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Abstract

The oxidation behavior of hot-pressed 20 vol%
Si1C whisker-mullite matrix (with and without
10 vol% ZrO,) composites was investigated at 1000
and 1200°C wn air for up to 100h The oxidation
scales were examined by scannming electron micro-
scopy and wavelength-dispersive X-ray analysis The
oxidation of both composites occurred slowly at
1000°C and rapidly at 1200°C The outwards diffusion
of impurity ons (Na*, K*, etc ) and Al ions in the
mullite decreased the viscosity of the oxidation scale
and increased the oxidation rates The oxidation rates
for the composite without ZrO, were shightly lower
than for the composite with ZrO,, which was probably
due to ZrO, which inhibits the crystallization of the
oxide film

Das Oxidationsverhalten von heifigepreften Si1C
Whisker—Mullit Kompositkeramiken (mit und ohne
10 vol% ZrO,-Dispersion) wurde ber 1000 und
1200°C an Luft bis zu 100h unersucht Die ent-
standenen Oxidationsschichten wurden nut Hilfe der
Rasterelektronenmikrokopie und der wellenlangen-
dispersiven Rontgenanalyse charakterisiert Die
Oxidation beider Kompositzusammensetzungen war
ber 1000°C gering, ber 1200°C oxidierten beide
Komposite rasch Die Diffusion von Verunreimigungen
(Na*, K*, etc ) und von Al Ionen aus dem Mullit
setzte die Viskositat der Oxidationsschicht herab, und
erhohte die Oxidationsraten Die Oxidationsraten der
Komposite ohne ZrO, waren etwas geringer als die
mit ZrO,-Dispersion Dies ist vermutlich auf die
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Verhinderung der Auskristallisation der Oxidations-
schicht durch das ZrQO, zuruckzufuhren

Le comportement a I'oxydation de composites pressés
a chaud contenant 20 vol% de whiskers de Si1C dans
une matrice de mullite (avec ou sans 10 vol% de
Zr0,) aété étudié a 1000°C et 1200°C dans I'air pour
des durées allant jusqu'a 100 h Les couches d'oxyde
ont été examinées par microscopie électronique a
balayage et par analyse de rayons X par dispersion de
longueur d’'onde L'oxydation des deux composites se
produit lentement a 1000°C et rapidement a 1200°C
La diffusion vers l'extérieur des impurités (Na*,
K™, etc ) et la teneur élevée en Al de la mullite
diminue la viscosité de la couche d'oxyde et augmente
la vitesse d'oxydation Cette derniere est legerement
plus basse pour le composite sans ZrQ , que pour celui
qui en contient, ce qui est probablement di au fait que
ZrO, inhibe la cristallisation de la couche d'oxyde

1 Introduction

The high-temperature use of S1C whisker-reinforced
ceramic matrix composites 1n air s, to a large extent,
determined by their oxidation resistance Very little
data on the oxidation of these composites exist in the
literature

Although the high-temperature oxidation be-
havior of SiC has been extensively studied, there 1s
no general agreement regarding the rate-controlling
process The diffusion of oxygen through the
oxidation scale was suggested to be the rate-
controlling process in most of the investigations,! ~3
in which low activation energy values 1n the region
of 120 kJ/mol were obtained

Singhal®* measured a high activation energy
(481 kJ/mol) and concluded that the outward
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diffusion of CO (g} from the SiC-S10, interface
appeared to be the rate-controlling process The CO
gas was thought to be produced by a passive
oxidation reaction !

S1C(s) + 30,(g) — S10,(s) + CO(g)

Bubble formation 1s commonly observed in the
oxidation scale on polycrystalline S1C, but 1s rarely
formed on the scales of single crystal matenal
Mieskowsk1 et al® suggested that the bubbles
resulted from preferential oxidation of C inclusions
existing 1 SiC polycrystals The formed CO
(possibly S10, too) 1s controlling the oxidation rate

Schlichtung and Kriegsmann? pointed out, that,
in the case of small amounts of additives (Al, B) and
mmpurities, the diffusion of molecular oxygen
through the oxidation scale 1s controlling the
oxidation kinetics of hot-pressed S1C, increased
amounts of additives or impurities may change the
oxidation kinetics

Costello and Tressler? 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
behavior of the oxidation scale

Singhal and Lange,® showed that an increasing
amount of Al, 0, additive lowers the viscosity of the
scale and increases the oxidation rate The impurities
originally present, or intentionally added as sinter-
ing additives, segregated into the oxidation scale
The decreasing viscosity of the scale due to the
redistribution of the impurities increases the trans-
port of the oxygen through the scale ’

In all these investigations, oxidation kinetics
approximately agreed with the parabolic law
Depending on the impurity or additive content and
the type of material (pressureless sintered or hot-
pressed), activation energies for the oxidation of S1C
denived from the parabolic curves vary from 84 to
498 kJ/mol

The oxidation of SiC whisker-mullite (-ZrO,)
composites will be a very complex microchemical
process Fine SiC whiskers were dispersed in a
mullite and mullite-ZrO, matrix In addition to

minor amounts of impurities, the mullite used 1n this
work contains a large excess of Al,O; (>70wt%) In
some samples 10 vol% ZrO, was added as toughen-
g agent

Mullite, hot-pressed 1n a graphite die, has a black
or grey color, which 1s believed to be due to the
reaction with carbon 8 However, this color of hot-
pressed mullite could become completely whate after
a heat treatment at 1370°C in air for 50h, or
extended exposure at 1450°C,® there may be also
some oxidation reaction in the mullite matrix itself
during a heat treatment at lower temperatures
(1000-1200°C) 1n air

Thus, the objective of this investigation 1s to
characterize the oxidation behavior of hot-pressed
S1C whisker—mullite(-ZrO,) composites The in-
fluence of impurity ingredients, mullite matrix
composition as well as ZrO, and whisker inclustons
will be studied Additionally, 1t 1s of primary interest
to determine the maximum temperature for use of
these composites 1n ambient air

2 Experimental

2.1 Materials
The matenals investigated are listed 1n Tablel, 1n
which mullite (M) and mullite with 10 vol% ZrO,
(M10Z) were selected to show the oxidation
behavior of the matrix The whisker containing
composites are marked with M20SCW or
M10Z20SCW

The starting components for the matenals were
fused mullite (Dynamullit-351 mesh, Dynamit
Noble AG D-5210 Troisdorf-Oberlar, FRG), ZrO,
powder (SC 20, Magnesium Electron Ltd, Man-
chester, UK) and SiC whisker (Tokamax, Tokai
Carbon Co Ltd, Tokyo, Japan) The composition of
the fused mullite was, in wt%:* 76-8 Al,0,, 22:9 S10,,
001 Ti0,, 005Fe,05, 020Na,0, 004CaO and
MgO

The attrition milled powder or tumbled powder—
whisker mixtures were cold-pressed 1n a steel die and
then hot-pressed in a BN-washed graphite die under
a pressure of 28 5 MPa in flowing Ar for 0-5h.

Table 1. Description of the polycrystalhine matenals

Material Composttion Temperature Density p Color
(g/cm?)
M Mullite 1600°C 315 Black or grey
M10Z Mulhte + 10 vol% ZrO, 1550°C 343 Grey
M20SCW Mulhte + 20 vol% SiC whisker 1600°C 316 Green
M10Z20SCW Mullite + 10 vol% ZrO, + 20 vol% S:C whisker 1600°C 343 Green
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The hot-pressed samples were cut using a
diamond saw to approximately 6 0mm x 3 5mm x
2 5mm The two major faces were ground parallel
and polished The specimens were cleaned with
acetone, deionized water and isopropanol in an
ultrasonic bath and then dried

2.2 Oxidation

The oxidation experiments were performed in a
horizontal alumina tube furnace using Si1C heating
elements, in which the specimens were placed in a
clean alumina tube, with mside 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 dispersive 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 obtamned from oxida-
tion at 1000 and 1200°C 1n the tube furnace are
shown 1n Figs1 and 2 The weight gain data of
M20SCW (<25h) approximately agree with the
parabolic law, and an apparent activation energy of
222kJ/mol 1s roughly estimated The weight gain
data of M10Z20SCW agree well with the parabolic
law (Fig 3),and a value of 207 kJ/mol 1s obtained for
the activation energy The thickness change with
time of the oxide scale of M20SCW (Fig 4) also
agrees well with the parabolic law

@ 8+
N§ 1200 °C (M205CW)
S 26
= ®
E
c
S 04
O 1200 °C (M)
» Bommmee 1
gv ez24
-7 1000 °C (M20SCW)
G B T T v T T L
@ 20 40 60 82 100
Time, h

Fig 1. Weight change versus time for the oxidation of the
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Fig. 2. Weght change versus time for the oxidation of the
M10Z20SCW composite and of M10Z 1n air
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Fig. 3. Weight change versus time for the oxidation of the
M10Z20SCW composite at 1200°C 1n air
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Fig. 4. Thickness change of the oxidized film as a function of
time for the oxidation of the M20SCW composite at 1200°C 1n
air

The surface and the fracture surface of the mullite
matnx and the two composites exposed at 1000 and
1200°C 1n air are shown in Figs 5-10 For both
composites, the oxidation rate at the higher
temperature (1200°C) was mnitially high, since there 1s
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Fig. 5. Scanning electron micrograph of M20SCW samples oxidized during tests of high temperature bending strength (short
exposure) at (a) 1000°C, (b) 1200°C, (c) 1300°C and (d) 1200°C, and then fractured at room temperature
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Fig. 6. Scanning electron micrographs of M20SCW oxidized at 1000°C in air for 100 h (a) surface, (b) fracture surface prepared after
cooling
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Fig. 7 Scanmng electron micrographs of mullite oxidized at 1000°C 1n air for 100h (a) surface, (b) fracture surface prepared after
cooling

(a)

Fig 8 Scanning electron micrographs of fracture surfaces of specimens oxidized at 1200°C 1n air for 15h (a) M20SCW, (b)
M10Z20SCW

Fig. 9 Scanning electron micrographs of M20SCW oxidized at 1200°C 1n air for 50 h (a) surface, (b) fracture surface prepared after
coohng
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Fig 10. Scanning electron micrographs of M20SCW oxidized at 1200°C 1n air for 100h (a) and (b) surface, (c) fracture surface
prepared after cooling

no oxide film to protect the sectioned whiskers This
1s shown 1n Figs 5(b) and (c) All the whiskers on the
surface, which were directly exposed to arr, reacted
with oxygen forming a liquid phase, in several
minutes After the formation of a protective oxide
film, a parabolic behavior was observed At longer
exposure time (>25h) crystallization of the oxide
film on M20SCW occurred (Figs 9(a) and 10(b)),
which may decrease the oxidation rate On the other
hand, bubbles and craters formed on the oxide film
(Figs 8-10) suggest that rupturing of the oxidation
scale by the escape of gaseous by-products may
cause an imncrease 1n the oxidation rate The samples
exposed at 1200°C for a long time were difficult to
handle. The thin glassy shells around the large
bubbles on the oxidized surface were very easily
broken, which leads to some scattering of the
measured weight gain and scale-thickness change
data

As given mn Table 2, the parabolic oxidation
rate constants of the SiC whisker-mullite (—ZrQ,)

composites were one or two orders of magnitude
higher than that of hot-pressed SiC ceramics found
in the hiterature Thuis 1s consistent with the results
reported by Borom et al,® that the oxidation rate of
S1C 1n a mullite matrix 1s 10-20 times higher than
that of pure SiC

There were several reasons which were respon-
sible for the high oxidation rates found First,
mullite showed an Al,0,-rich stochiometry, which
may increase the parabolic rate constant as shown
by Singhal and Lange on hot-pressed SiC.® Borom et
al ® reported that the oxidized film on mullite with
20vol% S1C whisker has a composition of 39 mol%
Al,0; and 61 mol% S10, Since this concentration
lies below that required for stoichiometric muilite, a
metastable eutectic around 1200°C!° or an 1mmu-
scible alumino-sihicate liquid!! may occur Secondly,
Na, K and other impurities within the composite
materal segregated 1n the hquid film lowering the
silicate eutectic and the viscosity of the oxide film,
and consequently increasing the oxidation rate
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Table 2. Companson of oxidation rate constants

Author Material Atmosphere Oxidation Oxidation Oxidation
temperature time rate constant
(°C) (h) (g%/m* h)
This work M20SCW A 1000 25 37x10°1°
1200 25 64 x10°°
M10Z20SCW Arr 1000 25 54x10°1°
1200 25 77 x107°
Singhal and HP-Si1C + 1 8% Al,O, Oxygen 1370 2 69 x107°
Lange (1975)° +57% Al,0, 54 x10°°
+110% Al,O, 24%10°%
Singhal (1976)* HP-S1C + 4% Al,O, Oxygen 1205 16 9x1071°
1260 2x10°°
1315 7x107°
1370 22x10°8
Schlichting and HP-S1C + 0 5% Al Arr 1000 25 25x 10712
Kriegsmann (1979)2 1200 64 x 10711
1400 25x1071°
1500 19 x 10710

M10Z20SCW had a shightly higher oxidation rate
than M20SCW. This may be explained by the
presence of ZrO, Compared to M20SCW a
crystallization of the oxidation scale was not
observed which gives reason to assume that the
ZrO, retards the crystallization of the oxide film,!?
and probably decreases the viscosity of the hiquid
phase formed during the exposure

3.2 Characterization of oxide films
XRD analysis of the oxide film formed on SiC
whisker-mullite (-ZrO,) composites at tempera-
tures of 1000 and 1200°C revealed the presence of a
glassy phase No new crystalline phase, e g, cristo-
balite or alumina, was 1dentified 1n the oxide films
However, some precipitates in oxide films formed on
M20SCW after the exposure of more than 25h at
1200°C were observed by SEM and optical micro-
scopy These precipitates had to be mullite crystals,
since only peaks of mullite were found XRD
analysis of the exposed matrix materials M and
M10Z also revealed no new crystalline phases

The morphologies of the oxide film formed on S1C
whisker—mullite (-ZrO,) composites are described in
the following

321 Beginnming of oxidation

Before oxidation almost no contrast can be observed
on a polished surface of M20SCW by SEM, since the
atom masses of the elements contained in SiC
whisker and mullite are similar After exposure at
1000°C for several minutes (Fig 5(a)), the shape of
the S1C whisker can be observed It indicated that at
1000°C the S1C whasker reacted mildly with oxygen.

At 1200°C (Fig 5(b)), many small hqud drops,
mostly less than 10 yum 1n size, were formed after
several minutes At 1300°C (Fig 5(c)), there was
more hquid phase formed with more gas pores,
which connected each other and covered the surface
Figures 5(a)~(c) show that the temperature strongly
affected the oxidation rate

322 Oxidation at 1000°C

The hquid phase did not completely cover the
surface of M20SCW oxidized at 1000°C for 100 h
(Fig 6(a)) There were small white particles dis-
tributed throughout the surface, which could not be
identified by XRD or WDX. These particles may be
alummum silicate as reported by Singhal 4 Gas
pores (bubbles), generated 2-3 um below the surface,
and the SiC whiskers located directly 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 mullite matrix specimens revealed no
morphological change on the surface and the
fracture surface (Figs 7(a) and (b))

323 Oxidation at 1200°C

The surface of M20SCW and M10Z20SCW
oxidized for 15h (Fig. 8) were uniformly covered
with a smooth liquid film containing bubbles The
thickness of the films on both composites were about
13 um Many tiny pores were formed at the interface
between the oxidation scale and the unoxidized part
of the composites. Larger pores were formed 1n the
oxidation layer during the escape of gaseous
oxidation products.
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Compared to the composites, mullite and M10Z
specimens did not show any similar oxidation scales.
The exposed mullite showed only a small amount of
amorphous phase on the surface. On the M10Z
samples no amorphous phase was observed, but
grain growth and an effect sitmilar to thermal etching
of the grain boundaries was

After an exposure of 25h the thickness of the
oxide layer on M20SCW was 15 um, and a small
amount of precipitates 1in the amorphous layer
was observed, the S1iC whiskers 1n the volume of
the sample retamned their shape and appeared
unoxidized

After an exposure of 50h, crystallization and
bubbles 1n the oxidation scale of M20SCW were
observed (Fig 9(a)), the thickness of the layer was
about 21 um (Fig. 9(b)).

The oxide layer on M20SCW oxidized for 100h
(Fig 10) was mhomogeneous. Locally, there were
large bubbles or precipitates observed The thickness
of the scale varied on the surface (Fig 10(c}); a mean
value of 30 um 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 crystallization of the amorph-
ous oxidation layer could be observed (Fig 11).

Fig. 11. Scanning electron micrograph of surface of
M10Z20SCW oxidized at 1200°C 1n air for 100h

On the surface of mullite samples oxidized for
100 h, an amorphous phase and abnormal grain
growth was observed (Fig. 12). Large platelet grains
were grown only near the surface and mostly below
drops 1n the amorphous phase. The size of the inner
gramns remaimned unchanged (Fig. 12(b)). This indi-
cates that the exaggerated grain growth, which 1s
harmful to mechanical properties, 1s directly con-
nected with the existing liquid phase The M10Z
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Fig. 12. Scanning electron micrograph of mullite (M) oxidized
at 1200°C 1n air for 100h

samples oxidized under the same conditions, show
less grain growth on the surface. The ZrO, particles
retard the formation of the glassy phase and inhibit
the grain growth !3

After the oxidation of 100 h at 1000 and 1200°C,
mullite showed little or no change 1n 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 M10Z This indicates that the
presence of ZrO, increases the diffusion of oxygen
through mullite, which 1s consistent with the weight
gain curves

EDX analyses performed on M20SCW oxidized
at 1200°C for 25h and at 1000°C for 100 h, showed
only S1and Al peaks 1n the inside of the samples. Na,
K and Ca peaks were detected 1n the oxidation
layer

Figures 13(a){c), show a polished 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. (a) Polished cross section of M20SCW oxidized at 1200°C for 100 h, (b) Na map (wavelength dispersive), and (c) K map
(wavelength dispersive) of sample shown 1n (a)

K-rich areas corresponded to the oxidation layer of
30um m thickness Similar results were also
obtained on the whisker-containing samples at other
exposure conditions Figures 14(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 1n the oxidation layer
The diffusion processes which are responsible for
the oxidation behavior of the SiC whisker-mullite
(-ZrO,) composites are shown schematically 1n
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 1n
the mullite raw material, and attrition milling of the
powder using a porcelain contamner resulted 1n
further contammation The diffusion of the oxygen
to the inside, or the gaseous reaction products to the

outside, 1s 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 1n the oxidation layer, even the
low concentration of these elements may be respon-
sible for an increase of the oxidation rate

The SEM 1nvestigations (Figs 8, 9(b) and 10(c))
showed that the growth of the oxidation scale 1s
mhomogeneous Tiny pores were observed between
the matrx 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 1t 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



132 H'Y Lwet al

Se6X 28KU WD:25MH
188UN

§:00005 P:00008

30.87 .87 H.Y.LIU M1BZ28SCH 1288C 180H MPI/PML LA
NA-DISTRIBUTION

(b)

506X 28KV WD:25HM S:00005 P: 00009
B e T R T
38.87.87 H.Y.LIU M18Z28SCH 12008C 108H MPI-/PHML LA

ZR-DISTRIBUTION

(c)

Fig. 14. (a) Pohished cross section of M10Z20SCW oxidized at 1200°C for 100 h, (b) Na map (wavelength dispersive), and (c) Zr map
(wavelength dispersive) of sample shown 1n (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 impunity 1ons and the Al excess
dissolved 1n the glassy phase plays an important
role, too

Our mechanical tests'* showed that the strength
of the SiIC whisker-mullite (-ZrO,) composites
decreased shightly from room temperature to
1000°C The stronger degradation of strength at a
test temperature > 1200°C 1n air is attributed to the
residual glassy phase 1n the matrix and the oxidation
of the S1C whiskers which accelerated slow crack
growth

4 Conclusions

Parabolic 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 whisker-mullite
(=ZrO,) composites 1s 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-controlhing process
High contents of Al in the mullite favored the
oxidation of the S1C whiskers Segregation of Na
and K impurities 1n the oxidation layer lowered the
viscosity, increased the transport of oxygen and CO
through the oxidation film, and thus increased the
oxidation rate
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Fig 15. Schematic of the diffusion processes taking place
during the oxidation of the SiC whisker-reinforced mullite
composites

At 1000°C the composites were mildly oxidized
After 100 h their surfaces were only partly covered
by a liquid film with tiny bubbies, and the thickness
of the oxide layer was about 2-3 um At 1200°C the
composites were severely oxidized and their surfaces
were completely covered with a hquid film with large
bubbles and craters After extended exposure (25 h),
crystalhization 1n the oxidation layer was observed
to some extent for M20SCW, but not for
M10Z20SCW ZrO, appeared to retard crystalliza-
tion and shightly decreased the wviscosity of the
liquid film Thus, ZrO,-contamning SiC whisker—
mullite composites (M10Z20SCW) had a shghtly
higher oxidation rate than that for M20SCW

Compared to carbon fiber-reinforced ceramic
composites the SiC whisker—-mullite (-ZrO,) com-
posites have a much better oxidation resistance The
application of the whisker composites at 1000°C for
long times seems to be possible, but the structural
application of the composites at temperatures higher
than 1000°C 1s limited by oxidation of the SiC
whiskers. Reducing the alkali impurity content 1n
the grain boundary phase, and the Al excess 1n the
mullite, may improve the oxidation resistance of
these composites Further research 1s needed to
understand the oxidation mechamsms, and to find
appropriate routes to solve the oxidation problem
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