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Abstract: To develop a new attractive Ce-TZP ceramic, which possesses a high
strength while still preserving signi®cant high toughness, we investigated an
intragranular type of nanocomposite in lower CeO2 content for 0±1mol% TiO2

doped Ce-TZP/Al2O3 system. These composites partly possessed an intragranular
microstructure, in which several of 10±100 nm sized Al2O3 particles were trapped
within the ZrO2 grains. Furthermore, elongated Al2O3-like phases were produced

at the ZrO2 grain boundaries, which were in-situ precipitated during the sintering
process. TiO2 was con®rmed to dissolve into the tetragonal ZrO2 lattice, which
was determined to be e�ective for strengthening with a slight addition due to its

grain growth enhancing ability on ZrO2. For an optimum component with
0.05mol% TiO2 doped 10Ce-TZP/30 vol% Al2O3 composite, both high strength
(950MPa) and high toughness (18.3MPa.m1/2 for the IF method, 9.8MPa.m1/2

for the SEVNB method) were achieved thus breaking through the strength±

toughness tradeo� relation in transformation toughened ZrO2 and its composite
materials. #1998 Elsevier Science Limited and Techna S.r.l.

1 INTRODUCTION

CeO2 stabilized tetragonal zirconia polycrystals
(Ce-TZP) show a very high toughness1 and a com-
plete resistance to low temperature aging degrada-
tion2 in comparison to those of Y2O3 stabilized
tetragonal zirconia polycrystals (Y-TZP). How-
ever, the attractive properties are accompanied by
a modest strength and a modest hardness. For
example, Ce-TZP containing 8±12mol% CeO2

3

exhibits an extremely high toughness of 10±
20MPam1/2, but show a modest hardness of 8GPa
and a low strength of 600±800MPa even for an
optimum component of 12mol% CeO2 content.
Consequently, if Ce-TZP successfully achieved
both high strength and high hardness, they would
be expected to be the candidate for a new attractive

TZP ceramic, which overcomes an essential fault of
Y-TZP su�ering from low temperature aging
degradation.
To compensate the disadvantages of lower

strength and lower hardness in Ce-TZP, recent
investigations have been focused on 12mol% Ce-
TZP/Al2O3 composites. In the 12Ce-TZP/30±
50 vol% Al2O3 composites, strength has improved
up to 900MPa. However, toughness decreased
remarkably from 20 to 5.5MPam1/2 with increas-
ing Al2O3 content.4 Thus, it was proved that fur-
ther addition of the second phase resulted in the
inevitable decrease of the toughness due mainly to
the restraint of the tetragonal-to-monoclinic trans-
formation. To restrain the toughness degradation
of the composite caused by the addition of the
second phase, the form controls of Al2O3 particles
have been investigated. It was shown that the
toughness can be improved by incorporation of the
elongated and/or plate-like Al2O3 phases which
were produced in situ sintering by the addition of a
small amount of metal oxides5,6 or dispersing

Ceramics International 24 (1998) 497±506
# 1998 Elsevier Science Limited and Techna S.r.l.

Printed in Great Britain. All rights reserved
P I I : S 0 2 7 2 - 8 8 4 2 ( 9 7 ) 0 0 0 4 8 - 5 0272-8842/98 $19.00+.00

497

*To whom correspondence should be addressed at: Central
Research Laboratory, Matsushita Electric Works, Ltd. 1048,

Kadoma, Osaka 571, Japan. Fax: +81-6-904-7104; e-mail:
nawa@crl.mew.co.jp



lanthanum-�-aluminate crystals.7 However, the
formations of micrometer sized elongated and/or
plate-like phases were not always e�ective to
improve the strength due to the enlargement of a
¯aw size in the composites. On the contrary, using
Ce-TZP of less than 12mol% CeO2 as a ceramic
matrix would be e�ective for the restraint of the
toughness degradation of the composites.
Because they show a signi®cant higher toughness
value than that of 12Ce-TZP,1 although they still
have an essential fault of lower strength. There-
fore, it is a serious point of contention whether
or not a signi®cant strengthening can be
achieved in lower CeO2 content of Ce-TZP/
Al2O3 composite.
In recent years, nanocomposites, in which nan-

ometer sized second-phase particles are dispersed
within the ceramic matrix grains and/or at the
grain boundaries, have been investigated.8,9 They
have shown signi®cant improvement in strength
due to a decrease in ¯aw size associated with the
intragranular nano-dispersion. In the previous
work, for further strengthening of Ce-TZP, we
have applied a general idea of the nanocomposite
to 12Ce-TZP/Al2O3 composite system.10 A novel
interpenetrated intragranular type of nanocompo-
site has been successfully fabricated and achieved a
signi®cant improvement in strength of 1012MPa,
which restrained the toughness degradation in the
minimum level through tailoring the sintering
condition.
The purpose of this investigation is to extend the

result of 12Ce-TZP/Al2O3 nanocomposite to lower
CeO2 content of Ce-TZP/Al2O3 composite system,
and to develop a new attractive Ce-TZP ceramic,
which possesses a high strength while still preser-
ving signi®cant high toughness. Furthermore, the
e�ect of TiO2 addition on strengthening was also
investigated. In the zirconia-rich end of the titania
phase equilibrium diagram,11 TiO2 is known to
dissolve into tetragonal ZrO2 up to 18mol% at
high temperatures and act as a stabilizing agent in
a similar manner to Y2O3 and CeO2. Moreover,
there was a report that TiO2 had an ability to pro-
mote a grain growth of ZrO2. That is, 10mol%
TiO2 doped 8Y-TZP ceramic had shown the trans-
parent property due to a homogeneous and large
grain growth by the action of TiO2 addition.12

Therefore, it is expected that TiO2 addition to the
Ce-TZP/Al2O3 system would be e�ective for
strengthening from the point of the phase stability
of the tetragonal phase and the promotion of
intragranular nano-dispersion due to its ability to
promote grain growth. The relationship between
microstructure and mechanical properties will be
discussed.

2 EXPERIMENTAL PROCEDURE

2.1 Fabrication

Ce-TZP powder containing 10±12mol% CeO2

(grade OZC-10-12CE, Sumitomo-Osaka Cement
Co., Japan) with a speci®c surface area of
15m2 gÿ1 and TiO2 powder (grade SP-01, Osaka
Titanium Co., Japan) with a speci®c surface area of
25m2 gÿ1 were used as a starting material for the
matrix. In the raw starting Ce-TZP powder, it was
apparent that Mg had already been intentionally
added (about 0.05wt%) by the chemical analysis.
a-Al2O3 powder (grade TM-DAR, Taimei Chemi-
cal Co., Japan) with an average grain size of
0.22mm was used as the secondary dispersions. For
binary system, Ce-TZP powder stabilized with
either 10,11, or 12mol% CeO2 containing 30 vol%
Al2O3 was ball milled using zirconia media in
ethanol for 24 h. The slurries were dried in air and
passed through a 250 mm screen. For the series with
TiO2 additions, 10Ce-TZP powder containing
either 0, 0.05, 0.2, 0.5 or 1mol% TiO2 was ball
milled with 30 vol% Al2O3 powder. Then the mix-
tures were dried and calcined at 1000�C for 1 h to
dissolve TiO2 into ZrO2. Calcined powders were
further milled in ethanol for 24 h and dried. For all
powder mixtures, green compacts were prepared by
uniaxial die pressing at 10MPa and then isostatic
pressing at 150MPa. The sintering conditions were
1400±1550�C for 2 h.

2.2 Characterization

The densities of the specimens were obtained by
the Archimedes method using a toluene medium.
Crystalline phases of the composites on the
polished surfaces of the specimens were determined
by X-ray di�raction analysis (XRD) with CuKa
radiation. The tetragonal, monoclinic and cubic
phases were evaluated using the analysis of Garvie
and Nicholson.13 Lattice constants of the tetra-
gonal ZrO2 phase were determined by XRD with
CrKa radiation based on the outer standard
method using Si powder. The grain size of the
composite was estimated by the line intercept
method on the thermally etched surfaces. The
microstructure of the composites was observed by
scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM).

2.3 Mechanical properties

The sintered specimens were cut by a diamond
blade saw, and ground with a 600-grit diamond
wheel. The specimens, having dimensions of
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3�4�40mm, were subjected to the elastic modulus
measurement and mechanical property tests. The
elastic modulus was determined by the resonance
vibration method. The fracture strength was mea-
sured by a 3-point bending test at room tempera-
ture. The span length and cross-head speed were
30mm and 0.5mmminÿ1, respectively. The tensile
surfaces of the specimens were polished with a
diamond liquid suspension. The fracture toughness
was estimated by the indentation-fracture (IF)
method using the following equation of Niihara et
al.14

KIC � 0:018Hva1=2 l=a� �1=2 Hv=E� �ÿ2=5

where Hv is the Vickers hardness and E is the
elastic modulus. Here l equals to cÿa, wherein a
and c is the half length of the Vickers impression
and the palmqvist crack, respectively. The polished
surfaces were used for the Vickers indentation with
a load of 490N and a loading duration of 15 s.
Separately, the toughness was also estimated by the
single edge V notched beam (SEVNB) method. The
V notch was machined using a special diamond
slicing wheel, which was developed by Awaji et
al.15 The required toughness can be accurately
obtained by forming a sharper V-shaped notch
with very small root curvature. In this study, the
specimens, having a V notch root radius around 10
to 15mm, were used. The V notched specimens,
having dimensions of 3�4�20mm, were subjected
to a 3-point bending test with a span length of
16mm and a cross-head speed of 0.5mmminÿ1.
The value of toughness was calculated by using the
Srawley's shape coe�cient.16

3 RESULTS AND DISCUSSION

3.1 Microstructure

Sintered at various temperatures 10±12Ce-TZP/30
vol% Al2O3 components primarily consisted of the
tetragonal phase and a small amount (less than
3 vol%) of the monoclinic phase. There were no
traces of the cubic phase. In the system of 0±
1mol% TiO2 doped 10Ce-TZP/30 vol% Al2O3

composites, the identical crystalline phases were
detected.
The representative TEM image of the 10Ce-TZP/

30 vol% Al2O3 composite sintered at 1500�C is
shown in Fig. 1. It was con®rmed that an intra-
granular type of microstructure was developed in
the Ce-TZP/Al2O3 composite system, in which
several of 10±100 nm sized Al2O3 particles were

trapped within the ZrO2 grains. Furthermore, two
kinds of intragranular Al2O3 dispersions are shown
in Fig. 2. One is a typical nano-dispersion. That is,
several 10 nm sized Al2O3 particle were located
within the ZrO2 grain, which is considered to be
trapped during the initial sintering stage as repor-
ted before.8,9 On the other side, relatively larger
Al2O3 particle of about 300 nm were located at
triple junctions, which is supposed to be trapped
into the ZrO2 grains due to the grain boundary
disappearance during the intermediate sintering
stage.
As another aspect of the microstructure, SEM

photographs of thermal-etched surfaces of the
10Ce-TZP/30 vol% Al2O3 composite sintered at
1500�C are shown in Fig. 3. It was recognised that
an unexpected elongated Al2O3-like phase was
presented at the ZrO2 grain boundaries. Identical
copies of the elongated Al2O3-like phases were also
observed for every 0.05, 0.2, 0.5 or 1mol% TiO2

doped 10Ce-TZP/30 vol% Al2O3 composites in the
similar distribution ratio. The results of the energy
dispersive X-ray analysis (EDAX) along with TEM
image corresponding to the point of the analysis is
shown in Fig. 4. For the elongated Al2O3-like
phase, Ce and Mg (included in the starting Ce-TZP
powder) as well as Al were detected, whereas Mg
was not found at all within both Al2O3 and ZrO2

grains. In the system of using Ce-TZP powder
without MgO, such an elongated phase was not
presented. Judging from these results, it was sug-
gested that this elongated phase might be a com-
plex oxide resulting from a reaction between
Al2O3, CeO2 and MgO, although such a bi-product
was not detected by the XRD analysis. The
composition of this elongated phase was not clear,
but was assumed to be magnetoplumbite type
(Ce3+Mg2+Al11O19) of crystal.

5

Fig. 1. TEM image of the microstructure for the 10Ce-TZP/
30 vol% Al2O3 composite sintered at 1500�C.
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3.2 Mechanical properties

3.2.1 The e�ect of CeO2 content

The fracture strength as a function of CeO2 con-
tent for both monolithic 10±12mol% Ce-TZP and
its based Ce-TZP/30 vol% Al2O3 composites is
shown in Fig. 5. The existence of a positive relation
between CeO2 content and strength was ascer-
tained for both monolithic Ce-TZP and its based
composites. Furthermore, the substantial improve-
ment in strength was presented for the 10±12mol%
Ce-TZP/30 vol% Al2O3 composites. They exhibited

1.5 times higher strength than those of each
monolithic Ce-TZP. The average grain size of the
composite was reduced below 0.7mm, in contrast
with that of the monolithic Ce-TZP of about 1.0±
1.3 mm. This strengthening was determined to be
the result of two relating factors. The ®rst concerns
a decrease in a ¯aw size accompanying the intra-
granular microstructure. That is, several 10±100
nanometer sized Al2O3 particles, which are trapped
within the ZrO2 grain, are believed to have a role in
dividing a grain size into more ®ner sized particles.
The second factor concerns the stress induced

Fig. 2. TEM images of the di�erent sized Al2O3 particles trapped within the zirconia grains for the 10Ce-TZP/30 vol% Al2O3

composite sintered at 1500�C: (a) several 10 nm sized Al2O3 particles, (b) larger Al2O3 particle of about 300 nm.

Fig. 3. SEM photographs of thermal-etched surfaces for the 10Ce-TZP/30 vol% Al2O3 composite sintered at 1500�C: (a) micro-
structure including elongated Al2O3-like phases, (b) at higher magni®cation.
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phase transformation on strengthening for TZP
ceramics. It has been apparent that the retention of
the tetragonal phase is critically governed by the
grain size.17 Hence, reduction of the grain size is
predicted to increase the critical stress that induces
the tetragonal-to-monoclinic transformation,
which leads to augmentation of the strength of
TZP ceramics.18

The fracture toughness as a function of CeO2

content for both monolithic 10±12mol% Ce-TZP
and its based Ce-TZP/30 vol% Al2O3 composite,
which was evaluated by the IF method and the
SEVNB method, is shown in Fig. 6. For the Ce-
TZP ceramics, the values of the toughness estima-
ted by the IF method may be disposed to overesti-
mate due to the large transformed zone about the
Vickers indentation19 and the elongated trans-
formed zone forming ahead of the crack tip.20,21

Recently, we have reported a large di�erence in
the toughness value measured by the IF and
SEVNB method for the 12Ce-TZP/Al2O3 compo-
sites.10 The toughness value measured by the IF
method has been inclined to increase with an
applied load (from 98N to 490N) of Vickers
indent, which might be due to the rising R-curve
behaviour.22 Furthermore, the large transformation

Fig. 4. The results of the EDAX analysis along with TEM image corresponding to the point of the analysis for the 1mol% TiO2

doped 10Ce-TZP/30 vol% Al2O3 composite sintered at 1500�C: (a) elongated Al2O3-like phase, (b) Al2O3 grain, (c) ZrO2 grain.

Fig. 5. The fracture strength as a function of CeO2 content
for both monolithic 10±12mol% Ce-TZP and its based
Ce-TZP/30 vol% Al2O3 composites sintered at various

temperatures.
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zone developed about a 490N Vickers indent has
been recognised by the observation of Nomarski
interference image. Therefore, the toughness value
of the IF method with a load of 490N has been
determined to correspond to the increased stage of
toughness in its strong rising R-curve, which was
governed by the well developed process zone. On
the contrary, the toughness estimated by the
SEVNB method has been veri®ed to evaluate a
crack initiation behaviour by eliminating rising R-
curve.15 Consequently, it can be concluded that the
factors mentioned above play an important role in
causing the large di�erence in the measured
toughness between the IF and SEVNB method. As
for the dependence of CeO2 content on the tough-
ness, it was ascertained that the much higher
toughness value was obtained with decreasing
CeO2 content of 10mol%; while the toughness was
decreased by the addition of 30 vol% Al2O3 for
each CeO2 content, and showed a reduction of
about 20% (for the IF method) as compared to
that of monolithic Ce-TZP. Whereas, Ce-TZP/
30 vol% Al2O3 composites containing 10mol%
CeO2 still preserved higher toughness values of
18.8MPam1/2 for the IF method, and 9.2MPam1/2

for the SEVNB method, respectively.

The elastic modulus and the Vickers hardness as
a function of CeO2 content for both monolithic
10±12mol% Ce-TZP and its based composites are
shown in Figs 7 and 8, respectively. Both coe�-
cients substantially improved by the addition of
30 vol% Al2O3 in accordance with the linear rule of
mixtures, whereas the in¯uence on CeO2 content
was not apparently recognised. The improved
hardness value of 11±12GPa was equivalent to
that of Y-TZP.

3.2.2 The e�ect of TiO2 doping
The e�ect of TiO2 addition (0, 0.05, 0.2, 0.5 or
1mol%) on further strengthening was examined
for the 10Ce-TZP/30 vol% Al2O3 composite, which
showed a fairly high toughness of 9.2MPam1/2

(SEVNB), but lower strength of 730MPa.
The variation of lattice constant and lattice

volume of the tetragonal ZrO2 with TiO2 content is
shown in Fig. 9. It was recognised that both lattice
constant and lattice volume decreased with
increasing TiO2 content, except for the 0.05mol%
TiO2 addition. These results reveal that a titania
ion, having a smaller ionic radius than those of
Zr4+ and/or Ce4+, dissolved into the tetragonal
ZrO2 lattice along with CeO2, although the exact
con®guration of the solid solution is not clear.
According to the above analysis, it seems reason-
able to conclude that TiO2 addition to the 10Ce-
TZP/Al2O3 composite would be e�ective for
strengthening from the phase stability of the tetra-
gonal phase due to its ability to act as a stabilizing
agent.
The variation of fracture strength with TiO2

content for the 10Ce-TZP/30 vol% Al2O3 compo-
sites is shown in Fig. 10. The strength showed a
signi®cant increase with a small amount of TiO2

addition. A maximum strength of 950MPa was
achieved at 0.05mol% TiO2 content. The e�ect of
average grain size of ZrO2 matrix on TiO2 content
for the 0±1mol% TiO2 doped 10Ce-TZP/30 vol%
Al2O3 composites is shown in Fig. 11. The slight
grain growth of ZrO2 matrix from about 0.6 to
0.9 mm was presented with increasing TiO2 content
up to 1mol%. While a number of ®ner Al2O3 par-
ticles within the ZrO2 grains were frequently
observed for the TiO2 doped 1OCe-TZP/Al2O3

composites compared to those of without TiO2

doping. Consequently, this strengthening at a small
range of TiO2 content was supposed to be caused
by TiO2 acting as a sintering aid and contributing
to the promotion of the intragranular nano-dis-
persion because of its grain growth enhancing
ability on ZrO2.
The variation of fracture toughness with TiO2

content, which was both evaluated by the IF and

Fig. 6. The fracture toughness as a function of CeO2 con-
tent, which was evaluated by the IF and the SEVNB
method, for both monolithic 10±12mol% Ce-TZP and its
based Ce-TZP/30 vol% Al2O3 composites sintered at various

temperatures.
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the SEVNB method, is shown in Fig. 12. The
decrease of the toughness is generally predicted
when TiO2 dissolved into tetragonal ZrO2 as a
stabilizing agent due to the restraint of the tetra-
gonal-to-monoclinic transformation. In our recent

Fig. 9. The variation of lattice constant and lattice volume
with TiO2 content for the 0±1mol% TiO2 doped 10Ce-TZP/

30 vol% Al2O3 composite sintered at 1500�C.

Fig. 10. The variation of the fracture strength with TiO2 con-
tent for the 0±1mol% TiO2 doped 10Ce-TZP/30 vol% Al2O3

composites.

Fig. 7. The elastic modulus as a function of CeO2 content
for both monolithic 10±12mol% Ce-TZP and its based Ce-
TZP/30 vol% Al2O3 composites sintered at various tempera-

tures.

Fig. 8. The Vickers hardness as a function of CeO2 con-
tent for both monolithic 10±12mol% Ce-TZP and its
based Ce-TZP/30 vol% Al2O3 composites sintered at various

temperatures.
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work on the 0 to 3mol% TiO2 doped 12Ce-TZP/
30 vol% Al2O3 composites,10 the remarkable
decrease of the toughness (9.5 to 6.5MPam1/2 for
the IF method, and 5.4 to 4.8MPam1/2 for the
SEVNB method) has been observed, which corre-
sponded to a decrease of the transformed mono-
clinic phase. On the contrary, notable decrease of
the toughness was not observed in this system up

to 1mol% TiO2 content. The fracture toughness
for the optimum component of the 0.05mol%
TiO2 doped 10Ce-TZP/30 vol% Al2O3 composite
maintained almost the same value (18.8 to
18.3MPam1/2 for the IF method, and 9.2 to
9.8MPam1/2 for the SEVNB method) as compared
to those of the composites without TiO2 doping.
The crack propagation behaviour around the
Vickers indentation for the 0.05mol% TiO2 doped
10Ce-TZP/30 vol% Al2O3 composite is shown in
Fig. 13. As seen from this ®gure, there was de®nite
evidence that a crack propagated round through
the in-situ precipitated elongated Al2O3-like parti-
cle. Consequently, the restraint of the toughness
degradation was attributed to the contribution of
the crack de¯ection by the elongated Al2O3-like
particles.
The variations of the elastic modulus and the

Vickers hardness with TiO2 content for the 10Ce-
TZP/30 vol% Al2O3 composites are shown in
Figs 14 and 15, respectively. The elastic modulus
showed a decrease inclination with increasing TiO2

content and with rising sintering temperature,
except for the 0.05mol% TiO2 addition. This
degradation may be attributed to the solid solution
of TiO2 ion into the tetragonal ZrO2 lattice, which
is the equivalent manner recognising the deteriora-
tion in the density. In the case of the Vickers
hardness, however, a large degradation was not
observed. Both coe�cients showed a small increase
at a 0.05mol% TiO2 content, which corresponded
to the component exhibiting a maximum strength.
This accordance was believed to be associated with
a promotion of the intragranular nano-dispersion,
which was derived from a small amount of TiO2

addition.

Fig. 11. The e�ect of average grain size of ZrO2 matrix on
TiO2 content for the 0±1mol% TiO2 doped 10Ce-TZP/

30 vol% Al2O3 composites.

Fig. 12. The variation of the fracture toughness with TiO2

content, which was evaluated by the IF and the SEVNB
method, for the 0±1mol% TiO2 doped 10Ce-TZP/30 vol%

Al2O3 composites.

Fig. 13. The crack propagation behaviour around the Vickers
indentation for the 0.05mol% TiO2 doped 10Ce-TZP/

30 vol% Al2O3 composite.
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4 CONCLUSIONS

To develop a new attractive Ce-TZP ceramic,
which possesses a high strength while still preser-
ving signi®cant high toughness, we investigated an
intragranular type of nanocomposite in lower
CeO2 content of Ce-TZP/Al2O3 system. In addi-
tion, for further strengthening the e�ect of TiO2

doping was also examined. The microstructures
and their mechanical properties were studied. The
results are summarised as follows.

1. 10±12mol% Ce-TZP/30 vol% Al2O3 compo-
sites sintered at various temperatures were
composed of only ZrO2 and Al2O3 by XRD
analysis. Whereas, an elongated Al2O3-like
phase was presented, which composed of a
complex oxide resulting from a reaction
between Al2O3, CeO2 and MgO that con-
tained in the starting Ce-TZP powder. In the
TiO2 doped Ce-TZP/Al2O3 composite system,
the identical crystalline phases were detected.
TiO2 was con®rmed to dissolve into the tetra-
gonal ZrO2 lattice, which was determined to
be e�ective for strengthening with a slight
addition due to its grain growth enhancing
ability on ZrO2

2. For the Ce-TZP/30 vol% Al2O3 composites
with and without TiO2 doping, the intragran-
ular type of microstructure was developed, in
which several of 10±100 nm sized Al2O3 parti-
cles were trapped within the ZrO2 grains.
Furthermore, an elongated Al2O3-like phases
were produced at the ZrO2 grain boundaries,
which were in-situ precipitated during the
sintering process.

3. For an optimum component with 0.05mol%
TiO2 doped 10Ce-TZP/30vol% Al2O3 compo-
site, both high strength (950MPa) and high
toughness (18.3MPam1/2 for the IF method,
9.8MPam1/2 for the SEVNB method) were
achieved thus breaking through the strength±
toughness tradeo� relation in transformation
toughened ZrO2 and its composite materials.23
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