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Toughening mechanisms and properties of

mullite matrix composites reinforced by the
addition of SiC particles and Y-TZP
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Mullite matrix composites reinforced by SiC particles and Y-TZP, were fabricated by
hot-pressing. The effects of adding SiC particles and Y-TZP to mullite or mullite-based
materials on properties and toughening mechanisms in the composites were investigated.
Crack deflection is proposed as the principal toughening mechanism, produced by the
addition of SiC particles. Transformation and microcrack toughening are the two main
toughening mechanisms caused by Y-TZP addition. However, the magnitude of their
contribution varied with increasing Y-TZP addition. With low Y-TZP addition, the
transformation toughening dominated, while at a higher Y-TZP content, the microcrack
toughening was dominant. The simultaneous addition of SiC particles and Y-TZP to mullite
resulted in higherincreases in both flexural strength and fracture toughness, than the simple
sum of those obtained by the separate processes. It appears that the two toughening
processes were coupled, thereby leading to synergistic toughening and strengthening

effects in the mullite composites.

1. Introduction

Mullite has stimulated intensive interest in the field of
high-temperature application because of its low ther-
mal expansion coefficient, low thermal conductivity,
excellent creep resistance, phase stability and reten-
tion of fracture strength at high temperatures
[1-6]. However, relatively low fracture strength and
toughness of this material at room temperature, as
compared to other ceramics such as stabilized-tetrag-
onal zirconia (TZP), partially-stabilized zirconia
(PSZ) and SizNy, have kept it from being applied. It is
critical to improve fracture strength and toughness of
mullite ceramics so that they can be widely used for
high-temperature applications. It is desirable to fabri-
cate mullite matrix composites with the incorporation
of reinforcing agents to improve their poor strength
and toughness. Two main techniques have been at-
tempted so far to toughen mullite, which involve
adding ZrO, and SiC whiskers [7,8]. In these com-
posites, the principal toughening mechanisms were
considered to be whisker pull-out, crack deflection,
crack bridging and crack pinning introduced by the
addition of SiC whiskers, and microcracking or phase-
transformation toughening caused by the addition of
ZrQO,.

It is generally believed that only one toughening
mechanism occurs during fracture; but many toughen-
ing mechanisms may be observed in the same com-
posite which often reveal additive or synergistic
toughening effects. Recently, attention has been paid
to utilizing these multiple toughening effects to
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enhance properties in ceramic matrix composites.
These effects can be produced by simultaneous addi-
tion of multiple reinforcing agents in the same com-
posite. Some encouraging results have been achieved
for the mullite matrix composites with the simulta-
neous addition of SiC whiskers and ZrO, [9-117]. For
instance [10], the fracture toughness increased from
2.2 MPa m'/? in pure mullite to 4.8 MPa m'/2 due to
SiC whisker addition and to 4 MPa m'/? due to PSZ
addition. However, when both SiC whiskers and PSZ
were added, the toughness reached a higher value of
6.2 MPa m'/?. The increase in the fracture toughness
due to SiC whiskers and ZrO, appears to be nearly
additive. Analysis was also carried out for the com-
bined toughening effects introduced by a simultaneous
addition of SiC whiskers and ZrO, to mullite matrix,
which can result in an additive or synergistic toughen-
ing effect [11,12].

The use of multiple reinforcing agents in mullite
matrix composites seems to be an effective method for
enhancing mechanical properties significantly. In this
work, SiC particles (p) and Y-TZP were selected as
two reinforcing agents for mullite matrix composites.
The mechanical properties of mullite matrix com-
posite formed by the incorporation of such two
reinforcing agents were compared with those of the
composites with either SiC particle or Y-TZP addition
alone. Toughening mechanisms caused by SiC particle
or Y-TZP addition, and multiple toughening effects
and mechanisms introduced by their simultaneous
addition, were also explored.
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2. Experimental procedure

Starting powder for the matrix material was a com-
mercially available mullite with an average particle
diameter of 2 pm and a composition as follows: 75.92
wt % Al, O3, 23.34 wt% Si0O, and 0.74 wi% of other
oxide impurities (CaO, Fe, 03, Na,O, etc.). SiC par-
ticles, as one of the reinforcing agents, were the com-
mercially available a-type SiC with a mean particle
size of 0.93 um and an average surface area of
7.53m?*g~ !, which was composed of 27.0 wt % total
C, 041 wt % free C, 68.5 wt % total Si, 1.08 wt % free
Si, 2.15 wt % O and 0.33 wt % of other oxides such as
Fe, 03, Al,O5 and CaO. Y-TZP containing 2.8 mol %
Y,O; as the other reinforcing agent was prepared by
the chemical co-precipitation method.

Powder mixtures of mullite, SiC and Y-TZP were
mixed in the desired proportions using distilled water
with Al,O5 balls for 6 h. In addition, an extra 0.5 wt %
Y,0O; as a sintering aid was added to those powder
mixtures which contained the addition of SiC par-
ticles. After drying in air, the powder mixtures were
sieved through a 120 mesh sieve and moulded in
a BN-coated graphite die for hot pressing, which was
carried out in an atmosphere of nitrogen at 1600 °C
for 40 min under a pressure of 25 MPa. As a compari-
son, monolithic mullite was also fabricated under the
same conditions.

All the hot-pressed samples were sliced and ground
to dimensions of 2.5 mm x 5 mm x 28 mm for strength
measurements and to dimensions of 5 mm x 2.5 mm
x 28 mm with a notch of 0.22-0.25 mm width and
2.5mm depth for toughness measurements. The
flexural strength and fracture toughness of the hot-
pressed samples were measured in three-point bending
with a span of 20 mm at a constant crosshead speed of
0.5 and 0.05 mm min !, respectively.

The microstructures were studied by transmission
electron microscopy (TEM). The foils for TEM obser-
vation were prepared by grinding and polishing the
sample to a 1 pm diamond grit finish, and then ion-
beam thinning followed by coating with amorphous
carbon. X-ray diffraction (XRD) quantitative analyses
were accomplished on the polished surfaces and their
fracture surfaces for the specimens containing ZrO, in
order to determine the variation of the fraction
of monoclinic ZrO, (m-ZrQ,) or tetragonal ZrQ,
(t-ZrO,) before and after fracture. The fraction
of monoclinic zirconia phase was calculated from the
reflection—intensity ratio of the monoclinic peaks,
(117)and (111), to the tetragonal peak (1 1 1) accord-
ing to Garvie and Nicholson’s equation [13].

3. Results and discussion
3.1. Mullite composites reinforced by SiC
particles alone

Fig. 1 shows the change of flexural strength and frac-
ture toughness as a function of increasing volume
fraction of SiC particles for the mullite composites
reinforced by SiC particles alone. Flexural strength of
the composites was improved by the addition of
10vol% SiC particles. At 20 vol %, the flexural
strength appears to be levelled off. Also, it is seen that

4848

600 6
- 5 -
= £
%«3 500 14 g
< 2
=
5 15 3
& 400 | c
7 S
s 42 5
© 8
X ®
& 300 | T2
s
— 0 L
200 1 | ! ] 1 I 1

SiC particle content (vol %)

Figure I {O) Flexural strength and (@) fracture toughness of the
mullite composites reinforced only by SiC particles as a function of
SiC particle content.

there is a trend toward increasing fracture toughness
with increasing particle content. It is noted that the
addition of SiC particles produced a significant
toughening of mullite. At 30 vol % SiC particles, the
flexural strength and fracture toughness of the com-
posites reached higher values of 360 MPa and 4.6
MPa m'/?, respectively, as compared to the values of
240 MPa and 2.9 MPa m'/?, respectively, for the
monolithic mullite. The toughness increases in the
composite with increasing SiC particle content are in
agreement with those predicted from the crack deflec-
tion model for spherical particles (second phase) with
a uniform spacing by Fable and Evans [14]. SEM
observation of the mullite composites with SiC par-
ticle addition having Vickers’ indentations, showed
evidence of crack deflection [15,16].

Therefore, it may be concluded that crack deflection
toughening is mainly responsible for the increased
fracture toughness and flexural strength of the com-
posites. The levelling off in strength at and above 20
vol % SiC particles seems to be caused by the agglom-
eration and poor sinterability of SiC.

3.2. Mullite composites reinforced by Y-TZP
addition alone

Fig. 2 shows the variation of flexural strength and
fracture toughness as a function of increasing volume
fraction of Y-TZP for the mullite composites rein-
forced by Y-TZP addition alone. It is noted that the
Y-TZP addition produced a significant toughening of
mullite. The more the Y-TZP addition, the greater was
the toughness of the composite. At 30 vol %, the frac-
ture toughness reached a high value of 6.0 MPa m'/%.
On the other hand, flexural strength of the composites
increased with increasing Y-TZP content up to
20 vol %. However, the flexural strength of the com-
posite did not show further improvement as the
Y-TZP content was raised further.

In order to understand whether transformation
toughening acted in the composites reinforced by the
addition of Y-TZP only, the relative fraction of
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Figure 2 (O) Flexural strength and (@) fracture toughness of the
mullite composites reinforced only by Y-TZP addition as a function
of Y-TZP content.

m-ZrQ, in the composites was determined on the
polished surfaces and the fractured surfaces, and the
results are given in Table I. Although this is somewhat
arbitrary, the increase in the monoclinic portion of
Zr0, after fracture reveals some trend of transforma-
tion toughening contribution. As shown here, a larger
amount of t-ZrQ, transformed to its monoclinic form
during fracture, except for the 30 vol % Y-TZP addi-
tion. Therefore, the transformation toughening should
be responsible for the increased strength and tough-
ness in the composites. However, the amount of newly
produced m-ZrQ, during fracture fell with increasing
Y-TZP content, and particularly at 30 vol % Y-TZP
addition, there is no m-ZrO, created during fracture
and, conversely, some m-ZrO, phase transformed
back to its tetragonal form (this is not yet clearly
understood and needs further study), but the fracture
toughness of these composites continued to increase
with increasing Y-TZP content.. This indicates that
the toughening is not due to transformation tough-
ening alone. On the other hand, it can be seen
that a considerable fraction of t-ZrO, grains had
undergone transformation during cooling from the
hot-pressing temperature. Moreover, the amount of
m-ZrO, in the as-sintered samples increased with in-
creasing Y-TZP addition. This can be attributed to
three main factors as follows: a decrease in the yttrium
content in Y-TZP particles as a result of Y,O, dis-
solution into glassy phase during sintering, an increase
of ZrO, particle size due to the increased Y-TZP
content, and the large tensile stress around the ZrO,
particle as a result of the thermal expansion mismatch
between the mullite and ZrQ,. This transformation
during cooling can result in microcrack formation
[17]. Interaction of these microcracks with the tip of
the main crack would increase the fracture energy,
therefore increasing toughness. As the microcrack
level increases, the toughness is also raised. However,
if these microcracks are developed as links between
ZrO, particles, the matrix will be weakened, and
the overall toughness and strength can also be de-
creased. In our case, direct evidence for the existence

TABLE I Relative fraction of m-ZrO, in the hot-pressed mullite
composites with Y-TZP addition alone, determined on the polished
surfaces and the fractured surfaces (M, mullite)

Composition Relative fraction of monoclinic phase in ZrO,
(vol %)
Polished Fractured Increase
surface surface
M + 10 Y-TZP 25 76 51
M +20 Y-TZP 59 83 24
M + 30 Y-TZP 74 47 -

Figure 3 Transmission electron micrograph of the mullite com-
posite containing 30 vol % Y-TZP, showing a microcrack (arrowed)
at the m-ZrO,/mullite (M) interface.

of microcracks in this composite is revealed in the
transmission electron micrographs in Fig 3. The
microcracking is observed at a m-ZrO, mullite inter-
phase interface, and a typical twinned structure is seen
to appear in the m-ZrO, particle, which is also consis-
tent with Dravid et al’s observation [18]. Tt is appar-
ent that the microcracking and twinning in this com-
posite are entirely due to the thermal transformation
of zirconia during cooling, Thus the increased tough-
ness at 30 vol % Y-TZP addition can be explained by
microcrack toughening. The flexural strength result
shows no decrease at 30 vol % Y-TZP addition, which
implies that the adjacent microcracks are still isolated
in the composite. Similar results have been obtained in
Al,03/ZrO, composite [19].

It is noted that both transformation toughening and
microcrack toughening caused by Y-TZP addition
resulted in a higher value of fracture toughness. The
magnitude of their contribution varied with the vol-
ume fraction of Y-TZP addition. At low amounts of
Y-TZP from 10-20 vol %, transformation toughening
dominates the increased toughness and strength, and
at higher Y-TZP content (30 vol %), the microcrack
toughening determines the higher toughness in the
mullite composites with Y-TZP addition alone.

3.3. Mullite composite reinforced by

both SiC particles and Y-TZP
As shown 'in Fig. 1, the 30 vol % SiC particle addi-
tion had optimal toughening effect for the composite
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reinforced only by SiC particles. So did the 20 vol %
Y-TZP addition for the composite with Y-TZP addi-
tion alone. Thus the composites with 30 vol % SiC
particles and 20 vol % Y-TZP addition were selected
as two base materials to investigate the effects of
Y-TZP and SiC particles, respectively. Fig. 4 shows
the effects of increasing SiC particle content on
flexural strength and fracture toughness of the com-
posites with a constant Y-TZP content of 20 vol %. It
was found that both flexural strength and fracture
toughness increased with increasing SiC particle con-
tent up to a maximum values at 30 vol % SiC par-
ticles. When added concurrently with Y-TZP, a higher
than 10 vol % SiC particle addition can produce more
marked toughening and strengthening effects in the
composites, compared with the composites reinforced
by SiC particles alone, as seen in Fig. 1. The effects of
increasing Y-TZP content on flexural strength and
fracture toughness of the composites with a constant
SiC particle content of 30 vol % are shown in Fig. 5.
Both flexural strength and fracture toughness had an
increasing trend with increasing Y-TZP content, hav-
ing the optimal values at 20 vol % Y-TPZ addition.
Although this trend was also followed to some degree
by the composites reinforced only by Y-TZP addition,
as seen in Fig. 2, these strength increments produced
by Y-TZP plus SiC particle addition appear to be
greater than those produced by Y-TZP alone. It is
seen that an optimum flexural strength of 610 MPa
and fracture toughness of 7.1 MPa m'/* of the com-
posites were obtained by the addition of both
30 vol % SiC particles and 20 vol % Y-TZP. However,
for the composite with 30 vol % SiC particle addition
alone, flexural strength and fracture toughness were
357 MPa and 4.6 MPa m*/?, respectively, and for the
composite with 20vol% Y-TZP addition alone,
400 MPa and 4.9 MPa m"?, respectively. Thus, the
data seem to exhibit synergistic toughening and
strengthening effects of the combination of SiC par-
ticles and Y-TZP.

The increases in flexural strength and fracture
toughness of the mullite matrix composites with the
addition of both SiC particles and Y-TZP for several
compositions, in comparison with the simple sum of
increments obtained by either SiC particle or T-TZP
addition alone, is presented in Table II. It is noted that
not all mullite matrix composites with the simulta-
neous addition of both SiC particles and Y-TZP
exhibit the synergistic toughening and strengthening
effects, which is seen to appear only when the SiC
particle content was raised to 30 vol %.

The relative fraction of m-ZrO, was determined
on polished surfaces and fractured surfaces for the
mullite composites with the simultaneous addition of
SiC particles and Y-TZP. The results are given in
Table IIT and the data for the composite with 20 vol %
Y-TZP addition alone is included for comparison. It
is apparent that the amount of m-ZrO, phase deter-
mined on the polished surface in the as-sintered
specimens markedly dropped due to the addition of
SiC particles. It indicates that the addition of SiC
particles can effectively impede the transformation of
t-ZrQ, into its monoclinic form during cooling in the
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Figure 5 Effects of the volume per cent of Y-TZP on (O) flexural
strength and (@) fracture toughness of the mullite composites rein-
forced by both 30 vol % SiC particles and 30 vol % Y-TZP.

mullite/Y-TZP-base material, thus keeping more zir-
conia content in the tetragonal phase. This may result
from the very high Young’s modulus of SiC. Moreover,
the addition of extra Y,O5 in the composites, which
can inhibit the dissolution of yttrium from stabilized
t-ZrO, particles during sintering, was also responsible
for the low levels of m-ZrQ, in the as-sintered sam-
ples. However, although the amount of m-ZrO, phase
was obviously lowered after fracture due to the addi-
tion of SiC particles for the mullite composites with
the addition of both SiC particles and Y-TZP, the
newly increased m-ZrO, phase amount during frac-
ture (except for the mullite composite with both
30 vol % SiC particles and 30 vol % Y-TZP) con-
tinued to show some increases, compared with the



TABLE II Increases, Ac; and AK |, in flexural strength and fracture toughness of the mullite matrix composites with the addition of both
SiC particles and Y-TZP in comparison with the simple sum, Aoy, gum and AK; . oum, of increments obtained by the separate processes

Composition Flexural strength Fracture toughness
(vol %) (MPa) (MPam'/?)
Oy Ac‘f Ao-f, sum ch Ach Ach, sum

M +20 Y-TZP + 10 SiC, 409 169 255 5.0 2.1 2.7

M + 20 Y-TZP + 20 SiC, 456 216 275 5.6 27 32

M + 20 Y-TZP + 30 SiC, 611 371 274 7.1 42 3.7

M + 10 Y-TZP + 30 SiC, 476 236 191 53 24 2.3

M + 20 Y-TZP + 30 SiC, 611 371 274 71 42 37

M + 30 Y-TZP + 30 SiC, 633 393 271 6.7 3.8 4.1

mullite/Y-TZP composite with no SiC particle addi-
tion. Thus, in the composites with the addition of both
SiC particles and Y-TZP, transformation toughening
was retained as the principal toughening mechanism
caused by the Y-TZP addition.

Fig. 6 shows a transmission electron micrograph of
the mullite composite with 20 vol % Y-TZP and
30vol% SiC particles. As shown here, a crack
propagated through the mullite matrix, and was de-
flected by the SiC particle at the SiC/mullite interface.
Crack deflection is considered to be the main toughen-
ing mechanism in the composites, produced by SiC
particle addition.

It is well known that transformation toughening
occurs because the stress field of the crack tip is
relieved by the t - m transformation of ZrO, near the
propagating crack in t-ZrO,-toughened composites.
A transformation zone is formed in front of the crack
tip, greatly reducing the stress intensity of the crack
tip. If the crack propagates further, increased applied
stresses should be required. The contribution asso-
ciated with transformation toughening, AKS, can be
given by [20,21]

AK® = yEe™'w'? (1)

where v is a constant related to the stress state, E is the
Young’s modulus of the composite, e is the trans-
formation stress, ¢¥ is the volume fraction of trans-
formable t-ZrO,, and w is the size of transformation
zone. As shown here, AK€ is a function of the trans-
formation zone size, w2, However, w/2 is dependent
on the ratio of the critical matrix toughness, K™, to the
critical transformation stress required to transform
the t-ZrO, particles, ' [20]. The increased K™ will
lead to the increase in w'/%. Thus, the greater the K™,
the greater is AKC. It is apparent that increasing the
matrix toughness combined with transformation
toughening will produce a synergistic toughening
effect. In addition, the increased Young’s modulus of
the composites can increase AK® due to the addition
of SiC particles. In this case, the increased toughness
of the base mullite/SiC, material was achieved by the
addition of SiC particles. Therefore, a combination of
ZrO, transformation toughening and SiC particle
reinforcement should result in a toughness increase,
which is higher than a simple sum of toughness
increments achieved by the separate processes. A sim-
ilar phenomenon has been observed in the mullite

N 1 um

Ca>

Figyre 6 Transmission electron micrograph of the mullite com-
posites containing 20 vol % Y-TZP plus 30 vol % SiC particles. The
crack running from the mullite particle (M) was deflected by the SiC
particle.

composites toughened by both SiC whiskers and
7rO, [11,12].

In ZrO, transformation-toughened materials, an
increase in toughness, K., may lead to a high value of
strength, o;. Both can be related through the relation-
ship

or = Ky/c'? @

where ¢ is the critical crack length. In this case,
a synergistic strengthening effect should result from
the combined toughening process introduced by the
simultaneous addition of Y-TZP and SiC particles in
the mullite composites. However, some mullite com-
posites, as seen in Table 111, did not show the synergis-
tic toughening or/and strengthening effects. This may
be due to the fact that transformation toughening
would make less contribution and perhaps another
toughening mechanism, such as microcrack toughen-
ing, should be dominant in these mullite composites.
However, it was pointed out that in the case of
toughening achieved by the presence of dispersed
microcracks, the microcrack toughening contribution
will be independent of matrix toughness [117]. There-
fore, the overall toughness cannot exceed the sum of
the matrix toughness and the microcrack toughening
contribution.
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TABLE III Relative fraction of m-ZrO, in the mullite composites
with the addition of both SiC particles and Y-TZP, determined on
the polished surfaces and the fractured surfaces

Composition Relative fraction of monoclinic

(vol %) phase in ZrO,
Polished  Fractured Increase
surface surface

M + 20 Y-TZP 59 83 24

M + 10 Y-TZP + 30 SiC, 2 33 31

M + 20 Y-TZP + 20 SiC, 21 52 31

M + 20 Y-TZP + 30 SiC, 10 57 47

M + 30 Y-TZP + 30 SiC, 8 20 18

4. Conclusions

Mullite matrix composites reinforced by SiC particles
and Y-TZP, and were both fabricated by hot pressing.
The effects of adding SiC particles, Y-TZP, and both
to mullite on the mechanical properties as well as
toughening mechanisms were investigated. The
following results were obtained.

1. The addition of SiC particles to mullite improved
the flexural strength and fracture toughness. At
30 vol % SiC particle content, the strength was raised
from 240 MPa to 360 MPa, and the toughness from
2.9 MPam®*? to 4.6 MPam'?. The principle toughen-
ing mechanism is considered to be crack deflection in
the mullite composites.

2. The addition of Y-TZP to mullite increased
flexural strength and fracture toughness, which rea-
ched maximum optimal values of 400 MPa and
6.0 MPam'/?, respectively. Transformation toughen-
ing and microcrack toughening contributed to the
increased properties. However, the magnitude of their
contribution varied with increasing Y-TZP content in
the composites. At low amount of Y-TZP addition,
the former is dominant, but at higher Y-TZP content,
a reversal occurs.

3. Adding SiC particles and Y-TZP together to
mullite resulted in higher values of both flexural
strength and fracture toughness than a simple sum of
those achieved by the single process. The composites
showed an optimal flexural strength value of 610 MPa
and a fracture toughness value of 7.1 MPam'/? for the
addition of 20 vol % Y-TZP and 30 vol % SiC par-
ticles together.
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4, In the mullite composites with the simultaneous
addition of SiC particles and Y-TZP, the transforma-
tion toughening appears to be coupled to the crack-
deflection toughening, caused by the addition of SiC
particles, which can result in the synergistic toughen-
ing and strengthening effects.

References

1. P.C.DOKKO,J. A. PACKandK.S. MAZDIYASNI, J. Am.
Ceram. Soc. 60 (1977) 150.

2. P.A.LESSING,R.S.GORDONand K. S. MAZDIYASNI,
ibid. 58 (1975) 149.

3. T.-I. MAL and K. S. MAZDIYASNTI, ibid. 66 (1983) 699.

4. S. KANZAKI and H. TABATA, ibid. 68 (1985) C-6.

5. M. G. M. U. ISMAIL, J. NAKAT and S. SOMIYA, ibid. 70
(1987) C-7.

6. 1. A. AKSAY, D. M. DABBS and M. SARIKAYA, ibid. 74
(1991) 2343.

7. G.C.WElIandP.F. BECHER, Am. Ceram. Soc. Bull. 64 (1985)
298.

8. N.CLAUSSENandJ.JAHN,J. Am. Ceram. Soc. 63 (1980) 228.

9. N. CLAUSSEN and G. PETZOW, in “Tailoring by Multi-
phase and Composite Ceramics”, Vol. 20, edited by R. E.
Tressler, G. L. Messing, C. G. Pantano and R. E. Newnham
(Plenum Press, New York, 1986) p. 649.

10. R. RUH, K. S. MAZDIYASNI and M. G. MENDIRATTA,
J. Am. Ceram. Soc. 71 (1988) 503.

11. P. F. BECHER and T. N. TIEGS, ibid. 70 (1987) 651.

12. P. F. BECHER, ibid. 74 (1991) 255.

13. R. C. GARVIE and P. §. NICHOLSON, ibid. 55 (1972)
303.

14. K. T. FABER and A. G. EVANS, Acta Metall. 31 (1983)
565.

15. J.S. HONG, X. X. HUANG, J. K. GUO, B. §. LI and L. H.
GUL, J. Inorg. Mater. 5 (1990) 340 (in Chinese).

16. X.X. HUANG, J. S. HONG and D. 8. YAN, in “Symposium
on Alumina and Al Compounds”, Vol. 11, Transactions of the
Materials Research Society of Japan, edited by S. Somiya,
M. Doyama, M. Hasegawa and Y. Agata (Materials Research
Society of Japan, 1992) p. 183.

17. Y.FU,A.G.EVANSand W. M. KRIVEN, J. Am. Ceram. Soc.
67 (1984) 626.

18. V. P. DRAVID, M. R. NOTIS and C. E. LYMAN, ibid. 71
(1988) C-219.

19. N. CLAUSSEN, ibid. 59 (1976) 49.

20. R. M. McMEEKING and A. G. EVANS, ibid. 65 (1982) 242.

21. A. G. EVANS and R. M. CANNON, Acta Metall. 34 (1986)
761.

Received 21 March 1995
and accepted 13 February 1996



