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Paralinear Oxidation of CVD SiC in Simulated Fuel-Rich Combustion
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The oxidation kinetics of CVD SiC were measured by thermo-
gravimetric analysis (TGA) in a 4H,-12H,0-10CO7CO,-67N,
gas mixture flowing at 0.44 cm/s at temperatures between
1300° and 1450°C in fused quartz furnace tubes at 1 atm total
pressure. The SiC was oxidized to form solid SiQ At
=1350°C, the SiQ was in turn volatilized. Volatilization
kinetics were consistent with the thermodynamic predictions
based on SiO formation. These two simultaneous reactions
resulted in overall paralinear kinetics. A curve fitting tech-
nigue was used to determine the linear and parabolic rate
constants from the paralinear kinetic data. Volatilization of the
protective SiO, scale resulted in accelerated consumption of
SiC. Recession rates under conditions more representative of
actual combustors were estimated from the furnace data.

I. Introduction

HE low-density and high-temperature capabilities of SiC in

both monolithic and composite forms make it a candidate
material for aircraft turbine engine combustion applications. In
order for SiC-based materials to be feasible in combustion envi-
ronments, their behavior under fuel-lean and fuel-rich conditions
must be determined. The equivalence ratipi the amount of fuel

used in a combustion application expressed as a fraction of the

stoichiometrically exact amount of fuel at which complete combus-
tion occurs to form only CQand H,O. Many applications operate
under fuel-lean conditionsp( < 1). Some advanced designs also
incorporate fuel-rich operationb(> 1). Jacobschhas calculated
equilibrium products for Jet A aviation fuel (GH,g9 as a function

of ¢. At & = 1.4 (fuel-rich) and a temperature of 1400°C, the
resulting gas composition is4H,-13H,0 -10CO7CO,66N,. The
mole fraction of oxygen is~1.5 X 10™°. In this fuel-rich environ-
ment, active oxidation is not expected, because the oxidg@sadd
CO, are present. As is shown, SiC exhibits paralinear kinetics in the
fuel-rich gas. This results from the formation of Si@nd simulta-
neous volatilization of the oxide.

(1) Chemical Reactions

The reaction of SiC with oxygen to form SjOis well-
documented and discussed in detail in Ref. 1. However, oxygen is

The formation of SiQ via Eq. (1) is well-documentett.” Antill
and Warburtorf, as well as Opila and Nguyéhhave determined
that SiQ, formation from Eq. (2) is negligible compared with Eq.
(1).

In a gas that contains Hand/or CO, reduction of SiQis
anticipated®**Tso and Pask observed linear weight losses from
the reaction of fused SiOwith H, at 1300° and 1400°C. This
weight loss was attributed to the formation of Si(with the
apparent activation energy for the reaction being 343 kJ/mol
Misra® determined the chemical stability of SjOn H, and
H,/H,O(g) at 100 kPa system pressure using thermochemice
analysis/equilibrium calculations. Below 1100 K (827°C), S
formation was expected from the reaction of, Mith SiO,,
although the equilibrium partial pressures were quite lewt@ 2
Pa). Above 1100 K, Si@) formation was favored, with partial
pressures of 10" Pa at 1300°C and 1 Pa at 1450°C calculated. In
H, + H,O atmospheres, Si@ was the predominant gaseous
species at temperaturesl200 K (927°C). The equilibrium partial
pressure of Si@) decreased with increased moisture content anc
increased with increased temperature.

Two SiG, reduction reactions that are possible in the fuel-rich
gas composition used in this study are

SiO,(s) + Ha(g) = SiO(g) + H0(g) (3)
SiO,(s) + CO(g) = SiO(g) + CO,(g) (4)

These reactions result in a linear weight loss, with the linear rat:
constant k) reported in oxide thickness with timgui/h) or
specific weight with time (mg/(cfah)).

In addition to the above reactions, Si€an also be attacked by
the H,O(g) present in the fuel-rich gas mixture. Brd@yroposed
the following reactions from the reaction of quartz by high-
pressure steam:

SiO,(s) + H,0(g) = SIO(OH).(g) (5)
SiOy(s) + 2H,0(g) = Si(OH)4(g) (6)
2Si0,(s) + 3H,0(g) = SiLO(OH)4(9) (7)

Hashimotd” studied the reaction of SiCand H,0(g) at 1100°-

not present in the reaction gas in this study. The gas mixture does1500°C using a transpiration technique at 100 kPa total pressur

contain, however, the oxidants,8(g) and CQ. SiC oxidizes
according to the following reactions:
SiC(s) + 3H,0(g) = SiO(s) + CO(g) + 3H,(Q) (1)

SiC(s) + 3CO,(g) = SiO,(s) + 4CA(9) (2)
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Because the amount of volatilization was found to be proportiona
to the square of the partial pressure gf{g), he concluded that
Si(OH),(g) was formed (Eq. (6)). Hildenbrand and *&wsed
effusion-beam mass spectrometry to study the reaction of(5iO
and HO(g) at 1963-2065 K £1690°-1790°C) under vacuum
conditions. The partial pressure of,Bl(g) was =5 Pa. The
gaseous species SIO(CHEQg. (5)) and SiO(OH) were detected.
The reaction by which the latter formed is

1 1
Si0y(s) + 5H;0(g) = SIOOH)(g) + ;0,(9) (8)
Opila and Hant found that CVD SiC exhibits paralinear oxida-
tion kinetics in a 0.5 atm FD—-0.5 atm Q environment between
1200° and 1400°C. A SiQ scale formed via Eq. (1). The
volatilization reaction of Si© with H,O was consistent with
Si(OH), formation. Subsequently, Opilat al?° used a unique
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high-pressure mass spectrometer to determine the volatile speciesvas continuously monitored with a recording microbalance (Mod-

formed from the reaction of $0(g) in oxygen and SiQat 100 kPa

between 1200° and 1400°C. The primary vapor species was

Si(OH),, with SiO(OH), also detected.

In summary, a number of oxidation and volatilization reactions
can occur in a fuel-rich environment. Oxidation of SiC byQ{g)
results in SiQ formation. Volatilization of the SiQcan occur by
reaction with H/CO to form SiO and/or by reaction with @ to
form primarily Si(OH),. The combination of these reactions result
in paralinear kinetics.

(2) Paralinear Kinetics

Tedmort* developed a mathematical expression for paralinear
oxide scale growth kinetics observed in Fe—Cr alloys. In that
system, oxidation results in gD4(s) formation, with concurrent
reaction of the oxide with ©to form CrO;(g). The equation can

el C-1000, Cahn Instruments, Inc., Cerritos, CA).

Alumina furnace tubes were not used because impurities (pri
marily sodium) could significantly enhance oxidation of Sfn
using fused quartz with a reactive gas, one should realize th:
volatilization of the tube material also occurs and could saturat:
the gas stream with volatile products and influence the reactiol
kinetics of the oxidized SiC sample. The 2.5 cm long SiC sample
was placed in the center of the10 cm long hot zone. In
retrospect, a position near the upstream edge of the hot zone wol
have been more prudent. Formation of volatile products from th
quartz tube would then occur downstream of the specimen.

A schematic of the experimental apparatus has been publishe
previously? It is based on a design by Belton and Richard$bn.
Experiments were conducted at 100 kPa (1 atm) total pressure.
gas mixture composed of 53H1CO8CQO,-76N,, flowing at 100
cm®/min, was passed through a presaturator containing deionize

be used to describe the paralinear kinetics that occur in the water held at a temperature of 80°C. The gas was then pass

SiC-H,0-Q, system:® as well as the system in this paper. The
SiO, scale growth kinetics are given by

| 2kix
—1In 1_7‘,)

where t is the exposure timek;, the oxidation parabolic rate
constant (in units of oxide thickness squared versus time/h),
ki the volatilization linear rate constanir/h), andx the oxide

— 2kix

_ ke
t= 2<k{>2[ K, ®)

through a saturator and held in a water bath at a temperature |
49.7°C. Condensation of the excess water in the gas strea
occurred, resulting in @H,0 of 12%. This process resulted in a
furnace environment of-4.4H,-12.0H,0-9.7CO7.0C0O,'66.9N,.
This synthetic fuel-rich composition closely corresponded to tha
calculated from the combustion of Jet A fueldat= 1.4. The 100
cm®/min gas flow rate corresponded to a velocity of 0.44 cm/s in
the 2.2 cm ID quartz furnace tube. A counterflow of M the
microbalance chamber (10 émin) was used to protect it from

thickness. There is a certain time during the oxidation exposure the reaction gas. Experiments were initiated by raising the furnac

that the SiQ scale reaches a constant equilibrium thickngss;
ki/2ki. This occurs when the rate of oxidation at the interface to
form SiQ, becomes equivalent to the rate of Siglatilization at
the sample surface.

Paralinear kinetics of SiC can be followed using thermogravi-
metric analysis (TGA). Weight changes due to both Si@wth

temperature, already at the desired test temperature, around t
sample. Heat lamps were then placed around the lower portion «
the quartz furnace tube to keep thg®{g) entrained in the gas.
Heating tape was used on the glass tubes of the saturation syst
for the same reason.

One concern is that the gas mixture could further equilibrate and/c

and volatilization are measured. Weight-change kinetics can be change composition in the TGA furnace at 1300°—1450°C. Using

described by

azkp
= 2<k.)2[

- 2k|AW1
e |n< (10)

2k Aw,
ak 1=

P aky

Aw, = —Bkt (11)
where a = MWgo/[(MWo-MW) and B = MWg /MW,
(where MW is molecular weightk, is the oxidation parabolic rate
constant in units of specific weight squared versus time?(mg
(cm™h)), k the volatilization linear rate constant (mg/(ehy),
Aw, the weight gain from Si@growth, andAw, the weight loss
from SiQ, volatilization. At long times, when the constant equi
librium thickness of the SiQscale is achieved, the weight loss is
described by Eq. (11) alone.

free-energy minimization thermodynamics program (Chemsage, GT
Technologies, Sweden), the inlet fuel rich-gas composition is calcu
lated and found to remain essentially constant across the temperat
range of 600°-1700°C. At temperature$00°C, changes in gas
composition are expected to be kinetically limited.

Two separate types of TGA experiments were conducted. In th
first, as-received SiC was exposed to the fuel-rich gas. Weigh
change versus time was measured for exposure timesLoD h.
Two or three samples were typically run at each of the four tes
temperatures. For those samples that exhibited paralinear kinetic
the parabolic and linear rate constantg @nd k) for SiO,
formation and volatilization were determined. This was done by ¢
best fit of the paralinear kinetic model discussed above using
nonlinear least squares analysis to the TGA data. This model |
presented in detail in Ref. 19.

The purpose of this paper is to assess the paralinear kinetics of As mentioned above, at long times the linear rate loss dominate

CVD SiC in a simulated fuel-rich environment at 1300°-1450°C.
Both the parabolic oxidation rate constaky)(for SiO, formation
and the linear volatility rate constarig) for SiO, volatilization are

the paralinear kinetics. However, at temperatuse100°C, the
time to reach that point i5>100 h. Therefore, a second type of
experiment was conducted in which the SiC coupons were firs

determined. Material recession rates are extrapolated from theoxidized for 100 h in pure, dry oxygen in the TGA furnace. The

furnace data to more realistic, high-velocity conditions.

Il.  Experimental Procedure

The material used in this study is commercially available bulk
CVD B-SiC (Bomas Machine Specialties, Somerville, MA).

gas was then switched over to the fuel-rich composition for &
second~100 h exposure. In this way could be measured
directly. Thesek, values for SiC recession could then be comparec
with the linear rate constants for Sj@olatilization determined in
the first type of experiment.

After TGA exposure of the as-received samples, the surfac
oxide was characterized by XRD. Oxide morphology was ther

Atomic emission spectrometry shows some trace impurities are studied using SEM (Model JSM-840A, JEOL, Tokyo, Japan).

present:<0.01% Be,<0.01% Cu. The SiC was slightly silicon-
rich (Si; o{C). Sample size was2.5 cmX 0.7 cmXx 0.3 cm. This
yielded a surface area 6f5.6 cnt. Specimens were cleaned using
a detergent solution, distilled water, acetone, and alcohol.
Oxidation experiments were conducted in a vertical tube fur-

Polished cross sections on reacted samples were prepared
measure the SiQscale thickness. One of the 2.5 cin0.35 cm
edges was polished to 3bm for these observations. This SEM
technique entailed oxide measurements every 1 mm along one
the 25 mm edges. The average thickness for each sample w

nace at four temperatures: 1300°, 1350°, 1400°, and 1450°C.reported. A National Bureau of Standards calibration standard we
Fused quartz furnace tubes (Quartz Scientific, Fairport Harbor, used to determine that the measured thickness in this SEM wze
OH) were used. Samples were suspended from a sapphire hook~5.3% larger than true thickness. This correction factor was take
The oxidation kinetics were followed using TGA. Weight change into account when reporting thickness.
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(1) As-Received Samples

Thermogravimetric results for the exposure of two as-received
CVD SiC samples in 100% oxygen at 1400°C are plotted in Fig. 1.
The kinetics are parabolic, with the average = 1.91x10*
mgP/(cn™h). The results for two as-received samples exposed in the
fuel-rich gas composition at 1400°C are also plotted. The kinetics for

Results

these two samples are paralinear. The difference between the two sets.

of traces is apparent. Similar weight gains are observed in the first
10-20 h. The weight gain at longer times in the fuel-rich experiment
is of lower magnitude compared with the oxygen exposure. This is
due to the volatilization of the SiOscale that occurs concurrently
with the oxidation. The noise in the kinetic curves is due to the high
sensitivity of the microbalance scale required to measure the very
small weight changes~0.1 mg/cn3).

Figure 2 contains representative TGA traces across the temper-

ature range of 1300°-1450°C for single, as-received samples

exposed in the fuel-rich gas. The temperature dependence is quitq;ig. 2.
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Experimentally determined weight-change kinetics for single

apparent. At 1300°C, the kinetics are parabolic, with the average gpecimens of as-received CVD SiC at 1300° to 1450°C in

k, * 1o = (2.23 = 1.53) X 10~* mg?/(cm™h). The kinetics at
1350°-1450°C are paralinear, with the linear rate constant domi-
nating quite early in the reaction at 1450°C. It should be noted that
the kinetics for the 1400°C sample in Fig. 2 were measured for
756 h, but only the first 500 h are shown.

Once the paralinear nature of the reaction was establisqed,
andk, could be determined. An example of the fit of the model to

the data is shown in Fig. 3. For this as-received sample exposed to 5

the fuel-rich environment at 1400°C, the rate constants determined
from the analysis werk, of 5.26 X 10~* mg?/(cni*h), andk, from
SiO, volatility of 2.09 X 10~2 mg/(cnt-h).

The parabolic and linear rate constants for each as-received
sample exhibiting paralinear kinetics are listed in Table I. In
addition, the average calculated limiting Sithicknessx;) at each
temperature is also listed. For cristobalite, this is determined by
multiplying k/2k (mg/cnt) by a factor of 12.9°

(2) Preoxidized Samples

As mentioned, a second set of experiments was conducted in the

TGA. As-received samples were first exposed in dry oxygen for 100 h
in the microbalance furnace. The gas was then switched to the
fuel-rich composition. A kinetic trace for one such experiment at
1350°C is shown in Fig. 4. A thick Sigscale (-1.9 um) was formed

in the first 100 h. Note that this thickness was near the limiting,SiO
thicknessx (+ 10) of 2.15 (£ 0.48) um, calculated for the three
as-received samples exposed at this temperature. Because no furth
appreciable scale growth should occur, the linear rate constant coul
be determined from a simple linear regression through the data

0.16
0.14
0.12

0.1
0.08
0.06

0.04

Specific weight (mg/cm?2)

0.02

O 1 1 1 ] 1 1 1 1 1
40 60 80

Time (h)

Fig. 1. Experimentally determined weight-change kinetics for as-
received CVD SiC at 1400°C: (A) parabolic kinetics in 100% oxygen
flowing at 0.44 cm/s, and (B) paralinear kinetics in
4H,-12H,0-10CO7CO,67N, (fuel-rich gas composition) flowing at 0.44

cm/s.

4H,12H,0-10CO7CO67N,.

—
o

()]

kp = 5.26 x 10" mg?/em® h
k, =2.09x 103 mg/em? h

Specific Weight (mg/cm

0 T T T
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Fig. 3. Paralinear kinetics for CVD SiC exposed in fuel-rich environ-

ment at 1400°C ((—) fit of data to paralinear kinetic model by nonlinear
least-squares analysis).

cquired during the fuel-rich exposure (second 100 h). The linear ral
constants (mg SiC/(cfi)) determined from this set of experiments
are summarized in Table II. SiQvolatility at 1300°C was too low to
be accurately measured within the sensitivity limit of the TGA. A
comparison of the averagl values from the as-received SiC
experiments with those from preoxidized SiC experiments is found i
Table Ill. The agreement of the values between the two techniques
is quite good.

(3) XRD and Oxide Measurement

After TGA exposure of the as-received samples, the surfac
oxide was characterized by XRD. In all cases, the major crystallin
phase was cristobalite. Very minor tridymite peaks were alsc
observed with the 1400° and 1450°C samples. Pronounced trid
mite peaks were only observed with the 756 h, 1400°C specimel
Tridymite formation likely resulted from the sapphire sample
hanger. The surface morphology of a typical $S&2ale is shown
in Fig. 5(A). The cracks are due to the transformatiorgeb-a
cristobalite on cooling?

After X-ray analysis, polished cross sections of each of the
exposed as-received samples were then prepared. Thes&a@®
thicknesses were measured using SEM and the 5.3% calibratic
correction. An example of such a cross section is shown in Fig
5(B). The oxide thickness for this sample, exposed at 1400°C fo
756 h, was determined to be 2.18 0.24) um. The results for all
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Table I. Parabolic and Linear Rate Constants for As-Received Samples
Exposed to a Fuel-rich Environment
Average
Temperature Exposure Ky (mg? ki calculated
(°C) time (h) SiO,/(cm*h)) (mg SiOJ/(c?-h)) % (wm)
1350 100 2.87 10°° 7.06%X 10°°
162 2.05x 10°* 6.05x 104 2.15
175 1.08x 104 422X 1074
1400 96 1.97x 104 9.31x 104
og' 5.26x 104 2.09x 103
100 1.91x 104 1.03x 103 1.41
101 2.41x 1074 8.27x 104
756 3.56x 10°° 2.31x 104
1450 80 1.02x 10°° 3.00x 103 0.08
100* 6.94%x 10°° 3.22x10°3 :
Note: Paralinear kinetics for the 1400°C samples are showWFim 1 and*Fig. 2.
0.18 T : . . : . T l Table Ill. Average Linear Rate Constants for As-received
046 L i and Preoxidized Samples
& Temperature As-received samples Preoxidized samples
g 014 1 ! (°C) (mg SiC/(cnfh))t (mg SiC/(cnt-h))
o I
012 | i 1350 (2.45+ 1.82)x 10°*  (2.43+ 1.25)x 10~*
= o1t ! § 1400 (6.80+ 0.47)x 104 (7.15+ 2.88)x 104
s ! 1450 (2.07+ 0.01)x 103 (1.34+0.08)x 103
g 0.08 - | i "Note: For comparisork, values for as-received samples (in mg S{@?h), Ta:
%) 1 | ble 1) are multiplied by 2/3 (40 g/mol Si€ 60 g/mol SiQ). Uncertainties reported
% 0.06 ! for k, are 1.
[} 1 |
% 0.04 ¢ Oxygen ; "Fuel-Rich"
0.02 | kp=221x 104 mg2/cm® h |k =366x 10%mg/em2h A
. . . . ! . . calculated from measured oxide thickness (SEM) provides add

100 120 140 160 180
Time (h}

0
0 20 40 &6 80

Fig. 4. Weight-change kinetics for preoxidation experiment on CVD SiC
at 1350°C. Parabolic weight gain is observed from formation of, 8iGhe
first 100 h in 100% Q. Volatility of SiO, is evident from exposure in the
fuel-rich gas mixture at >100 h.

Table Il. Linear Rate Constants from Samples Preoxidized
for 100 h in Oxygen and Subsequently Exposed to the
Fuel-Rich Environment

Fuel-rich K (r:?q
Temperature (°C) exposure time (h) SiC/(cnr-h))

1350 96 1.17x 1074
96 3.66x 10°*

114 2.35x 104

1400 65 4.31x 1074
100 5.75x 104

100 1.05x 103

140 7.50x 104

1450 95 2.13x 1073
110 1.01x 103

194 9.25x 1074

the oxide measurements made on as-received CVD SiC exposed t(ipl

the fuel-rich environment are listed in Table IV.

IV. Discussion
(1) Paralinear Behavior

tional evidence (Table V). For oxidation alone, the weight gain
and oxide thicknessx] are related by the expression

Awgt X 12.9= x (12)
when cristobalite is formed, wherevgt is in units of mg/crR, and
X in wm. In all but two cases, the measured oxide thickness i
greater than that predicted from the weight gains. It is especiall
clear from both the long-term 1400°C and the two 1450°C
experiments. Although an oxide is continually being formed,
reduction of the SiQby H, and CO is also occurring. This results
in recession of, and weight loss in, the underlying SiC substrate
The average limiting SiQ© thickness estimated usink,/2k,
(Table I) for each sample is also shown in Table IV. For the
samples exposed at 1350° and 1400°C for 100 h, the measur
thickness is below the limiting oxide thickness because of the sho!
exposure time. Using the averalggandk, at each temperature in
Eq. (9), it is estimated to take 3500, 1500dahh at1350°, 1400°,
and 1450°C, respectively, to reagh Note, however, that SiO
thickness on the 756 h specimen is 50% thicker than the calculate
X (2.2 versus 1.4.m). Also, the measured SiQhickness for the
two 1450°C samples is'1.5 wm, much thicker than the calculated
limiting thickness of~0.1 pum. It is believed that the parabolic rate
constants are greatly underestimated in the nonlinear least squa
analysis of the TGA data at 1450°C and somewhat underestimate
at 1400°C (Table I). This is because the volatility of the SiO
dominates the kinetics very early in these high-temperature test
resulting in an inaccurate determinationkgf Hencex, (= 12.9X
2k)) is thought to be underestimated. However, it should be
mphasized that the more important parameter derived from th
paralinear modeling i%. The recession calculations described
below are based on the Sj®olatilization kinetics.

(2) Linear Weight Loss Rates
The volatility fluxes determined experimentally are plotted on

The paralinear nature of the reaction kinetics of as-received SiC an Arrhenius diagram in Fig. 6. The activation energy from a fit of

with the fuel-rich environment is obvious from Figs. 1-3. Com-

all the data points is calculated to be 4723195 kJ/mol (95%

parison of experimentally measured weight gain (TGA) with that confidence interval). This is in reasonable agreement with tfué E
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Fig. 5. CVD SiC after exposure at 1400°C in fuel-rich environment for 758 h: (A) surface morphology ¢fs8&le and (B) polished cross section used
for SiO, thickness measurement.

Table IV. Comparison of Experimentally Measured Sample Weight Change
(TGA) with that Calculated from the Measured SiO, Thickness (SEM) for
As-received CVD SiC after Exposure in the Fuel-Rich Environment

Awgt Awgt
Temperature Time Awgt exp from x exp/Awgt
°C) (h) (mglcnt) x ()" (mglcn?)* X

2.15ums

1350 100 0.063 1.16 0.27pm 0.085 0.74

1350 162 0.099 1.19 0.20pm 0.092 1.08

1350 175 0.088 1.26 0.14pm 0.098 0.93
1.41pm8

1400 96 0.082 1.0% 0.15pm 0.080 1.03

1400 99 0.071 1.05 0.14pm 0.081 0.88

1400 100 0.052 0.96 0.07pm 0.070 0.74

1400 101 0.082 1.48 0.31pm 0.115 0.71

1400 756 0.012 2.1& 0.24pm 0.169 0.07
0.08 pm*®

1450 80 —0.160 1.55+ 0.23pm 0.120 —1.33

1450 100 —0.149 1.50*= 0.21pm 0.116 —1.28

TUncertainties reported for oxide thickness are for 25 measurements, spaced 1 mm apart, along the
SiC/SiO, interface. *Conversion from measured to Awgt assumes density of cristobalite (2.32 gfgm
Sindicates average calculated limiting Si€cale thickness at each temperature.

343 kJ/mol measured by Tso and Padkom the reaction of fused When comparing the calculated boundary lagevalues with
SiO, with H, at 1300°-1400°C to form SiO. the experimental values, one should recognize that in doin

The measured flux can be compared with the calculated flux. boundary layer calculations, the boundary laygiig defined as”
The appropriate relation for the flux of the volatile species from a

flat plate through a gaseous boundary layer under laminar flow 1.50
conditions is*® d = Ralizgdn (15)
_ 0.664 R&?Sc*Dp
J= L (13) For our sample length and linear gas velocity (0.4 cm/s), the

) ) ) ) calculated is 5.3 cm. However, the furnace tube radius of 1.1 cm
whereJ is the flux of volatile species from the specimen surface, fixes at <0.5 cm. Correcting the boundary layer calculation (Eq.
Re the Reynolds number, Sc the Schmidt numbethe interdif- (13)) for this geometry and gas flow rate results in about a facto
fusion coefficient of the volatile species in the boundary laper,  of 5 increase in calculatek| values. The flux values calculated
the concentration of the diffusing gas species at the solid-gaspere have been corrected for the smaller boundary layer.
interface, andL the characteristic position along the component Measured thermodynamic data are available for Ei®ashi

length. The Re term is dimensionless; in a tube geometry, flow is 1,0t517 has measured data for Si(OHKrikoriar?® and Allendorf
? >6 - > ) -
laminar for Re< 20007° Flow is laminar in the TGA experiments et al2° have calculated data for the Si-O-H system. Using thes:

(Re ~ 2.3). Using the appropriate definitions for Re and Sc, Eq. data sets in a free-energy minimization code (Chemsage, GT

(13) becomes: Technologies, Sweden), one can calculate vapor pressures
p'vL\ Y2/ v \°Dp Si-O-H species. For these calculations, S{€ristobalite) plus an
J= 0-664< ) ( ’D) T (14) initial gas composition of 4.5510H,0-9.9CQ7.2CO,68.4N, are
P used. The calculated vapor pressures of Si-O-H species are th
wherep’ is the concentration of the major gas species qrile used in the boundary layer diffusion model, and SiC mass los
gas viscosity. Gas concentration is calculated using the ideal gasrates are determined. The calculated mass loss rates are showr
law. Fig. 6.
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Temperature (°C)
1450 1400 1300 1200
T T

O pre-oxidized SiC
O  SiC, paralinear fit

=
Ng -1 |- Calculated Rate: SiO, Si(OH)4, SIO(OH),*, SIO(OH)*
5 333 kJ/mol
o af \\
g
< 2. e e
~ 3+ O A =--- Calculated Rate: SiO, Si(OH)4
g 220 kJ/mol
-
“ 473 + 195 kJ/mol Calculated Rate: SiO
5] fit of all expt. data 527 kJ/mol
6 | | ! | I
57 5.9 6.1 6.3 6.5 6.7 6.9

10,000/T (K')

Fig. 6. Arrhenius plot summarizing linear weight-loss rates for CVD SiC under fuel-rich conditions ((—) measured rate and (—) calculated rate

The best agreement with the experimental data are for SiO asthenp is proportional tops;o, Which can be calculated from the
the primary volatile specie( = 527 kJ/mol). When including equilibrium constant
JANAF data for SiO, Hashimoto’s data for Si(Ofind Allen
dorf's data for other Si-O-H species, SiO and Si(QHjyre uaf PooPr, \ M2
predicted to form, with a small contribution of SiO(Oft)ccurring Psio = Kgg m (17)
at the highest temperatures. The calculated mass loss rates agree :
favorably with the experimental data, but the activation energy is i
low (220 kJ/mol). When including JANAF data for SiO, Hashi- '€ variation ofk can then be shown as (from Eq. (14))

moto’s data for Si(OH) and Krikorian's data for other Si-O-H V2 [ DegPu, |12
species, SiO(OH) and SiO(OH) are predicted to form, with K o W( co H2> (18)
contributions of Si(OH) at the lowest temperatures. However, Piotar \ Pcoz PHz0

calculated mass loss rates arelO times larger than those

measured experimentally. It should also be noted that calculatedNow assume that SiC is used under the following combustior

thermodynamic data by Allenddfffind that the species SiO(OH) conditions:T = 1400°C,p,o = 1000 kPa (10 atm}p = 1.4, and

and SiO(OH) (Fig. 6) are unimportant. gas velocity= 20 m/s. Under these conditions, and assuming SiC
Thus the magnitude and temperature dependence of the meais the only volatile species, the volatility rate would be about 67

sured flux is best described by SiO formation. However, formation times greater than that under the TGA conditions (1400°C, 10

of some Si-O-H species under these conditions cannot be ruled outkPa,$ = 1.4,v = 4.4 X 103 m/s). This increase is because of

This is discussed in more detail in another publicafibior the much higher gas velocityw{’? component in Eq. (18)). In doing
purposes of this paper, additional discussion considers only SiOsuch an estimation, one must keep in mind the significan
formation. temperature dependence lof

Once a mass flux is known, a calculation of SiC recession ca
be made. At 1400°C in the TGA experiments, the averqge
(3) Material Recession and Life Prediction ~1 X 10 ® mg/(cnt-h). Extrapolating that value to the combus

Many combustion applications require components to be used tion conqmons ab.ove, using a density valye for S.'C of 3.2 ﬁlcm
for thousands of hours. If the component is fashioned from SiC and and again ast,sur?lg%s_lo '? thletogl¥ vgla%liggseme%the Z%unm
is operating in a fuel-rich environment, some concerns need to be rece_ss?(r;org\ﬁ OThI' |stca_cufae| 0 be f|- C?’t' (or Und
addressed. The SiC is consumed because of continual oxidation by‘*m in )- IS rate Is for laminar flow conditions. nder
H,0 to form SiQ. Because of the presence of, Hnd CO, turbulent rov_v conditions, recession would be even greater.
volatilization of the protective SiQalso occurs. At times well A comparison can be made with the results of high-pressur

before the limiting oxide thickness is achieved, the recession rate burner rig (HPBR) testing of CVD SIC under fuel-rich condi-

: ; ; ; .2 tions332 Nominal fuel-rich combustion of aviation fuel &t =
%gﬁit;r;gteerlglg%e&c can be approximated by the linear,SiO 1.8-2.0 produced sample temperatures from 1200° to 1450°C

The measured fluxes from TGA experiments are much lower Standard ‘operating pressure was 600._1000. kPa (6-10 atm), a
than one would expect in actual combustion applications. This is gas ve_IOC|ty twas 18_2‘2 m/s. I&|rt1)ear SIC Weé?:glt Iossi ??? szrfao
because of the low gas flow rate (0.44 cm/s) and the low system recession rates were observed because of € volatiiity. ~
pressure (100 kPa). At higher flow rates and system pressures quxfuel'“Ch material recession relationship was developed, applicabl
estimates can be made by using a simplified form of Eq {34’) to any combination of HPBR conditions. Using the conditions of
For this approximation, the diffusion coefficienD) is propor- T= 1400 Ct’ pm]zaé: 1?(1)30?}?’ and g?s vellotcltgt .ﬁ? m/?, a
tional to 1P, @ndp’ is proportional top,..,. Assuming that recession rate of 34am/( ) was extrapolated. This rate was

; A . . : X 4 times higher than the calculated 24.&/(1000 h) from the 100
SIO@) is the only volatile species and is formed by the reaction kPa TGA data. It should be mentioned that, at the higher pressui

: in the burner rig, volatile species other than SiO became importan
25I0(9) + H(g) + CO(g) These included Si(OH) SIO(OH), and SIO(OHJ* The flow in
= 2Si0(g) + H,O(g) + CO,(g) (16) the burner rig was complicated with respect to laminar or turbulen
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flow conditions. Turbulent flow would increase the flux and
corresponding recession rate.

It is clear that linear SiC weight loss and surface recession
results from SiQ scale volatility in both the model fuel-rich
environment in the TGA experiments, as well as in more realistic
burner rig tests. A designer of SiC components for a fuel-rich
application must, therefore, be aware that Si@latility occurs,
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