
Journal of the European Ceramic Socwty 5 (1989) 123-133 

Oxidation Behavior of SiC Whisker Reinforced 
Mullite (-ZrO2) Composites 
H. Y. Llu,* K.-L. Weisskopf,:~ M. J. Hoffmann & G. Petzow 

Max-Planck-Inst~tut fur Metallforschung, Inst~tut ffur Werkstoffw~ssenschaften, Pulvermetallurg~sches Laboratonum, 
He~senbergstrasse 5, D-7000 Stuttgart 80, FRG 

(Recewed 30 May 1989, revised versmn received and accepted 1 August 1989) 

Abstract 

The oxtdatlon behavtor of  hot-pressed 20 vol% 
SiC whtsker-mulhte matrix (wtth and wtthout 
10 vol% Zr02)  composites was mvesttgated at 1000 
and 1200°C m air for up to lOOh The oxtdatton 
scales were examined by scannmg electron mtcro- 
scopy and wavelength-dtsperstve X-ray analysts The 
oxtdatton of  both composttes occurred slowly at 
IO00°C andrapldly at 1200°C The outwards dtffuston 
of tmpurtty Ions (Na +, K +, etc ) and AI tons m the 
mulhte decreased the vtscostty of the oxtdatton scale 
and increased the oxidation rates The oxtdatton rates 
for the compostte wtthout Zr02 were shghtly lower 
than for the composite wtth ZrO 2, whwh was probably 
due to Zr02 which lnhtbtts the crystalhzatton of  the 
oxlde film 

Das Oxtdatlonsverhalten yon hetflgepreflten StC 
Whtsker-Mulht Komposttkeramtken (mtt und ohne 
10 vol% ZrO2-Dtsperston) wurde bet 1000 und 
1200°C an Luft bts zu lOOh unersucht Dte ent- 
standenen Oxtdattonsschtchten wurden mtt Hllfe der 
Rasterelektronenrntkrokopte und der wellenlangen- 
dtsperstven Rontgenanalyse charaktertstert Dte 
Oxtdatton betder Komposttzusammensetzungen war 
bel 1000°C germg, bel 1200°C oxtdterten betde 
Kompostte rasch Dte Dtffuston yon Verunremtgungen 
( Na ÷, K ÷, etc ) und yon AI Ionen aus dem Mulht 
setzte die Vtskosltat der Oxtdattonsschtcht herab, und 
erhohte dte Oxtdattonsraten Die Oxtdattonsraten der 
Kompostte ohne ZrO 2 waren etwas germger als dte 
mtt ZrO2-Dtsperston Dtes tst vermuthch auf tile 
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Verhlnderung der Auskrtstalhsatton der Oxtdattons- 
schtcht durch das Zr02 zuruckzufuhren 

Le comportement h l'oxydatton de composttes presses 
h ehaud contenant 20 vol% de whtskers de StC dans 
une matrtce de mulhte (avec ou sans 10 vol% de 
Zr02)  a btb btudtb gt 1000 ° C et 1200 ° C dans l'atr pour 
des durbes allant jusqu'gt 100 h Les couches d'oxyde 
ont Ot~ exammbes par mteroscopte blectromque gt 
balayage et par analyse de rayons X par dtsperston de 
longueur d'onde L'oxydatton des deux composites se 
produtt lentement ?t IO00°C et raptdement h 1200°C 
La dtffuston vers l'extbrwur des trnpurttbs (Na +, 
K +, etc ) et la teneur bievbe en Al de la mulhte 
dtmmue la vtscosttb de la couche d'oxyde et augmente 
la vttesse d'oxydatton Cette dernt~re est lbgbrement 
plus basse pour le compostte sans ZrO z que pour eelut 
qul en conttent, ce qut est probablement dfi au fatt que 
ZrO 2 mhlbe la crtstalhsatton de ia eouche d'oxyde 
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1 I n t r o d u c t i o n  

The high-temperature use of  SIC whisker-reinforced 
ceramic matrix composites in mr is, to a large extent, 
determined by their oxidation resistance Very httle 
data on the oxidation of  these composites exist m the 
literature 

Although the high-temperature oxidation be- 
havior of  SiC has been extensively studied, there Is 

no general agreement regarding the rate-controlhng 
process The diffusion of  oxygen through the 
oxidation scale was suggested to be the rate- 
controlhng process m most  o f  the investigations, 1 -a 
m which low actwat~on energy values m the regmn 
of  120 kJ/mol were obtained 

Smghal 4 measured a high a c u v a u o n  energy 
(481kJ /mol)  and concluded that the ou tward  
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diffusion of CO (g) from the S l C - S l O  2 Interface 
appeared to be the rate-controlhng process The CO 
gas was thought to be produced by a passive 
oxldatmn reaction 1 

SIC(s) + 2~O2(g) , 5102(s  ) -{- CO(g) 

Bubble formation ~s commonly observed in the 
oxIdatzon scale on polycrystalhne SIC, but ~s rarely 
formed on the scales of single crystal material 
M~eskowski et al 5 suggested that the bubbles 
resulted from preferential oxidation of C lnclusmns 
existing m S~C polycrystals The formed CO 
(possibly S~O, too) is controlling the oxldatmn rate 

Schhchtung and Knegsmann 2 pointed out, that, 
m the case of small amounts of addmves (AI, B) and 
impurities, the &ffusion of molecular oxygen 
through the oxidation scale is controlling the 
oxidation kinetics of hot-pressed SIC, increased 
amounts of additives or ~mpurlties may change the 
oxidation kineUcs 

Costello and Tressler 3 suggested that the diffusion 
of molecular oxygen through the oxidation scale 
controls the process up to 1200°C At higher 
temperatures they assumed more complicated 
diffusion processes, depending on the crystallization 
behawor of the oxidation scale 

Singhal and Lange, 6 showed that an Increasing 
amount ofAl20 3 additive lowers the viscosity of the 
scale and increases the oxidation rate The Impurities 
originally present, or Intentionally added as smter- 
ing ad&tlves, segregated into the oxIdauon scale 
The decreasing viscosity of the scale due to the 
redlstnbuuon of the ~mpuntles increases the trans- 
port of the oxygen through the scale 7 

In all these investigations, oxidation kinetics 
approximately agreed w~th the parabohc law 
Depending on the ~mpurity or additive content and 
the type of material (pressureless sintered or hot- 
pressed), activation energies for the oxidation of S~C 
derived from the parabolic curves vary from 84 to 
498 kJ/mol 

The oxIdauon of SIC whlsker-mulllte (-ZrO2) 
composites will be a very complex microchemical 
process Fine S~C whiskers were dispersed in a 
mullite and mulllte-ZrO2 matrix In addition to 

minor amounts of lmpurmes, the mulhte used m this 
work contains a large excess ofA120 a ( > 70 wt%) In 
some samples 10 vol% Z r O  2 w a s  added as toughen- 
ing agent 

Mulhte, hot-pressed m a graphite die, has a black 
or grey color, which is believed to be due to the 
reaction with carbon a However, thls color of hot- 
pressed mulhte could become completely white after 
a heat treatment at 1370°C In air for 50h, or 
extended exposure at 1450°C, 8 there may be also 
some oxldatmn reactmn m the mulhte matrix itself 
dunng a heat treatment at lower temperatures 
(1000-1200°C) In air 

Thus, the objective of this investigation is to 
characterize the oxidation behavior of hot-pressed 
SIC whlsker-mulhte(-ZrO2) composites The in- 
fluence of impurity lngre&ents, mulhte matrix 
composmon as well a s  Z r O  2 and whisker inclusions 
will be studied Additionally, it IS of primary interest 
to determine the maximum temperature for use of 
these composites in ambient a~r 

2 Experimental 

2.1 Materials 
The materials Investigated are listed In Table 1, in 
which mulhte (M) and mulhte with 10 vol% ZrO 2 
(M10Z) were selected to show the oxldauon 
behavior of the matrix The whisker containing 
composites are marked with M20SCW or 
M10Z20SCW 

The starting components for the materials were 
fused mulllte (Dynamullit-351 mesh, Dynamlt 
Noble AG D-5210 Trolsdorf-Oberlar, FRG), ZrO 2 
powder (SC 20, Magnesium Electron Ltd, Man- 
chester, UK) and SIC whisker (Tokamax, Tokai 
Carbon Co Ltd, Tokyo, Japan) The composition of 
the fused mulhte was, in wt%" 76.8 AI20 a, 22.9 SIO2, 
001TIO2, 005Fe203, 020Na20,  004CaO and 
MgO 

The attrition milled powder or tumbled powder- 
whisker mixtures were cold-pressed m a steel die and 
then hot-pressed in a BN-washed graphite die under 
a pressure of 28 5 MPa m flowing Ar for 0.5 h. 

Table I. DescnpUon of the polycrystalhne materials 

Materml Composttmn Temperature Denszty p 
(g/cm 3) 

Color 

M 
M10Z 
M20SCW 
M 10Z20SCW 

Mulhte 1600°C 
Mulhte + 10 vol% ZrO2 1550°C 
Mulhte + 20 vol% SIC whisker 1600°C 
Mulhte + 10 vol% ZrO 2 + 20 VOI% SIC wtusker 1600°C 

315 
3 43 
316 
3 43 

Black or grey 
Grey 
Green 
Green 
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The hot-pressed samples were cut using a 
dmmond saw to approximately 6 0 mm x 3 5 mm x 
2 5 mm The two major faces were ground parallel 
and pohshed The specimens were cleaned with 
acetone, deionized water and lsopropanol in an 
ultrasonic bath and then dned 

2.2 Oxidation 
The oxidation experiments were performed in a 
horizontal alumina tube furnace using SIC heating 
elements, in which the specimens were placed in a 
clean alumina tube, with inside diameter of 4 5 mm, 
in an alumina boat The hot zone was maintained at 
a temperature of 1000 _+ 10°C and 1200 _ 10°C The 
oxidized specimens were weighed on an analytical 
balance after cooling to room temperature The 
oxidation scale were characterized using X-ray 
diffraction (XRD), energy &sperslve X-ray analysis 
(EDX), wavelength-dispersive X-ray analysis 
(WDX) and scanning electron microscopy (SEM) 

3 Results and Discussion 

3.1 Oxidation kinetics 
The weight gain versus time curves for M20SCW, 
M10Z20SCW, M and M10Z obtained from oxida- 
tion at 1000 and 1200°C in the tube furnace are 
shown m Figsl and 2 The weight gain data of 
M20SCW (<25h)  approximately agree with the 
parabolic law, and an apparent activation energy of 
222kJ/mol is roughly estimated The weight gain 
data of M10Z20SCW agree well with the parabohc 
law (Fig 3), and a value of 207 kJ/mol is obtained for 
the actwation energy The thickness change with 
time of the oxide scale of M20SCW (Fig 4) also 
agrees well with the parabohc law 
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Weight change versus time for the oxidation of  the 
M10Z20SCW composite at 1200°C m air 
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Fig. 4. Thickness change of  the oxidized film as a funcUon of  
time for the oxidat~on of  the M20SCW composite at 1200°C m 

air 

The surface and the fracture surface of the mulhte 
matrix and the two composites exposed at 1000 and 
1200°C in air are shown in Figs 5-10 For both 
composites, the oxidation rate at the higher 
temperature (1200°C) was initially high, since there is 
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(a) (b) 

Fig. 5. 

(c) (d) 

Scanmng  electron mlc rog raph  o f  M2OSCW samples  ox l&zed dur ing  tests o f  h~gh t empera tu re  bending  s t rength (short  
exposure)  at  (a) IO00°C, (b) 1200°C, (c) 1300°C and  (d) 1200°C, and  then f rac tured  at  r o o m  tempera tu re  

F i g .  6.  

(a) (b) 

Scanning  e lec t ron m]crographs  o f  M2OSCW oxld]zed at 1000°C m a l r  for  1 O0 h (a) surface,  (b) f rac ture  surface p repared  af ter  
c o o h n g  
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~ " ~ ~ - ~ , ~  

(a) 
Fig. 7 

(b) 

Scanmng electron mmrographs of mulhte oxldmed at IO00°C m air for 100 h (a) surface, (b) fracture surface prepared after 
coohng 

• ,am. - 

Fig 8 

(a) (b) 

Scanmng electron mmrographs of fracture surfaces of spmmens oxldmed at 1200°C m air for 15h (a) M2OSCW, (b) 
M IOZ2OSCW 

Fig. 9 
(a) (b) 

Scanmng electron mlcrographs of  M20SCW oxidized at 1200°C m air for 50h (a) surface, (b) fracture surface prepared after 
coohng 
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(a) (b) 

Fig I0. 

(c) 
Scanning electron mlcrographs of M20SCW OXl&zed at 1200°C m mr for 100 h (a) and (b) surface, (c) fracture surface 

prepared after coohng 

no oxade film to protect the sectaoned whiskers Thas 
is shown an Figs 5(b) and (c) All the whaskers on the 
surface, which were directly exposed to mr, reacted 
with oxygen formmg a hqmd phase, an several 
minutes After the formation of a protective oxade 
film, a parabohc behavaor was observed At longer 
exposure tame (> 25 h) crystalhzataon of  the oxade 
film on M20SCW occurred (Fags 9(a) and 10(b)), 
which may decrease the oxadataon rate On the other 
hand, bubbles and craters formed on the oxide film 
(Fags 8-10) suggest that rupturing of the oxidation 
scale by the escape of  gaseous by-products may 
cause an increase in the oxidation rate The samples 
exposed at 1200°C for a long tame were difficult to 
handle. The than glassy shells around the large 
bubbles on the oxa&zed surface were very easily 
broken, whach leads to some scattering of the 
measured weaght gain and scale-thackness change 
data 

As given an Table 2, the parabolic oxldataon 
rate constants of the SaC wtusker-mulhte ( -ZrO2)  

composxtes were one or two orders of magmtude 
hagher than that of  hot-pressed SaC ceramics found 
m the hterature This as consistent wath the results 
reported by Borom et a1,9 that the oxadation rate of 
SaC an a mulhte matrix as 10-20 tames hagher than 
that of pure SaC 

There were several reasons which were respon- 
sible for the hagh oxadataon rates found Farst, 
mulllte showed an A1203-nch stochlometry, which 
may increase the parabohc rate constant as shown 
by Smghal and Lange on hot-pressed SIC. 6 Borom et 
al 9 reported that the oxadazed film on mulhte wath 
20 vol% SaC whisker has a composmon of 39 mol% 
A1203 and 61 tool% SaO2 Since thas concentrataon 
lies below that reqmred for Stolchaometnc mulhte, a 
metastable eutectac around 1200°C 1° or an amma- 
scable alummo-slhcate liqmd I ~ may occur Secondly, 
Na, K and other ampurltaes within the composate 
material segregated an the hquld film lowering the 
slhcate eutectac and the vascosaty of the oxade film, 
and consequently increasing the oxldataon rate 
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Author Matertal Atmosphere Oxtdatzon 
temperature 

(°c) 

Oxidation OxMatton 
ttme rate constant 
(h) (g2/m4 h) 

This work M20SCW Air 

M 10Z20SCW Axr 

Smghal and HP-SlC + 1 8% AI203 Oxygen 
Lange (1975) 6 + 5 7% AI203 

+ 11 0% AI20 a 

Smghal (1976) 4 HP-SIC + 4% AI203 Oxygen 

Schhchtmg and HP-SIC + 0 5% A1 Air 
Knegsmann (1979) 2 

1000 
1200 
1000 
1200 

1370 

1205 
1260 
1315 
1370 

25 37 x 10 -1° 
25 64 x 10 -9 
25 5 4 x 10- xo 
25 7 7 x 10 - 9  

22 69 × 10 - 9  

54 x 10 - 9  

24 x 10 -s  

16 9 x 10- 1o 
2 x 10 - 9  

7 x 10 - 9  

2 2 x  10 -s  

1000 25 2 5 x 10-12 
1200 64 x 10 T M  

1400 2 5 x 10-1o 
1500 1 9 x 10-1° 

M 10Z20SCW had a shghtly higher oxidation rate 
than M20SCW. This may be explained by the 
presence of  ZrO 2 Compared  to M20SCW a 
crystalhzatlon of the oxidation scale was not  
observed which gwes reason to assume that the 
ZrO 2 retards the crystalhzatlon of  the oxide film, 12 
and probably decreases the viscosity of the hqmd 
phase formed during the exposure 

3.2 Characterization of oxide films 
XRD analysis of the oxide film formed on SxC 
whlsker-mulhte (-ZrO2) composites at tempera- 
tures of 1000 and 1200°C revealed the presence of a 
glassy phase No new crystalhne phase, e g,  crlsto- 
bahte or alumina, was Identified m the oxide films 
However, some precipitates m oxide films formed on 
M20SCW after the exposure of  more than 25 h at 
1200°C were observed by SEM and opUcal micro- 
scopy These precipitates had to be mulhte crystals, 
since only peaks of  mulhte were found X RD 
analys~s of the exposed matrix materials M and 
M10Z also revealed no new crystalhne phases 

The morphologies of  the oxide film formed on S1C 
whlsker-mulhte (-ZrO2) composites are described m 
the following 

3 2 1 Begmnmg of  oxtdatton 
Before oxidation almost no contrast can be observed 
on a pohshed surface of  M20SCW by SEM, since the 
atom masses of the elements contained m SIC 
whisker and mulhte are similar After exposure at 
1000°C for several minutes (Fig 5(a)), the shape of 
the S~C whisker can be observed It m&cated that at 
1000°C the S1C whisker reacted mddly with oxygen. 

At 1200°C (Fig 5(b)), many small hquld drops, 
mostly less than 10/~m m s~ze, were formed after 
several minutes At 1300°C (Fig 5(c)), there was 
more hqmd phase formed w~th more gas pores, 
which connected each other and covered the surface 
Figures 5(a)-(c) show that the temperature strongly 
affected the ox~daUon rate 

3 2 2 Oxidation at IO00°C 
The hqmd phase &d not completely cover the 
surface of  M20SCW oxidized at 1000°C for 100 h 
(Fig 6(a)) There were small white particles &s- 
tnbuted throughout  the surface, which could not be 
Identified by XRD or WDX. These particles may be 
aluminum sdlcate as reported by Smghal 4 Gas 
pores (bubbles), generated 2-3/~m below the surface, 
and the SIC whiskers located &rectly under the 
bubbles appeared unreacted (Fig 6(b)) After the 
same exposure the surface and fracture surface of  
M10Z20SCW had a similar morphology as 
M20SCW The mulhte matnx specimens revealed no 
morphological  change on the surface and the 
fracture surface (Figs 7(a) and (b)) 

3 2 30xtdat ton  at 1200°C 
The surface of M20SCW and M10Z20SCW 
oxl&zed for 15h (Fig. 8) were umformly covered 
wlth a smooth hqmd film containing bubbles The 
thickness of  the films on both composites were about 
13/~m Many troy pores were formed at the interface 
between the oxidation scale and the unoxl&zed part 
of  the compomes.  Larger pores were formed m the 
oxidation layer during the escape of  gaseous 
ox~datton products. 
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Compared to the composites, mulhte and M10Z 
specimens did not show any s~mdar oxidation scales. 
The exposed mulhte showed only a small amount  of 
amorphous phase on the surface. On the M10Z 
samples no amorphous phase was observed, but 
gram growth and an effect simdar to thermal etching 
of  the grain boundaries was 

After an exposure of 25 h the thickness of  the 
oxide layer on M20SCW was 15 #m, and a small 
amount  of  precipitates in the amorphous layer 
was observed, the SiC whiskers In the volume of  
the sample retained their shape and appeared 
unox~dlzed 

After an exposure of  50h, crystallization and 
bubbles in the oxidation scale of  M20SCW were 
observed (Fig 9(a)), the thickness of  the layer was 
about 21/~m (Fig. 9(b)). 

The oxide layer on M20SCW ox]&zed for 100 h 
(Fig 10) was inhomogeneous. Locally, there were 
large bubbles or precip:tates observed The thickness 
of the scale varied on the surface (Fig 10(c)); a mean 
value of 30/~m was estimated 

In contrast, M10Z20SCW oxidized under the 
same conditions, showed a rather homogeneous 
oxidation layer with a larger number of small 
bubbles, however, no crystalhzation of  the amorph- 
ous oxidation layer could be observed (Fig 11). 

(a) 

Fig. l l .  Scanning electron m:crograph of surface of 
M 10Z20SCW ox:d]zed at 1200°C m mr for 100 h 

On the surface of  mulhte samples oxidized for 
100h, an amorphous phase and abnormal gram 
growth was observed (Fig. 12). Large platelet grains 
were grown only near the surface and mostly below 
drops in the amorphous phase. The size of  the inner 
grains remained unchanged (Fig. 12(b)). Th~s indi- 
cates that the exaggerated grain growth, which is 
harmful to mechanical properties, is directly con- 
nected with the existing liqmd phase The M10Z 

° . 

Fig. 12. 

(b) 

Scanning electron m]crograph of rnulhte (M) OXl&zed 
at 1200°C m a:r for 100h 

samples oxldlzed under the same conditions, show 
less grain growth on the surface. The ZrO 2 particles 
retard the formation of  the glassy phase and inhibit 
the grain growth ia 

After the oxidation of 100 h at 1000 and 1200°C, 
mulhte showed little or no change in color on the 
surface However, the color of  the surface of  M10Z 
was changed from grey to white A white oxidation 
layer along the surface could easily be seen by eye on 
the fracture surface of  M 10Z This indicates that the 
presence of  ZrO 2 increases the diffusion of  oxygen 
through mulhte, wh]ch ]s consistent with the weight 
g a i n  c u r v e s  

EDX analyses performed on M20SCW oxidized 
at 1200°C for 25h and at 1000°C for 100h, showed 
only SI and Al peaks in the inside of  the samples. Na, 
K and Ca peaks were detected in the oxidation 
layer 

Figures 13(a)-(c), show a pohshed cross section of  
M20SCW oxidized at 1200°C for 100 h, with Na and 
K maps obtained by WDX analyses The Na- and 
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Fig. 13. 

(b) (c) 
(a) Pohshed cross section of M20SCW oxidized at 1200°C for 100 h, (b) Na map (wavelength dlsperswe), and (c) K map 

(wavelength dispersive) of sample shown m (a) 

K-rich areas corresponded to the oxidation layer of 
30/~m in thickness Similar results were also 
obtained on the whisker-containing samples at other 
exposure condit ions Figures14(a)-(c), show a 
polished cross section of  M10Z20SCW oxidized at 
1200°C for 100h and the associated Na and Zr 
maps The WDX analyses show an enrichment of 
the Na and Zr elements in the oxidation layer 

The diffusion processes which are responsible for 
the oxidation behavior of  the SIC whlsker-mulhte 
( - Z r O 2 )  composites are shown schematically in 
Fig 15 The WDX analyses showed that the Na, K 
and other impurities, are concentrated in the 
oxidation layer of  the samples by diffusion processes 
The Na, K and other impurities originally existed in 
the mulhte raw material, and attrition milling of the 
powder using a porcelain container resulted in 
further contammaUon The diffusion of  the oxygen 
to the inside, or the gaseous reaction products to the 

outside, is the rate-controlling process, which will be 
accelerated by the decrease of the viscosity of  the 
oxide film Because the elements Na and K are 
strongly decreasing the viscosity of  a glassy phase 
and are concentrated in the oxidation layer, even the 
low concentration of these elements may be respon- 
sible for an increase of  the oxidation rate 

The SEM investigations (Figs 8, 9(b) and 10(c)) 
showed that the growth of  the oxidation scale is 
lnhomogeneous Tiny pores were observed between 
the matrix grains at the oxidation layer, indicating 
that oxygen diffuses along the grain boundaries and 
reacts with the SIC whiskers The generally low 
activation energy of diffusion at interfaces compared 
to volume diffusion makes it plausible that the grain 
boundaries are rapid diffusion channels for the 
oxygen and the gaseous reaction products 

In both whisker composites the gaseous oxidation 
products caused sufficient internal pressure for the 
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(a) 

Fig. 14. 
(b) (0 

(a) Pohshed cross section of M 10Z20SCW oxidized at 1200°C for 100 h, (b) Na map (wavelength dispersive), and (c) Zr map 
(wavelength dispersive) of sample shown m (a) 

formation of small bubbles, which grow together to 
form larger ones during extended exposure, creating 
craters on the oxidized surface resulting in the escape 
of the gaseous reaction products In this case the 
reduction of the viscosity of the glassy layer induced 
by the mobile impurity ions and the A1 excess 
dissolved in the glassy phase plays an important 
role, too 

Our mechanical tests t4 showed that the strength 
of the SiC whlsker-mulhte (-ZrO2) composites 
decreased shghtly from room temperature to 
1000°C The stronger degradation of strength at a 
test temperature > 1200°C in air is attributed to the 
residual glassy phase in the matrix and the oxidation 
of the SiC whiskers winch accelerated slow crack 
growth 

4 Conclusions 

Parabohc oxidation kinetics with moderate activa- 
tion energies (220 and 207 kJ/mol) were observed 
for oxidation of M20SCW and M10Z20SCW The 
oxidation behavior of these SiC whlsker-mulhte 
(-ZrO2) composites is a diffusion-controlled process 
However, it has not yet been determined whether the 
inwards diffusion of oxygen or the outwards 
diffusion of CO gas was the rate-controlling process 
High contents of AI in the mulhte favored the 
oxidation of the SiC whiskers Segregation of Na 
and K lmpurmes in the oxidation layer lowered the 
viscosity, increased the transport of oxygen and CO 
through the oxidation film, and thus increased the 
oxidation rate 



Oxzdatzon behavzor o f  SzC whzsker reinforced mulhte  ( - Z r 0 2 )  composztes 133 

SURFACE 

t )11 t ) OxldOllOn 
. ~  0 2 ~ ioyer 

CO-, S~O- bubble 

F~g 15. Schemattc of the diffusion processes taking place 
during the ox,dat,on of the SIC whisker-reinforced mulhte 

composites 

At 1000°C the compos]tes were mddly oxidized 
After 100 h their surfaces were only partly covered 
by a hqu]d film with troy bubbles, and the thickness 
of the oxide layer was about 2-3/ tm At 1200°C the 
composites were severely oxidized and their surfaces 
were completely covered with a hqmd film wtth large 
bubbles and craters After extended exposure (25 h), 
crystalhzatton in the oxldat~on layer was observed 
to some extent for M20SCW, but not for 
M10Z20SCW ZrO2 appeared to retard crystalhza- 
t]on and shghtly decreased the viscosity of  the 
hqmd film Thus, ZrO2-contalnmg SIC whlsker- 
mulhte composites (M10Z20SCW) had a shghtly 
h]gher oxidation rate than that for M20SCW 

Compared to carbon fiber-remforced ceramic 
compos]tes the SIC whlsker-mulhte (-ZrO2) com- 
posites have a much better ox]datlon res]stance The 
appltcat~on of  the whisker composites at 1000°C for 
long t~mes seems to be possible, but the structural 
apphcatlon of  the composttes at temperatures higher 
than 1000°C is hmlted by oxldat]on of  the SIC 
whsskers, Reducing the alkah impurity content m 
the gram boundary phase, and the AI excess m the 
mulhte, may ~mprove the oxidation res]stance of  
these compos]tes Further  research is needed to 
understand the oxidation mechamsms, and to find 
approprtate routes to solve the oxldat]on problem 
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