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A b s t r a c t  

The microstruelure and mechanical properties i?/' 
pressureless sintered and subsequent O" hot isostatic 
pressed Y-TZP ceramics contain&g up to 20 t'ol% o[ 
SiC particles were studied. The grain growth o / the  
ZrO2 matrix was not sign([icantO' affected by SiC 
a~h#tions. It was jound that the hardness. Young's 
,to~hdus and /i'acture toughness KIC increased, and 
the hemling strength, a,. decreased with increasing 
SiC content. The maximum Kic and a b were 
7SMPa,¢/m and 849MPa.  respectively. Silicon 
carbide additions caused increased .flaw sizes, and 
re~htc'ed thermal stabilit)' o /  tetragonal zireonia 
~htri,g hm'-temperalure age&g. The dominant tough- 
ening mechanism was microcrack&g. Stress-induced 
l~hase tran.fformation played on O, a secondary role. 

On a c;ludic; la mierostrueture el les propri~;t~s 
mOcaniques de ckramiques Y -TZP /kitt ies sous 
pression normale puis press~'es ~ chaud, contenant 
jusqu'h 20 vol% de particules de SIC'. La croissance 
des grains n'a pas ~tk particuli~rement qffect~e par 
l'addition de SiC. On trouv~ que la duretO, le module de 
Young et la rc;sistanee h la fracture K~c augmentent 
avec une teneur en SiC eroissante. Les t;aleurs 
ma.'c#nales de K]c et a h sont, respectivement. 
7"8 MPax/~m et 849 MPa. Les additions de SiC sont la 
cause de d~/auts de plus grande tail& et d'une moins 
bonne stabilitO thermique de la zircone tetragonale 
Iors du cieillissement ~t basse temperature. Le 
m&'anisme principale de renfi~reement est la Jorm- 
ation de micr~?fissures. La tran.ffbrmation de phase 
&duite par tension ne joue qu'un r6le secondaire. 

Das Ge/[ige u ,d  die mechanisehen E~ensehqlten t'on 
SiC-partikeh:erstdrkten Y-TZP-Keramiken rail b& 
zu 20 to/% SiC wurc#n untersueht. Die Herstellung 
e~jblgte durch drucklose Sinterung in kontrollierter 
A tmosphiire und ansehlic~/3ende he(/disostatisehe Nach- 
rerdichtung. Es zeigte sich. daft das Kornwachstum 
der ZrOz-Matrix nieht deutlich dutch SiC beehffluflt 
wurde. Die Hdrte, der E-Modul und ~fie R![3zdhigkeit 
( Klc) wurden durch SiC-Partikel erh6ht, wiihrend 
die Biegcffi'stigkeit erniedrigt wurde. Der Maximal- 
weft yon Klc lag bei 7"8 MPax /m mit einer Biegefe- 
stigkeit yon 849 MPa. Fraktographisehe Unter- 
suchungen ze~ten erh6hte Fehlergr6i3en in SiC- 
haltigem Y-TZP. Der Widerstand gegen thermisehe 
Degradation ~on Y-TZP wurde durch SiC erniedrigt. 
Der dora&ante Mechanismus.f~ir die Kjc-ErhOhung 
ist Mikror(/]verstdrkung. Die spannungsinduzierte 
Phasenumwandhmg ,spielt nur eine untergeordnete 
Rolle. 

1 Introduction 

Yttria-stabilised tetragonal zirconia polycrystals (Y- 
TZP) have received more and more attention due to 
their excellent mechanical properties, especially their 
extreme high strength at ambient temperatures 1 and 
their transformation toughening potential. Two 
disadvantages still limit the practical use of these 
materials. The first one is the brittle fracture 
behaviour; the second one is the degradation of 
strength at high temperatures caused by the loss of 
the stress-induced transformation toughening. 2"3 
One of various strategies to strengthen and toughen 
ZrO2 ceramics at high temperatures is the incorpor- 
ation of particles, platelets or whiskers with high 
modulus within the microstructure? It is also 
expected that such second phase inclusions enhance 
fracture toughness at room temperature by crack 
deflecting and microcracking effectsff Huang et al., 5 
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however, reported that both fracture toughness and 
bending strength of 2.8 Y-TZP were reduced by SiC 
particles. They attributed this phenomenon to the 
reduced transformability of the tetragonal zirconia 
matrix. The high temperature strength of their TZP 
ceramics was improved by SiC additions. Compared 
to the hot-pressed materials studied by Huang e t  

al.,  5 Y-TZP-SiC particulate composites were fabric- 
ated by a special process consisting of pressureless 
sintering in controlled sintering atmosphere and 
subsequent hot isostatic pressing (HIPing). This 
process exhibits two advantages: firstly, the reac- 
tions between Z r O  2 and SiC during sintering were 
avoided by controlling the sintering atmosphere; 
secondly, the densification could be carried out at 
relative low temperatures so that the typical fine 
grained microstructure of TZP materials could be 
conserved. Fig. 1. T E M  image showing the microstructure  of  a 3 Y - T Z P -  

20SIC composi te  after HIPing  (bright: SIC). 

2 Experimental Procedure 

The starting ZrO 2 powders stabilised with 2 and 
3mo1% Y 2 0 3  (TZ2Y and TZ3Y, respectively) 
originated from Toyo Soda Co. Ltd (Shinnanyo, 
Yamaguchi 746, Japan). The /~-SiC powders were 
supplied by Superior Graphite Co. (120 South 
Riverside Plaza, Chicago, IL 60606, USA). Two 
particle size grades of SiC (0"6 and 2 ~m) were used, 
which are marked as SIC-1 and SIC-2, respectively, 
in order to study the grain size effect of second phase 
on the toughening. The powder property data as 
specified by the suppliers are shown in Table 1. 

The starting powders were mixed in an attritor 
mill using ZrO2 mill balls in a medium of isopropa- 
nol. After cold isostatic pressing the samples were 
sintered in a graphite furnace at temperatures of 
1500-1550°C in controlled sintering atmosphere for 
2h. Subsequently, the samples were densified by 
post-HIPing at 1500°C under 150MPa. Details 
about the fabrication of these composites were 
reported elsewhere. 6 The average grain size was 
determined by the linear intercept method v using 
transmission electron microscope (TEM) images. 
Young's modulus was measured by an ultrasonic 
technique. Vickers hardness was determined by 
indentation with a load of 98 N. Bending strength 
was measured in four-point bending (span 

40/20mm, loading speed 100N/s) with a sample 
geometry of 45 x 4"5 x 3"5 mm 3. Fracture toughness 
was measured by three-point bending of specimens 
with a sharp and straight precrack, which was 
introduced by the bridge method. 8-1° Stress- 
induced tetragonal to monoclinic (t-m) phase 
transformation on the fracture surface was 
evaluated by using the method developed by Garvie 
and Nicholson. 11 The thermal stability was studied 
with samples, which were annealed at temperatures 
of 250, 300, and 400°C for 200 h in air. 

3 Results and Discussion 

3.1 Mierostructure 
All the samples have reached a relative density of 
98-5-99.5%. The Y-TZP matrix was almost com- 
pletely in the tetragonal phase after the densification 
process. Figure 1 shows the typical microstructure of 
ZrO2-SiC particulate composites. No significant 
influence of SiC additions on the grain growth of the 
ZrOz matrix was observed. The average grain size of 
ZrO z in the TZ3Y and TZ2Y matrix varied between 
0.3 and 0-4 #m. These fine grains are a consequence of 
the relative low consolidation temperatures. It seems 
that some spontaneous microcracking took place 
during cooling. Some microcracks could be seen in 

Table 1. Propert ies  of  s tart ing powders  

Material dso BET AI20 3 Si02 02 Fe203 C(.[~'ee) Si(free) 
(Itm) (m2/g) (%) (%) (%) (%) (%) (%) 

TZ3Y 0"26 15" 1 0"005 0"002 - -  
TZ2Y 0"27 18"6 0'005 0-002 - -  
SiC- 1 0"6 15 - -  < 0'6 - -  
SIC-2 2 4"9 - -  - -  0"2~)'9 

0'004 
m 

0-85 
0.6 

m 

m 

0'03 
0'03 
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Fig. 3. Continuous amorphous grain boundary phase in Y- 
TZP-SiC ceramics (TEM image). 

Fig. 2. O~,ersize SiC particles: (at in the SiC powder, and {b) in a 
H1Ped 3Y-TZP 20SIC specimen. 

the microstructure of unloaded specimens, as 
arrowed in Fig. 1. This spontaneous microcracking 
was probably caused by thermal residual stresses, 
because almost no phase transformation of ZrO2 
associated with this microcracking was observed. 
Some oversize SiC grains were observed, which 
should have existed already in the starting powders 
(Fig. 2), as SiC agglomerates can not be sintered at 
the temperatures used. At the phase boundaries 
between ZrO 2 and SiC an amorphous layer with a 
thickness of about 3nm was detected by TEM 
studies, c' as shown in Fig. 3. The possible sources of 
this glassy layer are SiO2 impurities in the SiC 
powder and/or the reaction of SiO2 with ZrO2 and 
Y203 dissolved from the matrix. ~2'~3 The influence 
of glassy phases can be very different. They can 
improve the densification process, but also enhance 
grain growth. 6 Claussen et al. 12 reported that the 
high temperature strength can be improved by the 
softening of glassy grain boundary layers by 
activating some modulus load transfer.~2 The creep 
resistance, however, will be reduced. Furthermore, 
the formation of liquid phases during sintering leads 

to benefication of agglomerate formation, i.e. the 
flaw size will be increased. ~4 

The microstructure of the composites was studied 
again after bending. The TEM foils were taken from 
the fractured bending specimens at a location 
between the inner span, where the bending moment  
is constant. TEM images revealed microcracking, 
associated with the t m transformation of zirconia, 
as illustrated in Fig. 4. There are two reasons for the 
occurrence of microcracking. The first is the stress- 
induced t-m transformation with a dilatational 
volume change. The second are the residual stresses 
due to thermal mismatch between ZrO2 and SiC. 
Following Taya et al.~5 the thermal residual stresses 
can be estimated to 

2 x  V x f l  
O ' m -  A x E m x ( ~ v -  @m) X AT (1) 

E r fi __ 1 q- Ym X - -  (2) 
1 + % E m 

A =(1  - V)×  ( f i + 2 )  x (1 + %)+ 3fiV(1 - v p )  (3) 

where the subscripts m and p represent matrix and 
second phase particles, respectively: ~ and E are the 
thermal expansion coefficient and Young's modulus; 
A T is the temperature difference between processing 
and room temperature; V the volume fraction of 
second phase; and v the Poisson's ratio. 

The parameters ~, v and E of Y-TZP and SiC are 
given in Table 2. ~2"L6 As the thermal expansion of 

Table 2. Properties of Y-TZP and SiC 

Material ~ x 10 o E(GPa) v 

Y-TZP 11 200 0'23 
SiC 4.9 490 0" 19 
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Fig. 6. Stress-induced phase transformation and fracture 
toughness of Y-TZP-SiC composites. 

Fig. 4. TEM image showing microcracking in Y-TZP SiC 
ceramics after bending test (bright: SIC). 

SiC is lower than that of ZrO2,  tensile stresses are 
expected from eqn (1) to develop in the matrix 
during cooling. If the densification temperature is 
1500°C, tensile stresses in the matrix as high as 
400 MPa will be expected for V= 0.2. It is well known 
that tensile stresses can benefit the nucleation of 
monoclinic zirconia, and hence, t - m  transforma- 
tion.~S Additionally, the tensile stresses affect crack 
tip stress intensity additively to the external load. 

3.2 Mechanical properties 
Vickers hardness and Young's modulus of Y-TZP- 
SiC particulate composites are shown in Fig. 5 which 
increase with the SiC content. It is well known that 
the strength degradation of TZP materials with 
increasing temperature towards the equilibrium 
transformation temperature is attributed to the 
drastical decrease of toughening mechanism, which 
results from the stress-induced phase transform- 
ation, s The higher Young's modulus of SiC de- 
creases less rapidly with temperature than that of 
TZP. The increase of the strain free energy change 
will stabilise the tetragonal symmetry of ZrO2 at 
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Fig. 5. Young's modulus and Vickers hardness (HV10) of Y- 
TZP-SiC composites. 

elevated temperatures. Therefore, the enhanced 
Young's modulus should have a positive influence 
on high temperature strength. 

A physical stabilisation effect of the t-phase by 
SiC incorporation can be derived from the X-ray 
phase analysis on the fracture surfaces. Figure 6 
shows the monoclinic ratio in the fracture surfaces 
of different Y-TZP-SiC composites. The m-ZrO 2 
content is reduced to about 50% by 20vo1% SiC 
additions, compared with 65% in the fracture 
surface of pure 2Y-TZP. This is attributed to the 
enhanced Young's modulus of the composites, 
hence, the increase of the strain free energy change, 
by SiC additions. The stress-induced transformation 
of 3Y-TZP SiC composites is changed in a similar 
manner by the SiC additions. However, it is much 
less pronounced as with the lower stabiliser content. 

The principle of residual stress toughening of 
ceramic materials is the introduction of compressive 
residual stresses by thermal expansion mis- 
match.iS'IT This requires that the matrix exhibits a 
lower thermal expansion than the incorporated 
particles. In the SiC toughened Y-TZP composites 
just the opposite is realised. But despite of the wrong 
thermal mismatch and the reduced stress-induced 
phase transformation, the fracture toughness of Y- 
TZP is significantly increased by the incorporation 
of SiC particles (Fig. 6). Significant crack deflection 
was not observed. Therefore, microcracking must be 
the dominant toughening mechanism, not trans- 
formation toughening. The contributions to tough- 
ening and strengthening from transformation mech- 
anisms in a transformable composite, however, is 
not negligible. Furthermore, the dilatational volume 
change caused by t - m  transformation leads also to 
microcracking. Therefore, the higher fracture tough- 
ness of 2Y-TZP-SiC composites compared to that 
of 3Y-TZP-SiC can be interpreted by the larger t - m  

transformability of the 2Y-TZP matrix. 
The bending strength of the matrix is partially 

drastically reduced by silicon carbide additions, 



Properties ~?/' Y-TZP containing di,spersed silicon carbide particles 381 

1600 

1400 

1200 

~1000 

.¢' 80O 

.~ 6oo 

4OO 

200 

0 I ~ = 210 0 110 

3Y-TZP/SiC-1 © 2Y-TZP/SiC-1 - . ~  . . . . . . . . .  2Y-_TZP/.S IC -2 i 

Y-TZP + vol% SiC 

Fig. 7. Four-point bending strength of Y-TZP SiC composites. 

as illustrated in Fig. 7. In comparison with 
pure 2Y-TZP (1286MPa)  the strength of  the 
composi te  of  2Y-TZP with 20vo1% SiC was only 
about 850 MPa (SIC- 1) and 1150 MPa (SIC-2), respec- 
tively. 2Y-TZP-SiC composites showed a higher 

strength than 3Y-TZP-SiC. The fact that the strength 
of 2Y-TZP ceramics containing coarse silicon 
carbide particles was much higher than that of 2Y- 
TZP containing fine silicon carbide particles can 
probably be at tr ibuted to the density difference. The 
specimens containing fine SiC (SiC-l) had a relative 
density of 98"8%~ while the specimens containing 
coarse SiC were densified to 99.3% of the theoretical 
density. Because of the sensitivity of the strength of  
ceramic materials to flaws, this improvement  of 
density can lead to a large increase of strength. 

Compared  with pure Y-TZP, Y-TZP containing 
SiC showed an increased amount  of t ransgranular  
fracture due to t ransgranular  failure of the oversize 
SiC particles (Fig. 8). The transgranular  fracture can 
be explained by the distribution of residual stresses 
in the composites.  Due to the lower thermal  
expansion of SiC, tangential tensile stresses develop 
during cooling at boundaries between SiC particles 
and the matrix. In such materials, cracks tend to 

(a) 

(b) 
Fig. 8. Fracture surface of(a) 3Y-TZP and (b) 3Y-TZP-20SiC 

ceramics (SEM). 
Fig. 9, Typical fracture origins of Y-TZP-SiC ceramics: (a) 

agglomerate and (b) SiC cluster (SEM). 
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Fig. 10. Flaw size a~ of Y-TZP and Y-TZP-SiC composites. 

propagate away from the inclusions through the 
matrix and, occasionally, through the inclusions. 
The latter is possible, if the fracture toughness K~c.i 
of the inclusions is lower than K~c.m of the matrix.~S 
The stress concentration at the boundaries between 
SiC particles and the matrix increases with increas- 
ing grain size of SiC. Therefore, especially the larger 
silicon carbide particles tend to fracture trans- 
granularly. 

The fracture origins in the bending test specimens 
were mainly surface flaws which indicates a high 
flaw density. These flaws were mostly agglomerates, 
which consisted of ZrO2 and SiC particles, and SiC 
clusters which consisted only of SiC particles. Two 
typical fracture origins are demonstrated in Fig. 9. 
The SiC cluster was almost not sintered and led to 
pore formation. In Fig. 10 the flaw size (ac) of pure Y- 
TZP and Y-TZP containing SiC is shown. The ac 
observed in the Y-TZP-SiC composites were much 
larger than in pure Y-TZP. These observations 
support the conclusion of Mecartney 14 that liquid 
boundary phases benefit the development of ag- 
glomerate induced defects during sintering. It is also 
possible that these agglomerates are substantially 
caused by the second phase due to the inhomo- 
geneous distribution. Therefore, the reduction of 
strength caused by SiC additions can be attributed 
to the high residual stresses, which cause partially 
spontaneous microcracking, and the amorphous 
layers at the grain boundaries which lead to increase 
of flaw size. 
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Fig. I1 .  Phase transformation on the polished surface of Y- 
TZP and Y-TZP-20SiC composite after ageing in air for 200 h. 

thermal stability of Y-TZP should be improved by 
SiC incorporations by increasing the strain free 
energy change due to the high Young's modulus, z 

The fraction ofmonoclinic Z r O  2 o n  the surface of 
Y-TZP and Y-TZP-SiC composites after a 
200 h ageing in air is shown in Fig. 11, as a function 
of the ageing temperature. 3Y-TZP materials 
showed almost no transformation after ageing at 
temperatures of 250-400°C, i.e. SiC additions did 
not influence the stability of the ZrO2 matrix 
containing 3mo1% Y203. Similar results were 
reported by Masaki. 2° In comparison to that, 2Y- 
TZP ceramics experienced an extensive phase 
transformation. Over 80% of t zirconia transformed 
into m after ageing at 300°C. The incorporation of 
SiC shifted the peak value somewhat towards higher 
ageing temperatures, but did not influence the 
absolute value. 

The transformation profiles of 2Y-TZP and 2Y- 
TZP containing 20vo1% SiC after ageing at 300°C 
for 200h are shown in Fig. 12. As visible from the 
figure, the addition of SiC resulted in a fast 
propagation rate of the transformation front. The 
transformed layer extended into the inward parts of 
the specimen containing SiC. It is believed that this 
result reflects the influence of residual stresses and 
microcracking on the transformation during ageing 

3.3 Thermal stability 
Sato and Shimada 19 attributed the thermal degrad- 
ation of TZP ceramics to the stress corrosion 
cracking of glass phases, which induces surface t -m 
transformation during low-temperature ageing. In 
contrast, Mecartney 14 observed that amorphous 
grain boundary phases in the microstructure of 
Y-TZP improved the resistance to thermal degrad- 
ation. Hence, the effect of amorphous grain bound- 
ary phases on the surface t m transformation during 
ageing at low temperatures is not yet clear. The 

10 20 30 40 50 50 70 80 90 100 
Distance from surface [prn] 

Fig. 12. Transformation profiles of 2Y-TZP and 2Y- 
TZP-20SiC composite after ageing at 300°C in air for 200h. 
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treatment. The tensile stresses in the matrix favour 
phase transformation and microcracking. The 
transport of humid medium from the surface to the 
crack tip becomes easier. This enhances stress 
corrosion as a potential mechanism of the observed 
low-temperature degradation. According to the 
arguments of Mecartney, ~4 the glassy grain bound- 
ary phases are believed not to be substantial for the 
surface t-m transformation of ZrO 2 during low- 
temperature ageing. This can be concluded from the 
high stability of the 3Y-TZP-SiC composites, which 
contain these grain boundary phases, but showed no 
transformation during low-temperature ageing. It 
can be concluded from literature results 2° that the 
extensive surface I- m transformation during ageing 
at low temperatures causes also substantial strength 
degradation. 

4 Conclusions 

Although "wrong" thermal expansion mismatch in 
these materials hinders toughening by crack deflect- 
ing, and physical stabilisation effect of t-ZrO e due to 
the higher elastic modulus of SiC reduces transform- 
ation toughening, the fracture toughness of Y-TZP 
was significantly increased by SiC particles. The 
dominant toughening mechanism, therefore, is 
microcrackmg. 

The bending strength of Y-TZP was strongly 
reduced by SiC additions due to residual stresses and 
formation of amorphous phase boundary layers 
during sintering. It is expected, however, that the 
high temperature strength of  Y-TZP will be 
enhanced by SiC due to activation of some modulus 
load transfer by softening the amorphous boundary 
phases and stabilising tetragonal symmetry of ZrO2 
at higher temperatures. 

SiC additions decreased the stability of t-ZrO2 
during ageing at low temperatures. This means 
that the addition of secondary phases with high 
elastic modulus does not always depress the low- 
temperature degradation of Y-TZP. The stress 
corrosion cracking of glassy grain boundary phases 
is not decisive for the surface t-m transformation 
of TZP materials during low-temperature ageing. 
Many other factors, such as chemical stability and 
residual stresses, must be considered. 
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