation

Investigators Temperature range (K) Activation cnergy, E* (kl/mol)

Deal and Grove®  (Si) 1073-1473 119.3
Costello and Tressler” (CNTD SiC) 1473-1673 142
Zhengetal.”’ (single-crystal SiC) 1673-1773 203
Cface 1473-1623 120
C face 1623-1773 260
Siface 1473-1773 223-298
Schiroky et al.*! 1640-1820 125.5
Narushima et al.** 1823-1948 345
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Single-crystal silicon, Deal and Grove3!

Chemically vapor-deposited (CVD) SizN,4, Du et al?

CVD Si3N,, Choi et al.54

CVD SigN,, Schiroky et al.41

CVD SigN, Hiral et al.55

Hot-pressed SigN, (1 wt% MgO), Singhal®S

Hot-pressed SigN,4 (1 wi% MgO), 0.20-atm O, Tripp and Graham’0
Hot-pressed SigN, (5 wt% MgO), Schiichting and Gauckler’2
Hot-pressed SigN, (3 wt% LayOq), Schlichting and Gauckler’2
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Fig. 11. Parabolic rate constants for a variety of Si,N, materials.

Table V1.  Activation Energies for Si;N, Oxidation

investigators Temperature range (K)

Activation energy. £* (kJ/mol)

Deal and Grove™  (Si)

1073-1473 119.3

Duetal’ 1373-1673 464

Choi et al ™
Hirai et al.”
Schiroky et al."'

12731573 330
1823-1923 420
1673-1873 276

Table VII. Rate-Controlling Steps for Si;N, Oxidation

Observations support

Oxygen diffusion

Observation inward

Interfacial Nitrogen diffusion
reaction outward Reference(s)

\

Parabolic kinetics’
Activation energy
E*>E* (81, SiC)
kp x })()w
k not f(Py)
No indication of large
P, at Si0,/Si;N,

NS

v 9,54,55

? 9,54
9
9
41

"Some deviations from parabolic kinctics—some influence of interface (7).

compared with silicon. This fact leads to unreasonably high
pressures at the SiO,/Si,N,O interface. This has been discussed
by both Du er al.> and Luthra®™ and the argument follows. The
oxygen pressure dependence and double oxidation experiments
suggest that, at low temperatures, molecular oxygen diffusion
occurs for silicon and Si;N,. Because the Si,N,O layer is only
about one-tenth of the SiO, layer, consider the parabolic growth
rate of the SiO, scales on Si;N, only. This focus is then on the
associated equilibrium at the SiO,/Si,N,O interface. The para-
bolic rate constant for Si,N, is about 10> that of silicon at 1600
K, and, thus,

ky(Si) = 10%(k,(Si;N,)) (10)
2DKAPG /N, = 10°2DKAPS™IN,, (1)

where D is the diffusivity of oxygen in SiO,, K a proportional-
ity constant relating pressure to concentration, AP, the pres-
sure difference through the SiO, scale on the designated
substrate, and N,, the number of oxygen atoms incorporated
into the scale. All the constants, including D, cancel, and

APS = 10°AP3™ (12)
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Because the oxidation of silicon fits well with known diffusion
coefficients, the pressure at the oxide/silicon interface is set by
the Si0,/Si equilibrium and can be taken as zero. Thus,

APG, = Peo, = W0(Pyo, = PI)) (13)

If P, o is taken as I, then P73 is about 0.99 bar. A condition

for diffusion control is thermodynamic equilibrium at the SiO,/
S1,N,O interface:

Si,N,O + 1.50, = 28i0, + N, (14)

Putting a value of 0.99 bar for P, into the equilibrium constant
for this equation gives a nitrogen pressure of 10* bar at 1600 K,
an impossibly high value. There are three possible explanations
for this: (1) thermodynamic equilibrium is not attained at the
interface, (2) Si0O, scale formed on Si;N, may be different from
that formed on silicon, and (3) network exchange diffusion may
occur in the Si;N, case at the same temperature at which molec-
ular oxygen diffusion occurs in the silicon case. If the first is
true, diffusion cannot be truly rate controlling. This supports
some type of mixed control, which has been suggested by
Luthra.* There is no clear evidence of a different type of SiO,
scale being formed on Si;N, than on silicon. Some investigators
have suggested that nitrogen or nitrogen compounds diffusing
outward may create some sort of blocking effect to oxygen dif-
fusion inward,* but this is difficult to prove experimentally. If
nitrogen has such an effect, one would expect a dependence of
the rate on Py, which has not been observed.” Double oxidation
experiments support molecular oxygen diffusion for both sili-
con and Si;N,, discounting the third explanation.*

Luthra™ has reconciled these differences by suggesting rate
control by mixed interfacial reaction and nitrogen diffusion out-
ward. He replots the data of Du er al.” on a plot of logarithm of
thickness versus logarithm of time. Assuming that the growth
rate obeys the parabolic portion of Eq. (1), the slope of such a
plot should be 0.5. However, the slope is 0.96 at 1373 K and
0.70 at 1673 K.® This suggests a transition from interfacial
reaction control through mixed interfacial reaction and diffu-
sion control. The inclusion of interfacial reaction control may
also explain the differences between silicon, SiC, and Si;N,,
since the interfacial reaction is different for these systems.

Du ez al.*¥ have explained the differences between SiC and
Si,N, on the basis of duplex layer formation on Si;N,. Figure 12
is a cross section of oxidized Si;N, which shows the duplex
scale of Si,N,O and SiO,. The stoichiometry of the oxynitride is
most likely a solid solution, but it is generally identified as
Si,N,O. In general, the thickness ratio of oxide to oxynitride is
on average about 9 to 1.° Du et al.>*" have proposed that oxygen
diffusion inward is rate controlling and that this Si,N,O layer
has a lower permeability to oxygen than SiO, and thus acts as a
diffusion barrier. Ogbuji* has recently performed experiments
oxidizing Si;N, and SiC at 1573 K and then annealing in argon
at 1773 K and reoxidizing at 1573 K. In the first oxidation the
rates of Si,N, are much slower than those of SiC. However, the
annealing removes the Si,N,O layer and the two rates become
comparable. This supports the concept of Si,N,O as a barrier to
oxygen diffusion inward. But the inconsistencies for rate con-
trol by oxygen diffusion inward still remain.

In summary, a fundamental understanding of SiC and Si;N,
oxidation is emerging, but many questions are unanswered.
These deal with the rate-controlling step and the transport
mechanism through SiO, scales. The differences between SiC
and Si;N,, which are apparent for short oxidation times and
below 1700 K, continue to be an intriguing problem.

V. Isothermal Oxidation—Additive-Containing Materials

The discussion thus far has centered on highly pure materials
oxidizing in pure oxygen for short times and forming amor-
phous SiO,. The situation in actual combustion environments is
more complex. First, consider isothermal oxidation on less-
pure materials. In a combustion situation the amorphous scale
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Fig. 12.  Cross section of Si.N, oxidized for 48 h at 1673 K, showing
Si.N,O layer. The SiO, layer has been thinned. (Courtesy of L. Ogbuiji,
NASA Lewis.)

may often crystallize because of impurities in the substrate or
water in the environment. Figure 13 shows a micrograph of
spherulitic cristobalite forming on SiC. In general, transport in
cristobalite is slower than transport in amorphous SiO,. Cos-
tello and Tressler* have correlated a slowing of reaction rates
with crystallization of the oxide scale. The exact nature of crys-
tallization is highly dependent on impurities in the specimen
and/or the atmosphere. However, for sintered a-SiC with boron
and carbon additives, crystallization begins at the SiO/SiC
interface and spreads to the surface. ™

Densification aids in SiC and Si;N, have an even more com-
plex effect. The refractory oxide additives, such as magnesium
oxide (MgO), alumina (Al,O,), and yttria (Y,0,), tend to
migrate out to the SiO, scale and form the corresponding sili-
cate.® ™ Figure 14 is a sample of Y,0,-containing Si;N, oxi-
dized for 100 h. The bright, acicular crystallites at the surface
are an yttria-silicate. Clarke™ has reported that two forces drive
these transition metals to diffuse to the surface. The additives
are initially present as a grain-boundary silicate glass. The ini-
tially pure SiO, layer creates a gradient and a driving force for
the cations to diffuse into this glass. The free energy of silicate
formation in the surface SiO, is a second driving force.

In the case of SiC hot-pressed with Al,O,, an observed pres-
sure dependence on oxygen® suggests that oxygen diffusion
inward is still the rate-controlling step. However, enough alu-
minum diffuses into the scale to form an aluminosili-
cate.*?*142%  Generally, this phase appears to accelerate
rates.** In the case of SiC sintered with boron and carbon sin-
tering aids, boron diffuses into the scale.®” It creates a lower
viscosity scale, which leads to somewhat higher oxidation rates

Fig. 13. Micrograph of SiC oxidized for 24 h at 1673 K, showing
formation of spherulitic cristobalite. (Courtesy of E. Opila, NASA
Lewis.)



14 Journal of the American Ceramic Society—Jacobson

Fig. 14. Crystalline yttria silicate formed by migration of yttria
impurities into scale.

over pure SiC. It has also been suggested that the formation of
boron hydroxide is responsible for the bubbling from oxidation
observed in this material.” The high thermodynamic stability
of boron hydroxide indicates it can form at substantial pressures
with a small pressure of water vapor and small amount of
boron.

In the case of hot-pressed Si;N, with MgO and Y,0, addi-
tives, Singhal® and Cubicciotti and Lau® have seen no pressure
dependence on oxygen. This differs from the observations for
CVD Si;N, (Ref. 9) and indicates another oxidation mecha-
nism. Cubicciotti and Lau®®® have performed reoxidation
experiments on MgO- and Y,O;-containing Si;N,. Here they
oxidized for a time interval, polished the scale off, and reoxi-
dized. They found that the process simply continues, as shown
in Fig. 15. From this and microprobe data they concluded that
the oxidation is controlled by migration of the magnesium or
yttrium cations outward through the grain-boundary phase.
More recently, Andrews and Riley”" have shown that both cat-
ion outward diffusion and oxygen inward diffusion are
important for some types of Si;N,.

These additives can have other effects on oxidation. In some
cases liquid silicates may form.® It has been shown that oxida-
tion rates increase with the amount of additives®* and that addi-
tives lead to deviations from the parabolic rate law.” Also note
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Fig. 15. Reoxidation curve for Si;N, with MgO additives.*
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that certain compositions of a Y,0;-containing Si;N, have been
found to catastrophically oxidize at 1273 K. This has been
found to be due to the oxidation of a grain-boundary phase and
the associated volume expansion.” The surface oxide does not
form in a sufficient quantity to protect the grain boundaries at
1273 K.

Related to this is the oxidation of porous SiC and Si;N, mate-
rials. There are several studies on reaction-sintered Si;N,,
which is about 15% porous.”™” In general, these studies
show that internal oxidation of the pores is critical. Porz and
Thummler” have shown that the oxidation of Si;N, at the pore
mouth tends to limit the diffusive flow of oxygen into the inte-
rior of the Si;N,. Thus, material with small pores can show
good oxidation behavior. Also, a preoxidation at high tempera-
tures may limit oxygen penetration.

V1. Long-Term Oxidation and Thermal-Cycling Effects

The studies discussed to this point deal with short-term, lab-
oratory-scale studies, typically on the order of several hours. In
a heat exchanger or utility turbine a component may be sub-
jected to isothermal conditions for hundreds or thousands of
hours. Information on the effects of these long-term exposures
is limited. Events such as crystallization may tend to slow reac-
tion rates over initial rates obtained from amorphous scales.
Some 500- to 1000-h tests in complex CO, and H,O environ-
ments indicate that parabolic rates hold for these long times.”™”
Fox* has shown that, after 100-h isothermal oxidation of SiC in
oxygen, the calculated parabolic rate constants are in reason-
able agreement with those extrapolated from several-hour
exposures. His studies on CVD Si;N, also indicate that the
short-term rates may not extrapolate and that the long-term
rates are close to those for CVD SiC, even below 1700 K.* The
reasomns for this are not clear.

Many long-term applications, such as an aircraft turbine or
an internal combustion engine, involve thermal cycling. For
this reason extensive studies have been done on cyclic oxidation
of metal alloys.®' However, studies on the cyclic oxidation of
silicon-based ceramics are limited. SiO, undergoes a number of
phase transformations on heating and cooling. Figure 16 shows
the thermal expansivity for polycrystalline SiC, amorphous
Si0,, and crystalline SiO,.*? This mismatch between the coef-
ficients of thermal expansion of the substrate and the scale may
lead to tensile stresses and cracking. Figure 14 illustrates scale
cracking. The question is to assess the effect of this cracking on
oxidation rates.

The limited studies on cyclic oxidation indicate that SiC and
Si;N, perform relatively well under thermal cycling. Figure 17
shows a kinetic curve for sintered o-SiC containing carbon and
boron additives tested at cycles of 5 h at 1773 K in air and then
cooling to room temperature.* Also shown is a curve for iso-
thermal oxidation. The two tests show very similar behavior.
Similar results have been obtained at 1573 K. It appears that
any cracks induced by the cycling heal immediately at these
temperatures and scale thicknesses. Further studies are under-
way for longer times.*

Lindberg** has examined a variety of commercial SiC and
Si;N, materials in a burner rig with 12-min cycles at 1643 K for
a total of 3500 h. Durability was assessed from retained
strength. In general, the dense, uniform-grain-size materials
showed negligible strength reduction. Maeda et al.* have stud-
ied a sintered Al,O;-containing SiC for periods up to 3000 h.
Weight gains were comparable to those obtained during isother-
mal oxidation, but the actual Kinetics involved at least four dif-
ferent parabolic stages. They attribute these to the various
microstructural changes in the scale: crystallization of amor-
phous silica, transformation of those crystalline phases, and
viscosity changes in the oxide scale due to migration of the
additives. In the early stages a smooth scale is formed following
parabolic kinetics; as time progresses, cracks and bubbles
develop, leading to more rapid rates, and then these heal over
leading to slower rates. Andrews and Riley®” have studied a
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Fig. 16. Thermal expansion of SiC, Si,N,, amorphous SiO,, and
crystalline SiQ, as a function of temperature.*

Si;N, containing various oxide additives. Again the strength
shows relatively little change. Weight gains are similar to iso-
thermal oxidation, although again the kinetics are somewhat
different. Some of these differences may be attributed to scale
cracking on cycling.

VII. Isothermal Oxidation—
Carbon Dioxide and Water as Oxidants

Actual combustion atmospheres are not simply pure oxygen.
All combustion environments contain nitrogen, CO,, and H,0.
Fuel-lean environments contain oxygen; fuel-rich environ-
ments contain CO and hydrogen. Thus, the primary oxidant
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Fig. 17. Cyclic oxidation curve for sintered a-SiC with carbon and
boron additives at 1773 K, 5-h cycles.
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may not always be oxygen; it may also be H,O and CO,. H,0O
may induce crystallization and thereby change oxidation behav-
ior. It may also alter transport properties through the scale.

Consider first the effect of H,O on isothermal oxidation of
pure silicon. Deal and Grove®' have shown that silicon oxidizes
over an order of magnitude faster in wet oxygen than in dry
oxygen. They attribute this to the higher solubility of H,O in
Si0, (~3.4 x 10" molecules/cm?) versus molecular oxygen in
Si0, (~5.5 x 10" molecules/cm®).*"* As Eq. (2) shows, the
parabolic rate constant is directly proportional to the solubility
of the oxidizing species. Deal and Grove further show that sili-
con oxidizes at the same rate regardless of whether the mixture
is H,O/Ar or H,0/0,. This indicates that H,O is the primary
oxidizing species. Irene and Ghez® have further shown that
H,O disrupts the SiO, network by forming nonbridging SiOH
groups. This modified SiO, network permits faster H,O
transport.

One would expect similar behavior for SiC. There is general
agreement that H,O accelerates the oxidation of SiC.#-63-%0-%
The major reaction is very likely

SiC + 3H,0(g) = SiOy(s) + CO(g) + 3Hi(g) (15)

Jorgensen et al.* have studied the oxidation of SiC powders
and found the rates to be proportional to log P, . Cappelen

et al *' have observed that the rate in H,O/N, and H,O/O, is the
same, indicating that, as in pure silicon, the primary oxidizing
species is H,O. They also have observed parabolic rates in pure
oxygen and linear rates in H,O. It appears that H,O diffusion is
so rapid that the rate-controlling step becomes the interfacial
reaction. Narushima er al.*? have studied SiC in wet oxygen for
longer times and observed an initial linear region followed by a
parabolic region. Unlike oxidation in dry oxygen, the linear
region lasts long enough (~1 h) to measure reliable linear rate
constants. Apparently the rapid permeation of H,O extends the
period of interfacial reaction control. Tressler et al.* have
examined the effect of water vapor on the oxidation of single-
crystal SiC and sintered a-SiC. In both cases steam accelerated
oxidation by about 10 to 20 times, which is attributed to more
rapid permeation of the H,O molecules, very likely by incorpo-
ration of (OH) ™ into the SiO,. Recent work in purified oxygen
versus 10% water vapor/purified oxygen has shown an increase
in the parabolic rate constant by a factor of 2 to 3 at 1473 K.
Particular care was taken to avoid the effects of sodium impuri-
ties, which may often effect this type of measurement.”-*
There are some important questions on the effects of water
vapor on SiC oxidation.

Choi et al.™ have examined the oxidation of Si;N, in wet
oxygen. They have observed somewhat different behavior than
for wet oxidation of silicon or SiC. In the case of H,O/Ar, the
pressure of H,O has no effect on the rates. However, in the case
of H,0/0, the rates show a complex dependence on Py . They
attribute the wet oxidation to the following reactions: ~

SisNy(s) + 6H,0(g) = 35i0,(s) + 4NH,(g) (16)
4NH,(g) + 50,(g) = 6H,;0(g) + 4NO(g) (17)

They suggest that the effects of H,O on Si;N, oxidation are due
to the product (NH, and NO) gases blocking the outward diffu-
sion paths, increased solubility of H,O versus molecular oxy-
gen in SiO,, or different adsorption properties of gaseous
molecular oxygen versus water vapor.

In addition to water vapor, CO, may act as an oxidant in a
combustion environment. Antill and Warburton™ have studied
long-term oxidation of SiC in CO,. They generally saw para-
bolic behavior and rates about an order of magnitude slower
than those in pure oxygen. Warburton et al.” have also exam-
ined long-term oxidation of porous Si;N, containing MgO. Par-
abolic behavior was generally observed, although the sealing
off of internal porosity in this material was a critical factor.

In summary, many questions remain about the effect of water
vapor and CO, on the oxidation of SiC and Si;N,. It is accepted
that water vapor induces devitrification in SiO, scales and
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accelerates the oxidation of SiC. The differences between SiC
and Si;N, are still not understood.

VIII. Combustion Environment Impurity Effects

[n addition to the various gases shown in Fig. 3(a), combus-
tion environments may also contain a number of corrosive
impurities. These include sulfur oxides SO, and SO, carbon-
containing gases, hydrogen chloride (HC), sodium, vanadate
compounds, and transition-metal atoms. Even in small quanti-
ties these impurities may have a deleterious effect on a silicon-
based ceramic.

In most combustion environments sulfur is present as SO,
and SO,, and, thus, the environment is oxidizing-sulfidizing. It
has been shown that pure SiO, is resistant to attack by SO, and
SO,.” Limited experiments by the author have shown that
exposure to SO, has no measurable effect on SiC at 1473 K over
several hours. In some coal combustion situations, it may be
possible to obtain more sulfidizing environments because of the
presence of hydrogen sulfide (H,S) and low oxygen potentials.
Under these conditions a stable SiO, scale may not form,
and formation of SiS(g) and SiO(g) may lead to rapid
degradation.”"’

The major carbon-containing species are CO and CO,, so
that the combustion environment is also oxidizing—carburizing.
CO, is an oxidant, and its behavior has been discussed. SiO(g)
forms in predominantly CO environments, as discussed in more
detail in the next section. Actual combustion environments
contain a mixture of these impurities, generally with sufficient
CO, to be oxidizing. In some coal combustion situations there
may be a high carbon activity and a low oxygen activity. Where
hydrocarbons such as methane are present, a net transport of
SiC has been observed.” The low oxygen potential allows
Si0(g) to be formed, and it subsequently reacts as

Si0(g) + CH.(g) = SiC(s) + H,O(g) + Hi(g) (18)

Such a route leads to rapid degradation.

Chlorine corrosion can be an issue due to the formation of the
stable SiCl, species.”* In general, chlorine can be quite reac-
tive with SiC in a low-P,, environment. In a heavily oxidizing
environment, it has been found that 5% Cl,/O, environments
show enhanced oxidation by a factor of 10 over pure oxygen.
This has been attributed to incorporation of chlorine in the SiO,
network and the subsequent formation of nonbridging bonds
leading to a more open structure.' It is more likely that HCI
will form in combustion environments. Short-term exposures
of SiC to HCI/O, mixtures show no major effects.”

Alkali metals (sodium and potassium) are common impuri-
ties in heat engines and industrial furnaces. These impurities
may be present in the fuel, in the intake air in a marine environ-
ment, or as a byproduct of an industrial furnace, such as an alu-
minum remelt furnace. Most alkali-induced corrosion is due to
large deposits of Na,SO, forming on the material, as discussed
in a subsequent section. However, there are some recent studies
of very-low-level sodium and potassium incorporation into a
growing SiO, scale on SiC. Such a situation is possible in
combustion environments and provides some insights into
the mechanism of modified SiO, growth in the presence of
impurities.

Pareck and Shores'”! have studied the oxidation of SiC with
carefully controlled amounts of potassium. Basically, they
have used potassium carbonate (K,CO;) as their source of
potassium and have controlled the activity by varying the
Py, to Peg_ ratio:

K,CO; + H,O = 2KOH + CO, (19)

For dry CO,/O, mixtures, which lead to a very small amount of
potassium incorporated into the scale, they observe enhanced
parabolic oxidation. They attribute this to potassium modifica-
tion of the SiO, network. For CO,~0O,—H,O mixtures they
observe linear rate laws that they suggest are due to the rapid
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transport of H,O through the scale. Zheng ef al.'*'* have made
similar observations for SiC and Si;N, at 1373 to 1573 K. In
their case, sodium is ion implanted into the SiC sample. Thus,
the concentration of sodium in the growing SiO, scale remains
constant. The same oxidation mechanism is maintained, but
faster rates are observed. For SiC they attribute an increase of
oxidation by a factor of 2 to the formation of nonbridging oxy-
gens, which allows faster molecular diffusion through the SiO,
scale. For Si;N, the situation is less clear, but they attribute the
acceleration of oxidation rates by a factor of 14 to a modifica-
tion of the Si,N,O layer.

In addition to sodium, transition metals, such as vanadium,
iron, nickel, and chromium, may also be present from the fuel
and/or the metallic parts of the engine or furnace. These too
may be incorporated into the scale, leading to enhanced
oxidation.

In the case of metals, small amounts of impurities can lead to
severe corrosion. In general, this information is lacking for
ceramics. Current evidence suggests that, in oxidizing environ-
ments, the stable SiO, scale prevents extensive attack from gas-
eous impurities. However, metal-atom impurities may be
incorporated into the scale and lead to more rapid oxidation.

An actual burner rig test encompasses oxidation in the pres-
ence of impurities and thermal cycling. These burner rigs thus
provide the most realistic test. In general, SiC and Si;N, have
shown good durability in fuel-lean environments to about
1673 K.'%'% Significant effects noted in these studies include
the incorporation of metal impurities in the SiO, scale from the
metallic parts of the burner rig and the deformation of the SiO,
scale due to the high velocity of the burner rig. Scales of lower
viscosity, such as those grown on additive-containing SiC and
Si:N,, tend to deform more than a pure SiO, scale.

IX. Volatility Issues and Active Oxidation

(1) Silicon Dioxide Scale Volatility

As Fig. 4 shows, two major degradation routes are scale vol-
atility and active oxidation to SiO(g). Consider first the volatil-
ity of the SiO, scales. The vapor species above SiO, are most
conveniently represented by a volatility diagram, as shown in
Fig. 18. These diagrams have a variety of applications and have
been discussed by a number of investigators.’™'"'% Note that,
at 1-bar oxygen pressure, the major vapor species above SiO, is
SiO,(g) and the minor species is SiO(g).

In a combustion situation the question to address is how
much material will be lost by vaporization into the flowing gas
stream. 1t can be shown that the flux of gas vaporizing through
a boundary layer into a flowing gas stream is given by'®'"’

aPy, /QuMRT)"?
T=17 aP /[(2wMRT)"h, ]

(20)

where « is the sticking coefficient, P§l, the equilibrium vapor
pressure of Si0(g) in the atmosphere of interest, M the molecu-
lar weight of SiO,, R the gas constant, T the temperature in
degrees Kelvin, P, the total pressure, and A, the mass transport
coefficient. Note that Eq. (20) has the correct limits. For low
pressures or fast velocities (large h,), aP/[(2QTMRT)"h,] <<
!, and the expression reduces to the Langmuir equation for
vaporization into a vacuum. For high pressures or slower veloc-
ities, aP/[(2wMRT)'"h,] >> 1, and the expression is domi-
nated by the mass transport coefficient. Under these conditions,
o becomes unimportant, which is consistent since o has mean-
ing only in a low-pressure situation.

The mass transport coefficient can be derived from various
semiempirical correlations. Consider, for example, a combus-
tion chamber modeled as a hollow cylinder, with vaporizing
walls:'"!

h, = (0.026Dg;, /RTLP,) (v/pDSK,‘)“‘”(va/v)"-x 21
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Fig. 18. Volatility diagram for the Si~O system at 1800 K. (From Kohl ez a/.'")

where Dy, is the diffusion coefficient of SiO, in the combus-
tion atmosphere, L a characteristic dimension taken to be the
diameter of the cylinder, v the viscosity of the combustion gas,
p the density of the combustion gas, and v the linear gas veloc-
ity. From Eqgs. (20) and (21) one can extract a relationship
between flux and vapor pressure. Note that this is only an
approximation because many of the terms in Eq. (20) are tem-
perature dependent. However, because vapor pressure shows an
exponential temperature dependence and the other terms show
fractional power temperature dependence, this is a reasonable
approximation.

The issue then is to determine an acceptable flux and thereby
extract an acceptable vapor pressure limit. An acceptable flux
depends on the application. For clarity, flux can be converted to
recession rate as follows:

R(m/s) = 10~%J(mol/(m*s))MW/p’ (22)

where MW is the molecular weight of SiO, and p’ the density of
Si0,. There are no guidelines for acceptable recession rates;
however, lifetimes of 10000 h or longer are desired for future
combustor liners. This suggests a criterion of 10 X 107* in./
10000 h, or 7.0 x 10~"> m/s. This in turn leads to a maximum
acceptable vapor pressure of 10~ bar as determined from Egs.
(21) and (22) and some approximate combustion chamber
parameters. Other investigators have taken similar criterion.'?

To determine when SiO, vaporization is a problem, one
needs to know at what temperature the total pressure of the
vapor species above SiO, is 107 bar. There are several equiva-
lent ways to do this. First, for a simple overpressure of oxygen,
one can read the total pressure from the volatility diagram for a
range of temperatures. Second, one can solve the vaporization
equations:

Si0.(s5) = Si10,(g) K, = Py, (23)

SiO,(s) = Si0(g) + 0.50,(g) K, = PSK)(PO_,)"Z (24)

0x(g) = 20(g) K, = P(z)/P()2 (25)
An oxygen pressure can be put into the equilibrium constants
of Egs. (24) and (25), and then the three equations can be
solved. Third, which is perhaps the most versatile, is to use a
free-energy-minimization computer code'”'"* for determining
the equilibrium vapor pressures. Basically, such a code takes
solid SiO, and a particular combustion atmosphere and mini-
mizes the total free energy of the system subject to certain con-
straints. The results are the equilibrium vapor pressures in that
combustion atmosphere. The versatility of this approach is that
volatility can be assessed in any combustion environment.

Figure 19(a) shows the vapor pressure above SiO, in a fuel-
lean environment. These results are basically the same as the
pressures taken from the volatility diagram (Fig. 18) at high
oxygen potentials. Figure 19(a) shows that the pressure of SiO,
approaches 10 ° bar only at temperatures near the melting
point. Thus, vaporization in a fuel-lean environment is unlikely
to be a major issue.

Figure 19(b) shows the vapor pressure above SiO, in an equi-
librium fuel-rich environment. Note that now there is a substan-
tial pressure of SiO(g). A stable SiO, film is expected to form
because of the oxidants CO, and H,O. However, the source of
SiO(g) is reduction of Si0, in this environment. The higher
total vapor pressures indicate that vaporization may be an issue
at temperatures above 1770 K. It may be that, in a fuel-rich situ-
ation, coupled oxidation and vaporization lead to paralinear
kinetics. """

(2) Active Oxidation

The most common route of SiO(g) generation is active oxi-
dation. Although this can lead to rapid degradation, it only
occurs at low oxygen potentials. Most of the combustion envi-
ronments are oxidizing with large amounts of the oxidants,
molecular oxygen, CO,, and H,O. However, in some special
cases, such as coal combustion, the oxidant pressure may fall
below that needed for a stable SiO, film to form. In this case
active oxidation would be favored:

Si + 0.50, = SiO(g) (26)
SiC + O, = SiO(g) + CO(g) 27
Si;N, + 1.50, = 3Si0(g) + 2N,(g) (28)

In these cases a protective oxide film is not formed and the vola-
tile products may lead to rapid consumption of the ceramic.

The major issue with active oxidation is the P,_transition
point. Again, it is appropriate to begin with pure silicon. Heuer
and Lou'™ show how volatility diagrams can be used to predict
the active-to-passive transition. The Py, for a stable SiO, film
can be determined from the necessary equilibrium

Si0,(s) + Si(s) = 2Si0(g) (29)

This can be read from point A on the volatility diagram (Fig.
18) to be about 10~ bar at 1800 K. Basically, enough oxygen to
form 107 *-bar SiO(g) from Eq. (26) is required, which is 0.5 x
10~ 2-bar oxygen. The factor of 0.5 is from the stoichiometry of
Eq. (26). Therefore, the condition for the active-to-passive
transition is

Po, = 0.5P, (30)
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As P, is increased above the active-to-passive transition point,
SiO, first forms as a “smoke™:

Si0(g) + 0.50(g) = SiO,(smoke) 31

This approach is similar to that of Turkdogan er al.'” and is
shown schematically in Fig. 20(a).

As Heuer and Lou'™ have reported, mass transport consider-
ations are involved in this transition. Hinze and Graham''® have
reported that it is important to specify whether the low P, is
attained by lowering the total pressure {molecular flow regime)
or by lowering P, (viscous flow regime).

In a combustion situation, oxidant pressures are part of a
high total pressure and the flow is in the viscous regime. The
classic work in this area is by Wagner.'"” He has considered a
silicon sample in contact with an O/He mixture. At very low
Py, Si0 forms according to Eq. (26). To form a stable Si0,
scale, enough SiO(g) must be formed to maintain the equilib-
rium in Eq. (29). The transition P,,_is the P, necessary to form
that amount of SiO(g). This is a transport problem and depends
on the diffusion of oxygen and SiO through the boundary layer.
Solving this problem leads to the following relationship:

Pg™ = 0.5(D(Si0)/D(0,)) Pl (32)

The diffusion coefficients can be estimated, and the expression
reduces to

P5™ = 0.64PY, a1

This approach is shown schematically in Fig. 20(b). Note that
this result is close to the results based on thermodynamic con-
siderations alone, due to the fact that gas-phase diffusion coef-
ficients are often close to unity.

The active-to-passive transition for SiC and Si;N, is more
complex because additional product gases form. A purely ther-
modynamic interpretation allows P§™ to be determined from

volatility diagrams as described by Heuer and Lou.'® Singhal'*
has extended Wagner’s theory and used the following analogues
for Eq. (29) to derive a transition P, :

SiC(s) + 2SiOy(s) = 3SiO(g) + CO(g) (34)
Si,N,(s) + 3SiO4(s) = 6Si0(g) + 2N,(g) (35)

However, Hinze and Graham''® have suggested that other equi-
libria may control this transition for SiC in place of Eq. (34):

SiC(s) + SiOus) = 2SiO(g) + C(g) (36)
2SiC(s) + SiOy(s) = 3Si(Ls) + 2CO(g) (37)

Their experimental data tend to support Eq. (37). This is simi-
lar to the result of Gulbransen and Jansson'™ for the transition

1 0,4(g)

/
£5i0(g) + 5 O(0) = SI0; (smoke)

—

a)

Fig. 20. Schematic of two proposed descriptions of active-to-passive
transition for silicon: (a) thermodynamic considerations only, SiO,
*smoke" formation, and (b) thermodynamic and mass transport consid-
erations, Wagner theory.
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in the molecular flow regime. Thus, the active-to-passive tran-
sition for SiC is given in terms of sufficient P, to create enough
CO to establish this equilibrium. Again using mass transport
arguments simifar to those of Wagner, they have derived the fol-
lowing expression:

Pg = (D(COYD(O,))"Pg, (38)

Narushima et al."® have examined CVD SiC and come to a
similar conclusion.

Nickel' has reported that carbon activity needs to be consid-
ered in establishing the active-to-passive transition. At high
carbon activities the SiC/SiO, equilibrium is critical in estab-
lishing the transition. At low carbon activities Nickel proposes
that the SiO(/)/SiC equilibrium is important and thus the critical
equilibria becomes

SiC(s) + SiO() = 28i()) + CO(g) 39)

This approach fits some recent data quite well;'™ however, the
existence of condensed-phase SiO is quite controversial."”

Numerous other studies of the active-to-passive transition
have been performed. Antill and Warburton'? have examined
the transition in the presence of other oxidants (CO, and H,0)
and have found behavior similar to that in oxygen. This is
important for a combustion environment, where the primary
oxidants may be CO, and H,O. Vaughn and Maahs'> have
shown that the P, transition varies with flow rate, emphasizing
the mass transport issue. The approximate active-to-passive
oxidant transition pressures for SiC and Si;N, are given in Fig.
4; more precise values are given in the references. '¢-120-122:12

In most combustion environments, active oxidation is not
expected to be a problem. Combustors in current gas turbines
burn near the stoichiometric region. The resultant environment
contains oxygen, H,0, and CO,. Novel combustor designs may
involve a fuel-rich region, which would contain CO, CO,, H,0,
hydrogen, and oxygen potentials as low as about 1077 bar (Fig.
3(a)). However, the presence of H,O and CO, at about 0.1 bar
each should form enough SiO to satisfy the equilibrium require-
ments for a stable Si0, scale (Egs. (29) or (34) to (37) or (39),
with H,O and/or CO, as oxidants). The effect of water vapor in
suppressing active oxidation has been discussed by Heuer and
Lou."® Once formed, however, the SiO, scale may be reduced
in the fuel-rich environment.

Thus, combustion of hydrocarbon fuels generally provides
an atmosphere sufficient for forming SiO,. However, coal com-
bustion situations and certain heat-treating environments,
which are heavily reducing, can lead to active oxidation. In a
recent study of reactions of SiC in heat-treating environments,
the kinetics of SiO(g) formation are found to be dependent on
the gas composition and additives in the ceramic.'* 12

In summary, there are two causes of volatility. The first is
Si0, vaporization. Unless the net SiO, vapor pressure is greater
than about 107° bar, this is not a major problem. In fuel-lean
and stoichiometric combustion situations, this vapor pressure is
attained near the melting point of SiO,, so that volatility is not a
limiting factor. In a fuel-rich situation, SiO, volatility is likely
10 be an issue at higher temperatures. The second cause of vola-
tility is active oxidation. The key issue is the oxidant pressure
for the active-to-passive transition. Active oxidation is pre-
dicted for only a limited number of combustion situations, and
it can lead to rapid material consumption.

X. Upper Temperature Limits

Referring to the corrosion diagram (Fig. 4), the absolute
upper use temperature for silicon-based ceramics is ~2000 K.
This is the melting point of Si0,. When the protective oxide is
liquid, it begins to flow, and rapid transport rates are obtained.
This is a nonprotective situation. Figure 21 shows a sample of
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SiC oxidized for 1 h in air at 2073 K. Note the extensive corro-
sion. The question then is how close to 2000 K can one safely
use this material.

Several issues limit the use of SiC below 2000 K. These
include rapid oxidation rates, volatilization of the Si0, film,
and reaction of the SiO, film with the SiC or Si;N, substrate.
Oxidation and volatility have been discussed previously. Note
that there are relatively few measurements at these high temper-
atures because it is difficult to attain such temperatures in 0xi-
dizing environments.

An important difference between silicon-based ceramics and
other oxide-protected metal alloys is that, at sufficiently high
temperatures, the oxide scale and the SiC or Si;N, ceramic
react. Such reactions can generate gas pressures at the oxide/
ceramic interface:

SiC(s) + 2810,(s) = 35i0(g) + CO(g) (40)
Si,NLO(s) + SiO,(s) = 3SiO(g) + N,(g) 41)

The best way to examine these interfacial reactions is with the
Si-C-O and Si-N-O predominance diagrams, which are
shown in Fig. 22. The intersection of the SiO and CO isobars
with the SiC/SiQ, coexistence line (line AB) gives the gas pres-
sures in the carbide system, as shown in Fig. 22(a). The inter-
section of the SiO and nitrogen isobars with the Si,N,0/Si0,
coexistence line (line AB) gives the gas pressures in the nitride
system, as shown in Fig. 22(b).

Consider first the Si—C-O system. Figure 23(a) shows these
total pressures as a function of temperature for the carbon-satu-
rated, stoichiometric, and silicon-saturated systems. Taking
1 atm as the criteria for instability, carbon-saturated SiC in con-
tact with SiO, becomes unstable at 1800 K. Pressures approach
I atm for the other systems near the melting point of SiO,.
These types of reactions have been suggested as the source
of bubbling at very high temperatures in an oxidized SiC
sample 1%

Recently, Jacobson et a/.'” have examined the SiC + SiO,
reaction in detail. They have found that a carbon-saturated sys-
tem tends to adjust to a stoichiometric composition. This is
done by releasing a large amount of CO and forming a second-
ary SiC. Such a process at the carbon-saturated SiC/SiO, inter-
face may lead to extensive bubbling.

The Si-N-O system is more complex because two interfaces
are involved. However, Eq. (41) is predicted to be the major
source of SiO(g) and N,(g). The total pressures are shown in
Fig. 23(b). The pressures predicted are less than those in the
Si—C-O system. This may be the rcason that only limited bub-
bling is observed when Si;N, is oxidized at high temperatures.”

Fig. 21. Chemically-vapor-deposited SiC oxidized for | h at 2073 K
in air. (Courtesy of D. Fox, NASA Lewis.)



20

O_—T\T:—‘\\_\—\ A _‘P—‘
~ ~
-1 \\ \\a(’ \\ co
sic "o /A1 T~ T~ q025
/’ ~ 1\ \\
o -2 = Pl C ~L ™~ ~10-3
o T (sl 1>~ >« 5
2 [ N I T T [
2 s B ~ 104
1 sil | a5
P
( 1 t ] 1Pgo=10"* Si0,
P I L I [
-25 -24 -23 -22 -1 -20 19 -18
IogPoz, bar
/7 7
|
- [ SiO,(s)
3 |1
I
< : ! I
=) |
g Il I :
EEE b
L1 !
M
11 |
LN T STL
40 35 =30 26 -20 -5 -10
IogPoz, bar
Fig. 22. Predominance diagrams at 1500 K: (a) Si—C-O system and

(b) Si-N-O system.

In summary, the upper use temperatures of silicon-based
ceramics are limited by scale melting, oxidation rates, vola-
tility, and scale/substrate reaction. Scale melting occurs at
1996 K. Oxidation and scale volatility are highly dependent
on ceramic composition and atmosphere. The scale/substrate
reaction is more of an issue in SiC than in S1;N,.

X1. Deposit-Induced Corrosion

(1) Formation of Deposits

As discussed previously, dopant levels of sodium in SiO,
scales appear to accelerate oxidation. Larger amounts of
sodium, either from a marine environment, a salted roadway, or
fuel impurities, can react with sulfur fuel impurities to form
Na,SO,, which is a highly stable molecule:'

2NaCl(g) + SO(g) + 0.50,(g) + H,0(g)
= Na,SO,(/) + 2HCl(g) (42)

The Na,SO, forms as a deposit on engine parts. This type of
deposit-induced corrosion is termed “hot corrosion,” and there
is a large amount of literature on hot corrosion of metals.'*'*
The studies on silicon-based ceramics have recently been
summarized."™

The primary emphasis in this section is on Na,SO,-induced
attack. However, there are other types of deposit-induced corro-
sion (e.g., vanadate-induced attack from lower purity fuels''
and oxide-slag-induced attack from coal combustion®). Similar-
ities between the various types of deposit-induced attack are
discussed below.

In general, hot corrosion occurs in two steps: (1) deposition
and (2) corrosive attack. It is first necessary to determine when
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a corrosive Na,SO, deposit forms. Generally, Na,SO, is corro-
sive between its melting point (1157 K) and the dewpoint for
Na,SO, deposition. The latter can be calculated from a free-
energy-minimization computer code.'” The dewpoints are
shown in Fig. 24 for a number of different combustion condi-
tions. These factors tend to limit the region of hot corrosion, as
shown in Fig. 4. There are two issues to note from this. First,
although the region is limited, it is important to be aware of hot
corrosion because it can be quite severe. Second, the dewpoint
tends to increase with pressure. Future engines are expected to
operate at higher temperatures and pressures. Higher tempera-
tures decrease the likelihood of deposition by exceeding the
dewpoint; however, higher pressures will increase the dew-
point. Thus, a knowledge of engine operating parameters is
essential for predicting the presence of a deposit.
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Fig. 24. Dewpoints for Na,SO, deposition.
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(2) Thermodynamics of Deposit-Induced Corrosion

Figure 25 shows a coupon of SiC treated in a burner rig both
with and without added sodium.'” Note the dramatic effect.
Elemental maps of a polished cross section are shown in Fig.
26. Note the even distribution of sodium, oxygen, and silicon
in the scale, suggesting the formation of sodium silicate glass.
Sulfur was not detected in the scale, indicating that any depos-
ited Na,SO, had decomposed. The likely reaction scheme for
this is

SiC(s) + 1.50,(g) = SiOy(s) + CO(g) (43)
xSi0,(s) + Na,SO,() = Na,0-x(Si0,) () + SOs(g)
(44

These are the key reactions in hot corrosion. A solid, protective
Si0, scale has been converted to a liquid scale. Transport rates
through the liquid are rapid, leading to accelerated attack.

Equation (44) can best be understood as an acid-base reac-
tion.'® ' It can be written more fundamentally as

Na,SO.,(/) = Na,0(s) + SO;(g) (45)
xSi0,(s) + Na,O(s) = Na,0-x(Si0,) (/) (46)

It is well-known that SiQ, is an acidic oxide."™ Following
Lewis’ acid-base concepts, SiO, reacts with the basic oxide
Na,O to form a salt, sodium silicate. The thermodynamic activ-
ity of Na,0 (ay, o) can be determined from the partial pressure
of SO, and the free energy change (AG®) of Eq. (45):

AGlc:).quulion @5 = = 2303RT log (PS()waNaz()) (47)

When Na,SO, has a high activity of Na,O, set by a low Py , it
is called a basic molten salt. When Na,SO, has a low activity of
Na,O, set by a high Py , it is called an acidic molten salt.

From purely thermodynamic considerations one can deter-
mine when Eq. (46) will occur. A threshold ay, ,, for SiO, dis-
solution can be calculated from Eq. (46) as ‘

AGIc;quulion (46) = 23O3RT ]Og aNuz() (48)

(a)

Fig. 25. Optical micrographs of sintered SiC with carbon and boron
additives, treated in burner rig at 1273 K (leading edge is on the left):
(a) 46 h with no sodium and (b) 13.5 h with 4-ppm sodium.
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This border-line ay,, for SiO, dissolution can be related to a
corresponding Py, by Eq. (47). Thus, one can calculate, for a
given temperature, the threshold Py, for dissolution. This is
shown in Fig. 27. Note the temperature boundaries are the
melting point of Na,SO, and the dewpoint for Na,SO, deposi-
tion. The values of Py, from combustion of two typical fuels
are also shown, as calculated by a free-energy-minimization
program.'”'® The intersection of this line with the shaded region
in Fig. 27 shows when scale dissolution is expected. Experi-
ments with quartz coupons in a burner rig verified these predic-
tions, as shown in Fig. 28. The coupons treated in the low-
sulfur fuel showed more corrosion, and chemical analysis
revealed the presence of sodium silicate. The coupons treated in
the high-sulfur fuel showed less corrosion, and chemical analy-
sis revealed no sodium silicate.'

These calculations illustrate the value of the acid—base inter-
pretation and provide general guidelines for predicting corro-
sion. However, as is often the case, the actual situation is more
complex. Secondary elements can drive the molten salt more
basic. It has been shown that SiC with excess carbon corrodes
quite extensively in a situation where the Py, is high enough to
limit corrosion. The reason is that carbon tends to drive Na,SO,
basic.'™ An electrochemical cell can be used to measure ay, o in
a melt: 5% :

Pt,0,(r)|Zr0,|Na,S0,,SO,|mullite| 10-mol%-Ag,SO,, Na,SO,,Ag
(49)
Zirconia acts as a membrane for oxide anions, and the mullite

acts as a membrane for sodium cations. They combine, and the
net reaction is

Na,O + Ag,S0, = 0.50, + Na,SO, + 2Ag (50)
At 1173 K, ay, o is related to voltage (E) by
E = 1.498 + 0.116 log ay, o ;1)

Figure 29 shows the ay, o measurements for Na,SO,/(0.01S0;

+ 0,) and Na,SO,/(0.01SO; + O,) with added carbon. Note
that the latter swings strongly basic. The most likely interpreta-
tion of this is the following sequence of reactions:

Na,SO,(/) + 2C = Na,S + 2CO, (52)
Na,S + 3Na,SO, = 4Na,0 + 4S50, (53)

It is significant that carbon tends to drive Na,SO, more basic
because many types of SiC have excess carbon. These are more
susceptible to hot corrosion.'®

The reactive species Na,O can form from other salts as well.
Under some conditions Na,CO, can deposit and decompose to

Na,CO, = Na,0 + CO.(g) (54)

Na,CO, tends to decompose more than Na,SO,, so that it is a
more basic molten salt. McNallan et al.'*® have shown that
Na,O can also form from the reaction of sodium chloride
(NaCl) and water vapor:

2NaCl + H,O = Na,O(s) + 2HCI (55)

In both these reactions, if ay,, is sufficiently high, SiO, is
expected to dissolve. ’

Deposit-induced corrosion can also originate from vanadium
compounds."""*% Vanadium pentoxide (V,Os) is an acidic
oxide and therefore not expected to react with SiO,. However,
the phase diagram shows a limited solubility of SiO, in V,0s,
which leads to accelerated rates."**'* Mixtures of Na,SO, and
V,0; have led to severe corrosion of Si;N,.'"

The concept of dissolution by basic molten salts can be
extended to oxide slags as well. In the case of an oxide slag, it
is more difficult to define and measure basicity. Generally,
basicity is approximated by the ratio of basic to acidic oxides."”
Ferber et al.® have identified three corrosion mechanisms from
oxide slags. These are passivation by SiO,, dissolution of Si0,,
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Fig. 26. Image and elemental maps of polished cross section of glassy products formed by burner rig corrosion at 1273 K with Jet A fuel for 13.5h

with 4-ppm sodium.

and formation of metal silicides at low oxygen potentials. Pas-
sivation is analogous to the reaction in Eq. (44) not proceeding;
dissolution is analogous to the reaction in Eq. (44) proceeding.

(3) Kinetics of Deposit-Induced Corrosion

The kinetics of corrosion in Na,SO, are consistent with this
interpretation of dissolution and enhanced oxidation.'* Kinet-
ics of hot corrosion are studied in the laboratory by coating the
specimen with Na,SO, and following the kinetics on heating.
This can be accomplished with a thermogravimetric analysis
(TGA) system, such as that illustrated in Fig. 6. A one-time
deposition of salt is not as realistic as continuous deposition in
the burner; however, it does provide mechanistic information on
the first stages of reaction.

Three situations can occur. The first is a basic molten salt,
such as Na,CO; or Na,SO, in contact with carbon. This situa-
tion leads to the type of kinetic curve illustrated in Fig. 30. The
early stages are characterized by a period of weight loss, which
corresponds to the dissolution reaction. In this case the amount
of weight loss corresponds very closely to that predicted from
the reaction'"

Na,CO; + SiO, = Na,Si0, + CO, (56)

This is followed by a period of enhanced oxidation due to liquid
scale. Finally, a protective SiO, layer forms below the melt, and
the reaction slows. This final layered microstructure is shown in
Fig. 31. This is consistent with the study of Mayer and Riley,'""

who saw rapid reaction until the Na,0-Si0O, liquidus was
reached, at which point a stable tridymite film formed below the
melt.

The second case is illustrated in Fig. 32. It has been shown
that Na,SO, with an overpressure of oxygen is sufficiently
acidic so that SiQ, is not expected to dissolve. Figure 32 shows
a kinetic curve for Na,SO,/O, on Si;N,. The long period of
weight loss corresponds to vaporization of Na,SQ,; the rates are
the same as those for Na,SO, vaporizing from a platinum cou-
pon. However, the period of weight gain corresponds to
enhanced oxidation. Blachere and Pettit” have shown that even
an acidic deposit can enhance oxidation by inducing devitrifi-
cation and scale cracking or by doping the SiO, scale.

The third case leads to the most extreme corrosion."™ This
is 1lustrated by the data in Table VIII. In this case Na,SO,/
(0.01S0,+0,), a very acidic salt, is used. Chemical analysis
of the scale indicates limited attack in the presence of this salt
on the SiC and Si;N, with oxide additives. However, for the SiC
with carbon additives, cxtensive attack occurs. This is
explained by the basic effect of carbon at the bottom of the meit
and the acidic effect of Na,SO,/SO; at the top of the melt. These
effects create the reaction sequence illustrated in Fig. 33. This
self-sustaining series of reactions can lead to severe corrosion.
It is termed “fluxing” and is well-known from the hot corrosion
of metals.'>*!1%

In summary, hot corrosion occurs only in a limited regime.
However, it can be quite severe, and, therefore, it is important
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Fig. 27. Calculated corrosion regimes for SiQO,: (a) 0.5% sulfur fuel,
2-ppm sodium, 0.025 fuel-to-air ratio, 1273 K, and (b) 0.05% sulfur
fuel, 2-ppm sodium, 0.025 fuel-to-air ratio, 1273 K.

to be cognizant of when it occurs. The dissolution reactions in
hot corrosion allow corrosion regimes to be predicted. These
reactions are best interpreted in terms of the acid-base theory of
oxide reactions.

XII. Composites

This review has concentrated on the near-surface durability
of the SiO,-protected SiC and Si;N, systems. Thus, the conclu-
sions apply to monolithic SiC and Si;N, and composites of
these materials. Currently there is much interest in SiC-fiber-
reinforced SiC and Si;N, matrices. These composites may have
some unique oxidation and corrosion properties, and it is
important to mention them.

At their current state of development, these materials may be
porous and contain secondary elements, such as refractory
oxides and/or carbon. These effects have been discussed. In
addition, composites require fiber coatings to prevent bonding
of the fibers to the matrix. Loosely bonded fibers permit effec-
tive crack bridging and crack deflection, which lead to a
tougher ceramic.'' However, the current fiber coatings, carbon
or boron nitride (BN), are quite susceptible to oxidation if a
path for oxygen is available. Thus, oxidation may lead to a deg-
radation of the critical fiber interface and loss in properties.
Some composites have exhibited a low-temperature oxidation
problem due to inadequate coverage of the passivating SiO,
scale, which then allows oxygen penetration to the fiber coat-
ings." Recent work by Filipuzzi and Naslain'*'** critically
examines oxidation of composites from both an experimental
and theoretical point of view. Their study presents important
results on the effect of temperature and carbon coating thick-
ness on SiC fibers. Lower temperatures lead to slower oxidation
rates of the carbon coating, but along a long length of the fiber;
higher temperatures lead to more rapid oxidation, but along a

Corrosion of Silicon-Based Ceramics in Combustion Environments 23

Fig. 28. SiO, coupons treated in burner rig in 2-ppm sodium at
1273 K: (a) No. 2 diesel fuel] (0.5% sulfur), 5 h (point A on Fig.
27(a)), and (b) Jet A fuel (0.05% sulfur), 1 h (point B on Fig. 27(b)).

short length of the fiber. They also show that a thinner fiber
coating is desirable, since it leads to healing more readily than
thicker coatings. Improvement in oxidation and corrosion prop-
erties is an important driving force in composite development.
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Fig. 29. Effect of carbon on basicity of Na,S0O,.
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The focus of this paper has been on chemical mechanisms of
degradation. A major issue has been the assessment of this deg-
Fig. 30. Kinetics for SiC + Na,CO,. radation. An assessment in terms of microstructural changes

Si map

Fig. 31. Polished cross section showing final microstructure for SiC + Na,CO, after 48 h of reaction.
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Table VIII. Quantity of Corrosion Products' "'
Na.SO, Na.(+(S10.) $i0,
Material (mg/em’) (mg/cm’) X (mg/em’)
Single-crystal SiC 1.64 = 0.86 <0.0] 1.82 £ 0.96
Hot-pressed SiC with A1,O,  2.01 = 0.03 <0l 0.39 = 0.02
Sintcred SiC with B and C 0.49 = 0.06 097 £0.28 1.6 £09 10.50 = 0.66
Sintered S1,N, with Y,0, 0.23 = 0.11 1.3 0.2

and AL,O,

Na,S0/(0.0180, + 0,48 h, 1273 K,

Acidic S04/0, Na,SiO; + 8O3 = SiO, + Na,SO,
Meit
B T R RN
/ . SIiO, + Nay0 = Na,ySiOg
SiC
Free C -/

Fig. 33. Schematic of fluxing mechanism operative in carbon-satu-
rated SiC + Na,SO, case.

may be sufficient in a fundamental study, but the designer needs
to know how these changes affect properties such as strength,
fracture toughness, fatigue, and creep. A thorough discussion
of this is beyond the scope of this paper. However, a few com-
ments are appropriate.

Many of the studies in this area deal with the change in
mechanical properties after corrosion.'” "' However, applied
stress and corrosion often act synergistically. For example, the
oxidation rate of reaction-sintered Si;N,/SiC material increases
with applied stress.' In a recent review, Tressler'™ has dis-
cussed corrosion-induced effects on critical flaw generation,
crack growth, and creep behavior.

It has been shown that limited oxidation tends to blunt cracks
and may actually increase strength.”®'*-'*¢ However, long-term
oxidation'"” and molten salt corrosion*'*'* jead to extensive
pitting, as shown in Fig. 34. In a monolithic ceramic, pitting
leads to substantial strength reductions. As more flaw-resistant
ceramics and composites are developed, the issue of surface
flaws should become less important.

Corrosion also changes mechanical properties by influencing
crack growth.™™ This is particularly critical in the case of mate-
rials with a second phase at the grain boundary. High-tempera-
ture oxidation may lead to crystallization and compositional
changes in this phase, which may lower the threshold stress

intensity for crack growth.'> The corrosion reactions at or near
the crack tip are quite critical,'**'>* analogous with moisture-
assisted crack growth in ceramics. ' Henager and Jones'! have
shown that the presence of molten Na,SO, on Si;N, increases
the velocity of slow crack growth by a factor of 2 over air at
1573 K. Relatively little is known about the effects of corrosion
on creep in SiC. In S;;N,, grain-boundary phase and/or compo-
sitional changes due to oxidation are expected to alter the creep
rate.'”

The discussion thus far has centered on monolithic ceramics.
In the case of fiber-reinforced composites, other issues, such as
oxidation-induced fiber/matrix bonding, must be considered.'*
The issue here is how much fiber/matrix bonding can be toler-
ated before an unacceptable loss in composite properties
oceurs.

In summary, the synergistic linkage of mechanical properties
and corrosion is an important area of research toward applying
silicon-based ceramics as structural components. Only a few
key issues have been discussed here; the reader is referred to
other reviews for a more thorough discussion. """

XIV. Summary and Conclusions

Many proposed applications of silicon-based ceramics
involve exposure to combustion gases. These environments
have been defined and shown to vary depending on the applica-
tion. All involve high temperatures and most are highly oxidiz-
ing. Some have components that may lead to condensed-phasc
deposits.

Five types of corrosive degradation have been identified: pas-
sive oxidation, deposit-induced corrosion, active oxidation,
scale/substrate interactions, and scale volatilization. A funda-
mental understanding of the oxidation process is emerging from
studies on pure materials in pure oxygen. The key issues are
transport through the SiO, scale, rate-controlling steps, and the
differences between SiC and Si;N,. Commercial materials in
combustion environments add a number of complexities to the
fundamental oxidation process. These include crystallization of
the SiO, film, additive effects, H.O and CO, as oxidants, ther-
mal cycling effects, and combustion gas impurity cffects. In

Fig. 34.

Sequence showing sintered SiC with boron and carbon additives beforc corrosion. after corrosion with Na,5O,/(0.01S0,+0,) at 1273 K

for 48 h, showing glassy product layer, and with glassy product layer removed by HF etch. revealing extensive pitting of SiC.
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addition, some low-oxidant atmospheres can lead to active
oxidation.

The use of silicon-based ceramics is limited at very high tem-
peratures because of rapid oxidation, volatility, scale-melting,
and scale/substrate reactions. Volatility is an issue in some
atmospheres. Scale melting is a limitation at 1996 K. Finally,
scale/substrate reactions may lead to extensive bubbling and are
an issue for carbon-rich SiC.

Condensed-phase deposits are an issue in a narrow region at
lower temperatures but can be quite severe. These reactions can
be understood from the acid-base theory of oxides.

In general, our understanding of the response of SiO, scales
to combustion environments lags behind that of Al,O, and
Cr,0, on metallic alloys. Many important aspects remain to be
explored both in the chemistry of these interactions and in the
correlation of corrosion with mechanical properties.
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