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Abstract: The strengthening and toughening effects and mechanisms of combi- 

ning both whisker reinforcing and zirconia phase transformation toughening in 
the Alz03 matrix were systematically investigated in this paper. TEM observa- 
tions showed that most of the SiCw/AlzOX and SiCw/Zr0,(2Y) interfaces are 
bonded tightly and there are no distinct second phases or intermediate layers 
formed at the interfaces. The addition of SiCw or ZrOZ(2Y) particles evidently 
improve the mechanical properties of AllO ceramics and the more obvious 
strengthening and toughening effects can be obtained by adding both SiCw and 

ZrOz(2Y) particles simultaneously to the Alz03 matrix. The main toughening 
mechanisms in the Al,Oj+ZrOz+SiCw composites are whisker bridging and 
pull-out, crack deflection as well as dynamic t&m phase transformation toughen- 
ing and microcrack toughening. The toughening effects of both SiCw and 
ZrOz(2Y) particles are shown to be additive, but the addition of Zr02(2Y) par- 
ticles decreases the strengthening effect of SiCw. The addition of SiCw can 

obviously improve the thermal shock resistance of A&O1 and Al203 + Zr02(2Y) 
ceramics and the thermal shock resistance of A&O3 + SiCw composites can be 
further improved by adding a few of ZrOz(2Y) particles (10~01%). (0 1998 

Elsevier Science Limited and Techna S.r.l. All rights reserved 

1 INTRODUCTION 

ZrOz phase transformation toughening and whis- 
ker reinforcing have been proved to be two of the 
most effective methods for improving the mechan- 
ical properties of ceramics, which increase the 
strength and toughness of the ceramic matrices 
twofold or more.’ 4 Zr02 phase transformation 
toughening is mainly due to the tetragonal(t) 
monoclinic(m) ZrOl phase transformation caused 
by the external stress which absorbs the fracture 
energy so that the stress concentration in the crack 
tip is released. But this toughening effect is limited 
by the temperature. It will disappear beyond the 
phase transformation temperature.5 The whisker 
reinforcing is realised by the crack deflection, 

whisker pull-out and whisker bridging effects so 
that it is not sensitive to the temperature and this 
toughening effect can be held to a rather high tem- 
perature.6 It will be of theoretical and practical 
importance to use these two toughening compo- 
nents to improve the mechanical properties of 
A1203 ceramics which is cheaper and widely used. 

However. the experimental results show serious 
variations due to the differences in preparation of 
the materials or in the testing procedures. For 
example, Becher and co-workers3.7q8 have shown 
that an addition of 20 ~01% SIC whiskers (SiCw) to 
A1203 can increase the flexure strength and the 
fracture toughness from 400 MPa and 4.5 MPaJm 
of the matrix to 650MPa and 8.5 MPaJm of the 
composite. A further addition of 20~01% Zr02 to 

313 



314 G. Y. Lin. T. C. Lei 

the A1203 + 20~01% SiCw increases the flexure 
strength to ‘750MPa but decreases the fracture 
toughness slightly to 7.8 MPaJm. Claussen et 

~l.~,‘~ have shown that the composite of 
AlzOs + 15 ~01% t-ZrO, + 20 ~01% SiCw aged at 
1500°C for 24 h, has a flexure strength of 700 MPa 
and a fracture toughness of 13.5 MPaJm, but a 
hot-pressed composite of A1203 + 32 ~01% m- 
ZrO,+ 20~01% SiCw has a flexure strength of 
673 MPa and a fracture toughness of 6.3 MPavm. 
Such variations in results have also been obtained 
by other authors. ’ l-l3 Therefore, a systematic 
study of the strengthening and toughening effects of 
both SiCw and the Zr02 component on the Al203 
matrix and, especially, to examine the combined 
effect of these two factors appear to be necessary. 

measurement with S/W =4, a/W = 0.5. The width 
of the notch was 0.24-0.26mm and a crosshead 
speed of 0.05mm min-’ was used. Average values 
for six specimens were taken for both flexure 
strength and fracture toughness tests. All tests were 
performed on an Instron-1186 machine. The elastic 
modulus was determined by measuring the strains 
in the three-point bending tests and the hardness 
values obtained by using a Vicker’s tester at a load 
of 20 kg. The density of the specimens were deter- 
mined by the Archimede’s method. A Hitachi S-570 
type of scanning electron microscope and A CM-12 
type of transmission electron microscope were used 
for examining the fracture morphology and micro- 
structure of the specimens. A D/max-rB type of X- 
ray diffractometer was used for the structural analy- 
sis of the ZrOz component in the composites. 

2 EXPERIMENTAL PROCEDURE 

The starting materials selected for investigation 
were ~1-A1*0~ powders with a grain size of 0.05 urn, 
ZrO*-2 mol% Y20s(Zr02(2Y)) powders with a 
particle size of 0.65 urn (having 34% t-ZrO, and 
66% m-ZrOz) and TWS-400 type of B-Sic whis- 
kers of 1 .O-1.4 urn in diameter and 2CL30 urn in 
length (supplied by Japan Tokai Carbon Co.). The 
powders and the whiskers were mixed according to 
the compositions shown in Table 1, then inserted 
into plastic bottle together with ZrOz balls and 
absolute alcohol. The mixtures were then ground 
for 24 h and after drying were cold pressed at 
200MPa. The cold-pressed billets were then hot 
pressed under nitrogen at 1650°C and 25MPa for 
1 h to a size of 6Ox60x6mm. 

The hot-pressed billets were cut into specimens 
3x4~36 mm for three-point bending tests to deter- 
mine the flexure strength with a span of 30mm, 
and a crosshead speed of 0.5 mm min-‘, the tensile 
surfaces were polished with 6-l urn diamond 
paste. The residual strength of the composites after 
thermal shocking were determined at room tem- 
perature by using the specimens which were heated 
at a speed of 8-10°C min-’ to the predicted tem- 
perature and held for 30min in a box-furnace, 
then dropped into the boiling water. Specimens 
for single-edge notched beam (SENB) tests, 
2.5 x 5 x25 mm, were cut for fracture toughness 

3 RESULTS AND 

3.1 Mkros true ture 

The relative density 

DISCUSSION 

(measured density divided by 
calculated theoretical density) values of the 
AS(A1203 + SiCw), AZS(A1203 + 20 ~01% ZrOz(2Y) 
+ SiCw) and ASZ(A1203 + 20 ~01% SiCw + Zr02 
(2Y)) series of specimens are shown in Fig. 1. It is 
seen that the addition of SiCw slightly decreases 
the relative density of the Al203 matrix due to the 
geometric incompatibility of these two particles. 
However, due to the relatively long time of mixing 
the agglomeration of the A1203 grains and the 
networks of SiCw are satisfactorily avoided (as 
shown in Fig. 2) so that the relative density is at 
least 98.8% for Al203 + 30 ~01% SiCw. The addi- 
tion of ZrOT2mol% YzOs (no more than 
20~01%) can further improve the densification of 
the composites. The relative density of ASZ3(A- 
1203 + 20 ~01% SiCw + 30 vol% Zr02(2Y)) compo- 
site is slightly lower than that of AS2(Al,03+ 
20 ~01% SiCw) composite. This may be because the 
hot-pressing temperature of 1650°C is little higher 
for the Zr02 ceramics.14 

The TEM photographs of the microstructure of 
A1203 + Zr02 + SiCw composites are shown in 
Figs 2 and 3. The white short rod microstructure is 
SiCw, dark particles are ZrOz grains, white particles 

Content 

AlzO~(vol%) 
Zr02(vol%) 
SiCw(vol%) 

Table 1. Compositions of A1203+Zr02+SiCw composites 

Composites series AS(Al203+SiCw) AZS(A1203+Zr02+SiCw) ASZ(A1203+SiCw+Zr02) 

AS0 AS1 AS2 AS3 AZSO AZSI AZS2 AZS3 ASZO ASZI ASZ2 ASZ3 

100 90 80 70 80 70 60 50 80 70 60 50 
0 0 0 0 20 20 20 20 0 10 20 30 
0 10 20 30 0 10 20 30 20 20 20 20 
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Fig. I. Relative density of AS. AZS and ASZ composites as functions of toughening phase content. (;I) l ASt Al-0: Si(‘v+). 0 
AZS(Alz03 t 7OvoI% Zr02(2Y) + SiCw); (b) ASZ(A1203 t 31 vol”/I, SiCw + ZrOz(3Y I). 

Fig. 2. TEM photographs showing the distribution of SiCw and ZrO,(?Y) particlcs in AllO; + ZrO- + SiCu completes. (a). (b). 
(d) 4SZ.3 (AL&); t 3) ~1% SiCu + 30 vol’%, ZrO,(?Y)): (c) AZS?(A1zO)3 + 20 vol”~<, ZrO?(?Y) + 20 vol’>;, SiCw): (h). (c). alho 
showins the dislocation\ in AI?O; grains and (c). (d) showing the microcrucks in the A1201 grain boundaries cased hy the add- 

lion OK ZrO?(llY) partvzles. 
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Fig. 3. TEM photographs showing the interfaces of SiCw/A120s and SiCw/ZrOz(2Y) in A1203 + ZrOz+ SiCw composites. (a) 
AZS2 (A1203 + 20 ~01% Zr0,(2Y) + 20~01% SiCw), also showing the m-phase structure in ZrOz(2Y) particles near the whiskers; 
(b), (c), AZS3 (AlzOs + 20 ~01% ZrOz(2Y) + 30 vol SiCw), also showing the microcracks and dislocations caused by the addition 

of SiCw; (d) diffraction pattern in (c) showing [Ol l] zone of p-SiCw. 

are Al203 grains. It can be found that SiCw and 
Zr02 particles are homogeneously dispersed in the 
A1203 matrix. SiCw is distributed in the grain 
boundaries of A1203 and ZrOz particles (Fig. 2(a)). 
However, a few of the small Zr02 grains are loca- 
ted in the A1203 grains. In addition most of the 
ZrOz grains are distributed in the grain boundaries 
of A1203 particles and SiCw. There are a number 
of dislocations in the Al203 grains near to the Zr02 
grains, which were induced by the thermal incom- 
patibility between the Zr02 and A1203 particles or 
the volume expansion caused by the t-m Zr02 
phase transformation (Fig. 2(b) and (c)) so that the 
A1203 matrix can be strengthened by these small 

Zr02 grains. Sometimes the volume expansion can 
induce microcracks at the boundaries of Al,Oj, 
Zr02 particles (Fig. 2(c) and (d)). A large number 
of TEM observations as shown in Fig. 3 indicate 
that most of the SiCw/Alz03 and SiCw/ZrOz (2Y) 
interfaces are bonded tightly and there are no dis- 
tinct second phases or intermediate layers formed 
at the interfaces, which is further demonstrated by 
the results of EDAX analysis (the diameter of 
electron beam is 2nm) of the SiCw/A1203 and 
SiCw/Zr02 interfaces as shown in Fig. 4. There are 
no concentration gradients of Si, Al and Zr atoms. 
But some amount of (< 3 at%) Al and Zr atoms at 
the side of SiCw or Si atom at the sides of A1203 
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Fig. 4. Results of EDAX analysis of the SiCw/Alz03 and SiCw/ZrO#Y) interfaces in A1203 + ZrOJ?Y) + Si(‘w composites. (a) 
SiCw’Alz03 interface. (b) SiCw!Zr02(2Y) interface. 

and ZrO? (2Y) particles can be probed. This is 
caused by the ion sputtering during the prepara- 
tion of TEM specimens. Figure 3(a) also shows 
that the t-m phase transformation can be enhanced 
by the tensile stresses in areas near the whiskers. 
Sometimes microcracks can be found at the SiCwj 
A1203 interfaces in the composites with higher 
SiCw contents (Fig. 3(b)). The dislocations in the 
A1203 grains could also be induced by the thermal 
incompatibility between SiCw and the A1203 
matrix (as shown in Fig. 3(c)). A few defects such 
as stacking faults or twins can be seen in the cores 
of TWS-400 type of SIC whiskers. This is different 

from the observations given by Sarint5 and 
Claussen.4 The p-SiCw was roundezd-triangular in 
cross section as shown in Fig. 3(b), which is con- 
firmed by its diffraction pattern (Fig. 3(d)). 

3.2 Mechanical properties 

The Vicker’s hardness and elastic modulus are 
obviously increased by the addition of SiCw as 
shown in Figs 5 and 6. A 30~01% SiCw increases 
the hardness and the elastic rnodulus from 
14.5 GPa and 401 GPa for the AlzO1 matrix to 
18.6 GPa and 454 GPa. and 16.1 GPa and 380 GPa 

Fig. 5. Vickers hardness of AS. AZS and ASZ composites as functions of toughening phase content. (a) 0 AS(Al20; + SiCw). 0 
AZS(A1201 -t 20 ~01% ZrOz(2Y) + SiCw); (b) ASZ(AIzOJ + 20 ~01% SiCw + Zr0,(2Y)). 



318 

460 , I I 1 

G. Y. Lin, T. C. Lei 

I I , J 

0 10 20 30 

Sic, CONTENT, ~1% 

(a) 
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(b) 

Fig. 6. Elastic modulus of AS, AZS and ASZ composites as functions of toughening phase content. (a) l AS(Al2O3+SiCw), 0 
AZS(A1203 + 20 ~01% ZrOz(2Y) + SiCw); (b) ASZ(A1203 + 20 ~01% SiCw + Zr02(2Y)). 

for the A1203 + 20~01% ZrOz(2Y) matrix to 
19.6 GPa and 413 GPa, respectively. The hardness 
value of AZS(A1203 + 20 ~01% ZrOz(2Y) + SiCw) 
composite is always higher than that of AS(A- 
1203 + SiCw) composite with the same SiCw con- 
tent, but its elastic modulus value is always lower 
than that of AS(Al*Os + SiCw) composite. This is 
because that the addition of Zr02(2Y) component 
with a much lower modulus value (220GPa) can 
refine the A1203 matrix and improve the densifica- 
tion of the AZS(A120s + 20 ~01% Zr02(2Y) + - 

SiCw) composite. That is also the reason why the 
elastic modulus of ASZ(A120s + 20 ~01% SiCw + 
Zr02(2Y)) composite is clearly decreased by add- 
ing ZrOz(2Y) particles and its hardness can be 
improved by the first adding 20~01% ZrOz(2Y) 
particles, then decreased by the further increment 
of the ZrOz(2Y) particles content (as shown in 
Figs 5(b) and 6(b)). 

The room temperature flexural strength and 
fracture toughness of these three series of compo- 
sites are shown in Figs 7 and 8. The strength data 

I T 1 

I I I 

0 IO 20 30 

Sic, CONTENT. ~01% 

(a) 

! I I 

0 10 20 30 

210~ CONTENT. vol% 

(b) 

Fig. 7. Room temperature flexural strength of AS, AZS and ASZ composites as functions of toughening phase content. (a) l 
AS(A1203 + SiCw), 0 AZS(AlzOs + 20 ~01% ZrOz(2Y) + SiCw); (b) ASZ(A120, + 20 ~01% SiCw + ZrOz(2Y)). 
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Fig. 8. Fracture toughness of AS, AZS and ASZ composites as functions of toughening phase conent. (a) l AS(AI?O? t SiCw), 
0 AZS(A1201 + 20 ~01% Zr07(2Y) + SiCw): (b) ASZ (AlzO1 + 20 ~01% SiCw + Zr02(3Y)). 

of the AS(A1207 + SiCw) series shown in Fig. 7(a) 
are very close to those obtained by Tiegs and 
Becher in 1987s and Yang and Stevens in 1991 .I6 

The first 10 ~01% SiCw has very high strengthening 
effect and increases the flexural strength from 
235 MPa for the matrix to 535 MPa. Further 
increment of the SiCw content leads to a much 
lower strengthening effect and the strength of 
A120X + 30 vol% SiCw composite is only 634 MPa. 
The addition of 20~01% ZrOz(2Y) particles to 
A1203 matrix enormously increases the flexural 
strength to a value of 659 MPa, while the addition 
of SiCw increases only slightly the flexural strength 
of the AZS(A1203 + 20 ~01% ZrOz(2Y) + SiCw) 
series of composites with a maximum value of 
784 MPa at 20 ~01% SiCw. The further increment of 
the SiCw content leads, on the other hand, to a 
decrease in strength (720 MPa at 30 ~01% SiCw). In 
ASZ(A1203 + 20 ~01% SiCw + Zr02(2Y)) composites 
as shown in Fig. 7(b), the first 10~01% ZrOz(2Y) 
particles can obviously further improve the flexural 
strength from 592MPa for the ASZO (AS2(A- 
1203 + 20 volO/l, SiCw)) composite to 848 MPa. But 
the strength of ASZ2(A1203 + 20 ~01% SiCw + 20 
voloio ZrOz(2Y)) composite is lower than that of 
ASZl(A1203 + 20 ~01% SiCw + 10 ~01% Zr02(2Y)) 
composite, while it is still much higher than that of 
ASZO composite. The flexural strength of 
ASZ3(A1203 + 20 ~01% SiCw + 30 ~01% Zr02(2Y)) 
composite is up to 1207 MPa, which is one times 
higher than that of ASZO composite. The decrease 
in strength in AZS(A1203 + 20 ~01% ZrOz(2Y) + - 
SiCw) composites can be explained as a result of 
the formation of microcracks due to the thermal 

incompatibility between the A1203 and ZrO? parti- 
cles with the SiCw and the t-m phase transforma- 
tion (as shown in Figs 2(d) and 3(b). 

It can be seen from Fig. 8 that the addition of 
20 ~01% Zr02(2Y) particles increases the fracture 
toughness of A1203 from its original value of 
4.4MPaJm to 6.8 MPaJm. The addition of 
SiCw or Zr02(2Y) particles monotonically 
increases the fracture toughness of AS(ALOI + - 

SiCw) and AZS(A1203 + 20 ~01% Zr0,(2Y) + - 

SiCw) or ASZ(A1203 + 20 ~01% SiCw + ZrOz(2Y)) 
series of composites. A 30 ~01% SiCw can increase 
the toughness of A1203 to 7.5 MPaJm and the 
toughness of A1203 + 20 ~01% Zr02(2Y)(AZSO) to 
10.4MPaJm, a 30~01% ZrOz(2Y) particles can 
increase the toughness of AS2(A1207 + 20 ~01% 
SiCw) composite to 10.9 MPav’m. Obviously, 
additivity exists in the toughness efrect of both 
SiCw and the Zr02 component for the A1203 
matrix, but there is no additivity wit.h respect to the 
strengthening effect. A part of this section has been 
published in literature.i7 

The flexural strength of some of A1207+ 
ZrO,+ SiCw composites testing under air at 
1000°C are summarized in Table 2. It is shown that 
the flexural strength of all of the composites with 

Zr02(2Y) component are greatly decreased at 
lOOO”C, and the decrease in strength is more in the 
composite with higher ZrOz(2Y) particles content. 
The strength of ASZO(A1203 + 20 ~01% SiCw), 
ASZ2(A1203 + 20 ~01% SiCw + 20 ~1% Zr02(2Y)) 
and ASZ3(A120s + 20 ~01% SiCw + 30 ~01% 
Zr0,(2Y)) composites with the same SiCw content 
(20~01%) is almost the same at this time. which is 
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Table 2. Flexural strength of A1203+Zr02+SiCw composites at room temperature and 1000°C (MPa) 

Composite AZSO AZS2 AZS3 ASZO ASZ3 

Room temperature 
1ooo”c 

659+34 784f56 720f53 592234 1207+59 
375f40 463k27 578231 483f33 502f52 

independent of the Zr0,(2Y) particles content. The 
strength of AZS(A1203 + 20 ~01% Zr0,(2Y) + - 
SiCw) composites (AZSO(A1203 + 20 ~01% 
Zr02CW, AZS2(A1203 + 20 ~01% Zr02(2Y) 
+ 20 ~01% SiCw) and AZS3(A1203 + 20 ~01% 
Zr02(2Y) + 30 ~01% SiCw)) are monotonically 
increased with the increment of SiCw content, a 
30~01% SiCw can increase the strength from 
375 MPa for A1203 + 20 ~01% Zr02(2Y) (AZSO) to 
578 MPa at lOOo”C, although the strength of 
AZS(A1203 + 20 ~01% ZrOz(2Y) + SiCw) compo- 
site reached a maximum value at 20~01% SiCw at 
room temperature. Therefore, SiCw can still play a 
obvious role in strengthening A1203 matrix at high 
temperatures. 

The substantial improvement in flexural strength 
(of) and fracture toughness (KIc) of the composites 

due to the addition of SiCw and ZrOz(2Y) particles 
can be explained as follows. Firstly, there are 
strengthening and toughening effects of SiCw in 
the composites. The strengthening effect of SiCw 
can be performed by the load transferring effect if 
the whiskers and the matrix are bonded tightly 
since SiCw whiskers have high elastic modulus and 
high strength, and the strengthening effect can also 
be obtained by the refinement of the matrix grains 
(Fig. 9), the inhibition of the main crack propaga- 
tion and in some cases the SiCw may directly join 
the rupture processes during the main crack pro- 
pagation (Fig. 10). On the other hand, the addition 
of SiCw also has harmful effects on the flexural 
strength of the composites due to the high residual 
stresses caused by the thermal incompatibility 
between the SIC whiskers and the A1203, Zr02 

Fig. 9. SEM photographs of fractured surfaces of Al203 + ZrOz + SiCw composites bending at room temperature. (a) A1203; (b) 
A1203 + 20 ~01% ZrOz(2Y); (c) A1203 + 20 ~01% SiCw; (d) Al203 + 20 ~01% Zr0,(2Y) + 20 ~01% SiCw. 
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Fig. 10. SEM photographs of indentation crack propagation pahts in Al20 + 70 ~01% ZrO#Y) + 30 vol% Si(.‘w c :omposite. 

matrices, and the possibility of SiCw agglomera- 
tion becomes larger as the SiCw content increases 

and the critical defect size in the composites grows 
(Fig. 3(b)), resulting in the reduction of flexural 
strength. The toughening mechanisms of SiCw can 
be clearly demonstrated in the SEM photographs 
of the fractured surfaces of specimens for testing 
fracture toughness (Fig. 9) and the crack propaga- 
tion paths at the corners of indents during hard- 

ness tests (Fig. 10). It can be seen that the addition 
of SiCw significantly refines the grain size of the 

A1203 matrix and changes the fracture mode 
from intergranular to preferentially transgranular. 

The microholes are left due to the pull-out of 
whiskers, and the roughness of the fractured sur- 
faces is distinctly increased by the addition of 
whiskers. This is clear evidence of crack deflection 
so that more energy is absorbed during fracture of 
the SiCw containing materials. The crack deflec- 
tion, SiCw rupture and SiCw pull-out and bridging 
are clearly seen in Fig. 10. These factors cause more 
energy consumption and improve the flexural 
strength and fracture toughness of the Al203 matrix. 
Secondly, there are strengthening and toughening 

effects of Zr02(2Y) particles in the composites. The 
strengthening and toughening mechanisms of 
Zr0,(2Y) particles include several following 
aspects: The first is the dynamic t--m phase trans- 
formation toughening effect during fracturing 
revealed by X-ray analysis as shown in Table 3. 
The second is the microcrack toughening effect 
induced by the volume expansion caused by the 
t-m phase transformation during cooling from the 
hot-pressing temperature (Fig. 2(c) and (d)). Such 
microcracks may be harmful to th’e strengthening, 
as shown in Fig. 7 for the AZS(A1:Oj + 20~01% 
ZrOz(2Y)+ SiCw) composites. The third is the 
refinement of A1203 matrix grains with the 
addition of Zr02(2Y) particles (Fig. 9) and 
strengthening effect on the A&O3 matrix by dis- 
persing in the A120? grains (Fig. 2(b) and (c)). 
In addition, the Zr02 particles can effectively 
enhance the crack deflection and :shield the main 
crack from further propagation (Fig. 1 O(d)). 
These factors result in the substantial higher 
flexural strength and fracture toughness of 
A1203 + ZrOz + SiCw composites than that of 
AS(A1203 + SiCw) composites. 
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Table 3. Amount of t-m phase transformation of ZrOs in AlsOs+ZrOz+SiCw composites during fracture of 
SENB tests 

Materials AZSO AZSl AZS2 AZS3 AS.20 AS21 AS22 AS23 

Amount of m-phase on polished surface (%) 8.7 7.6 10.8 16.8 0 12.99 10.80 13.88 
Amount of m-phase on fractured surface (%) 13.40 19.30 28.80 33.30 0 29.79 29.80 31 .I0 
Amount of t-m transformation during fracture (%) 4.70 11.70 19.00 16.50 0 16.80 19.00 17.22 

The addition of SiCw has twofold effects on the 
t-m phase transformation: on the one hand, the 
higher elastic modulus of SiCw and the refining 
effect on the ZrOz(2Y) particles inhibit the t-m 
phase transformation; on the other hand, the ten- 
sile stresses in the ZrOz particles induced by the 
thermal incompatibility between SiCw and the ZrO;? 
grains and the toughening effect of SiCw enhance 
this transformation.‘* This is the reason that the 
amounts of t-m phase transformation in AZS 
(A1203 + 20 ~01% ZrOz(2Y) + SiCw) composites 
gradually increase with increasing SiCw content and 
in ASZ(A1203 + 20 ~01% SiCw + ZrOz(2Y)) compo- 
sites with the same SiCw content are almost the 
same, they are between 17-19%, as shown in 
Table 3. At the same time, the addition of ZrOz(2Y) 
particles has twofold effects on the strengthening 
and toughening effects of SiCw: the volume 
expansion caused by the t-m phase transformation 
during cooling from the sintering temperature can 
counteract part of the thermal stresses and improve 
the bonding strength of SiCw/matrix interface, 
which may be beneficial in the strengthening and 
toughening effects of SiCw; but the microcracks 
induced by the volume expansion are harmful to the 
strengthening effect of SiCw. It is the harmful effect 
of the addition of Zr02(2Y) particles that causes 
that the increments in strength of A1203 + Zr02(2Y) 
matrix are always lower than that of A1203 matrix 
with the same addition of SiCw and that the 
strength of ASZ2(A1203 + 20 ~01% SiCw -t- 20 ~01% 
ZrOz(2Y)) composite is, on the contrary, lower than 
that of ASZl(A1203 + 20 ~01% SiCw + 10 vol% 
ZrOz(2Y)). The obvious improvement in the 
strength of A1203 + 20 ~01% SiCw composite with 
adding the first 10~01% ZrOz(2Y) particles is due 
to the phase transformation toughening effect, 
refinement of A1203 matrix grains, decrease in the 
thermal stresses, improvements in the bonding 
strength of the interfaces and the densification of 
the composites, but at this time the less harmful 
effect because of the lower ZrOz(2Y) particles con- 
tent. In ASZ3(A1203 + 20 ~01% SiCw + 30 ~01% 
ZrOz(2Y)) composite, the possibilities of SiCw 
touching with ZrO@Y) particles directly and the 
agglomeration of Zr02(2Y) particles become more 
intense so that the thermal stresses can be more 
effectively decreased, the bonding strength of 

SiCw/matrix interface is further improved and the 
possibility of the microcracks forming in the 
A1203/Zr02(2Y) interfaces and Zr02(2Y) ceramics 
with higher strength and toughnessi increases so 
that the microcrack sizes can be obviously 
decreased (as shown in Fig. 2(d), compared with 
Fig. 2(c)). Therefore, the strength of ASZ3(A1203 
+ 20 vol% SiCw + 30 ~01% Zr02(2Y)) composite is 
greatly improved. As shown in Fig. 8, the toughen- 
ing effects of both SiCw and Zr02(2Y) particles 
increase monotonically the fracture toughness 
values of AS(AlzOs + SiCw), AZS(A1203 + 20 ~01% 
ZrOz(2Y) + SiCw) and ASZ(A1203 + 20 ~01% 
SiCw+Zr02 (2Y)) composites with the increment 
of SiCw or Zr02(2Y) particles content and the 
improvement in the fracture toughness of A1203 
matrix contributed by combining SiCw and 
ZrOz(2Y) particles is larger than the addition of 
the improvement contributed by one of the two 
toughening components. 

3.3 Thermal shock behaviour 

The flexural strength of AS(A1203 + SiCw), 
AZS(A1203 + 20 ~01% Zr02(2Y) + SiCw) and 
ASZ(A1203 + 20 ~01% SiCw + Zr02(2Y)) series of 
composites before and after thermal shocking 
(AT= SOO’C) and the residual strength ratio as 
functions of toughening phase content are given in 
Fig. 11. Here err is the flexural strength before 
thermal shocking, on is the flexural strength after 
thermal shocking, on/of is the residual strength 
ratio. In order to compare with (3a conveniently, 
the data of or are also shown in Fig. 11. The addi- 
tion of SiCw obviously improves the thermal shock 
resistance of A1203 and A1203 + ZrOz(2Y) ceramics 
(as shown in Fig. 1 l(a) and (b)). After thermal 
shocking with temperature difference up to 800°C 
pure A1203 showed a significant decrease in flex- 
ural strength retained, the on/or value is only 
60%, but ASl(A1203 + 10 ~01% SiCw) and 
AS2(A1203 + 20 ~01% SiCw) composites showed no 
decrease in flexural strength and AS3(A1203+ 30 
~01% SiCw) composite showed only a slight 
decrease in strength, its on/of value is 96%. This 
result indicates that the critical temperature 
change (ATc) for strength degradation for the 
AS(A1203 + SiCw) composites is higher than 
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Fig. 11. Flexural strength of AS, AZS and ASZ composites before and after thermal shocking and the residual strength ratio 
as functions of toughening phase content (AT = 800°C): (a) AS(A1203 + SiCw); (b) AZS(A1203 + 20 vol% Zr02(2Y) + SiCw); 
(c) 4SZ(A120, + 20~01% SiCw + Zr02(2Y)). of, flexural strength before thermal shocking; OR, flexural strength after thermal 

shocking; oR/q, residual strength ratio. 

8Oo”C, which is consistent with the result of Tiegs 
and Becher in 19X7.2o The residual strength ratios 
of AZS(AL03 + 20 ~01% Zr02(2Y) i- SiCw) com- 
posites are monotonocally increased with the 
increment of SiCw content although the OR of 
AZS3(A1207 + 20 ~01% Zr02(2Y) + 30 ~01% SiCw) 
composite (635 MPa) is still slightly lower than that 
of AZS2( A1203 + 20 ~01% ZrOz(2Y) + SiCw) 
(648 MPa). An addition of 30 ~01% SiCw increases 
the oR!af from 38% for AZSO(A1203+ 20~01% 
Zr02(2Y)) composite to 88%. However, the resi- 
dual strength ratios of AZS(A1203 + 20 vol% 
Zr02(2Y) + SiCw) composites are distinctly lower 
than that of AS(AI,O,+ SiCw) composites with 
the same SiCw content. It can be seen from 

Fig. 1 l(c) that the thermal shock resistance of 
AS2(A1203 + 20 ~01% SiCw) composite can be fur- 
ther improved by adding 10~01% Zr02(2Y) parti- 
cles. Further increment of ZrOz(2Y) particles 
content (more than 2Ovol%), on the other hand, 
seriously decreases the thermal shock resistance of 
ASZ(A1203 + 20 ~01% SiCw + Zr02(2Y)) compo- 
sites. The OR/of values of ASZ2(A1703 + 20 ~01% 
SiCw + 20 ~01% ZrOz(2Y)) and ASZ3(A1203 + 20 
~01% SiCw + 30 ~01% Zr02(2Y)) composites are 
only 83% and 74%, respectively. 

The improvement in the thermal shock resistance 
of the Al203 and A1203 + Zr02 ceramics by adding 
SiCw is believed to be due to: (1) the addition of 
SiCw obviously increased the fracture toughness of 
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AS(A1203 + SiCw) and AZS(A1203 + 20 ~01% 
ZrOf(2Y) +SiCw) composites so that the ther- 
mal shock microcracks were impeded to coalesce 
into large cracks by whisker pinning or bridging; 
(2) the of/E ratios of AS(Al,O,+ SiCw) and 
AZS(A1203 + 20 ~01% ZrOz(2Y) + SiCw) compo- 
sites were increased by the addition of SiCw so that 
the nucleation energy of the thermal shock micro- 
cracks in the composites was increased; and (3) the 
thermal conductivity became higher and the ther- 
mal expansion became lower for AS(A1203 + SiCw) 
and AZS(A1203 + 20 ~01% Zr02(2Y) + SiCw) com- 
posites with adding SiCw so that the thermal stress 
was decreased in the composites during thermal 
shocking and the thermal shock resistance of the 
composites was further improved. The results 
shown in Fig. 1 l(c) for ASZ(A1203 + 20 ~01% 
SiCw + Zr02(2Y)) series of composites can be 
understood as follows: the thermal stress in the 
A1203 + ZrOz(2Y) matrix can be partially counter- 
acted by the volume expansion caused by the t-m 
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phase transformation during quenching with add- 
ing 10 ~01% ZrOz(2Y) particles and the bonding 
strength of the SiCw/matrix interface was increased 
so that the strengthening effect of SiCw was 
improved. In addition, the Al203 grains were 
obviously further refined by adding ZrOz(2Y) par- 
ticles. These favourable factors greatly improved 
the thermal shock resistance of ASZ(Al,O,+20 - 
~01% SiCw + ZrOz(2Y)) composites. It can be seen 
from the fracture surfaces as shown in Fig. 12 (c) that 
the matrix grains and SiCw/matrix interfaces are also 
bonded tightly after thermal shocking. However, 
higher Zr02(2Y) particle contents (20, 30 ~01%) 
might cause larger t-m phase transformation during 
quenching so that the microcracks might coalesce 
into large danger cracks and the SiCw/matrix inter- 
faces were debonded (as shown in Fig. 12(a), (b) and 
(d) and the thermal shock resistance of Zr02(2Y) 
ceramics is lower. These unfavourable factors greatly 
decreased the thermal shock resistance of A1203 + Z- 
rOz+ SiCw composites and the on/of values of 

Fig. 

(A’T 

12. SEM photographs of bending fractured surfaces of A1203+ZrOz+ SiCw composites after 
’ = 800°C). (a) AZSO (A120, + 20 ~01% Zr0,(2Y)); (b) AZS3 (Al203 + 20 ~01% ZrOz(2Y) + 30 ~01% 

(A1203 + 20 ~01% SiCw + 10 ~01% Zr02(2Y)); (d) ASZ3 (Al203 + 20 ~01% SiCw + 30 ~01% ZrO*( 

thermal 
SiCw); 

2Y)). 

ocking 
ASZI 
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ASZ2(A1203 + 20 ~01% SiCw + 20 ~01% ZrOz(2Y)) 
and ASZ3(A1207 + 20 ~01% SiCw + 30 ~01% 
ZrOz(2Y)) composites so that the on/or values of 
AZS(A1203 + 20 ~01% Zr02(2Y) + SiCw) compo- 
sites are much lower than that of AS(A1203 + 
SiCw) composites with the same SiCw contents. 
Therefore, no too much Zr02(2Y) particles should 
be added to A1203+Zr02+ SiCw composites on 
behalf of improving the thermal shock resistance of 
the composites. 

4 CONCLUSIONS 

I. SiCw and ZrOz(2Y) particles are homo- 
geneously dispersed in the A1203 matrix. 
AllO .- ZrO, + SiCw composites can be sin- 
tered to a high densification by hot-pressing. 
The addition of proper amounts of Zr02(2Y) 
particles (520 vol%) can effectively improve 
the densification of Alz03 + SiCw composites. 
The addition of SiCw or Zr02(2Y) particles 
significantly refines the size of the Al:03 
matrix grains. 

’ Most of the SiCw/A1203 and SiCw/Zr02(2Y) i. 
interfaces are bonded tightly and no distinct 
second phases or intermediate layers can be 
observed at the interfaces under analytical 
TEM. The crystal structure of TWS-400 type 
of SiCw is more perfect and is face centered 
cubic lattice. Its cross-section is rounded tri- 

angular. 
3. The addition of SiCw or Zr02(2Y) particles 

substantially improve the flexural strength 
and fracture toughness of A1203 ceramics. 
The more obvious strengthening and tough- 
ening effects can be obtained by adding both 
SiCw and ZrOz(2Y) particles simultaneously 
to the A1203 matrix. The flexural strength and 

fracture toughness of A1103 + 20 ~01% 
SiCw + 30 ~01% Zr02(2Y) composite at room 
temperature are 1207 MPa and 10.9 MPaJm, 
respectively. SiCw also has obvious strength- 
ening effect on A1203 and Al203 + ZrO, cera- 
mics composites at 1000°C. 

4. The main toughening mechanisms in the 
Alz03 + Zr02 + SiCw composites are whisker 
bridging and pull-out, crack deflection as well 
as dynamic t-m phase transformation tough- 
ening and microcrack toughening. The con- 
tribution of combining both SiCw reinforcing 
and Zr01(2Y) phase transformation toughen- 
ing to the fracture toughness of Al203 matrix 
is larger than the addition of the contribution 
obtained by using one of the two toughening 
components individually. But the microcracks 

5. 

6. 
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induced by the t-m phase transformation and 

the thermal stresses are harmful to the 
strengthening effect of SiCw.. 
The high elastic modulus of SiCw and Al2O3 
and the refining effect on the ZrOz(2Y) parti- 
cles inhibit the t-m ZrOz phase transforma- 
tion; The tensile stresses in the ZrOz(2Y) 
grains induced by the thermal incompatibility 
between SiCw and ZrOz and the toughening 
effect of SiCw enhance this t:ransformation. 
The addition of SiCw can obviously improve 
the thermal shock resistance of‘ A1203 and 
A1203 + Zr02(2Y) ceramics. The addition of a 
few of ZrOz(2Y) particles ( 10 vol%) can further 
improve the thermal shock resistance of 
A1703 + SiCw composites. But further incre- 
ment of ZrOz(2Y) particles content (220 vol%) 
seriously decreases the thermal shock resistance 
of A&O3 + ZrO? + SiCw composites because of 
a number of microcracks caused by the t-m 
phase transformation during quenching. 
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