
Slow-Crack-Growth Behavior of Zirconia-Toughened Alumina Ceramics
Processed by Different Methods
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A study of slow-crack propagation in zirconia-toughened
alumina (ZTA) ceramics is presented. Different ZTA compos-
ites, using either unstabilized or yttria-stabilized zirconia, have
been tested. The materials were prepared in the range 0–15
vol% ZrO2, using two processing methods: powder mixing and
a modified colloidal route. Crack propagation tests have been
conducted for crack velocities from 10�12 to 10�2 m/s by
means of a double-torsion method. The influence of the
processing conditions and compositions on the microstructures
and the effect of these microstructures on the slow-crack-
growth behavior have been studied. The option that these
composites may offer in terms of the lifetime of ceramic joint
prostheses is discussed.

I. Introduction

WITH the publication of the article “Ceramic Steel?” by Garvie
et al.,1 it was shown that the fracture toughness of partially

stabilized zirconia materials (PSZ) could be increased by stress-
induced martensitic transformation of tetragonal zirconia particles
(t-ZrO2) to the monoclinic form (m-ZrO2). The incorporation of
zirconia (ZrO2) inclusions into oxide ceramics, especially into
alumina matrixes, to deliberately toughen them was undertaken
shortly thereafter.2 The mechanisms by which zirconia acts to
toughen the composites are complementary:3–7 they include trans-
formation toughening, microcracking, and deflection. ZTA com-
posites with high transformation toughening can be obtained if a
high portion of tetragonal phase with the ability to transform under
applied stress is retained at room temperature. To meet this
requirement, the zirconia particles must have a size distribution
ranging between the “critical” size for spontaneous transformation
on cooling to room temperature after sintering, DC, and the
“critical” size for stress-induced transformation, D�C. The practical
implications in terms of particle size, size distribution, shape,
composition, and temperature on the stability of the particles have
been outlined by Claussen et al.8 and Garvie.9 The critical size of
ZrO2 particles for transformation to m-ZrO2 has been the subject
of a number of studies.3–5,7–16 DC size is reported to be in the
range of 0.5–0.8 �m for unstabilized zirconia in an alumina
ceramic matrix14,15, and D�C � 0.1 �m.16 Processing is thus

critical to obtain ZTA ceramics composites with maximum frac-
ture toughness.17 Today, there is a trend to develop more complex
fabrication techniques14–26 than traditional milling–mixing tech-
niques. They include sol–gel15,16,21 or colloidal processing,22

which may allow the obtaining of a narrow size distribution of
zirconia particles homogeneously dispersed in the alumina matrix.
The addition of Y2O3 to ZrO2 is another possibility to increase the
stability of the t-ZrO2 phase in ZTA systems.3,4,18–20

Although slow-crack-growth (SCG) resistance is a critical issue
when considering the long-term behavior of ceramic materials,
there is only a sparse collection of data in the literature concerning
ZTA. It has been observed, in ZTA composites processed from a
conventional route, that increasing the contribution of the ZrO2

phase transformation not only increased the fracture toughness
(KIC) but also the required stress to induce crack propagation at a
given rate.19,27 However, little attention has been paid to the
threshold (KI0) in the stress-intensity factor under which no crack
propagation occurs. This threshold determines a safety range of
use for structural applications. The aim of this paper is to study
SCG behavior as a function of the processing method and
composition in ZTA. In the present investigation, ZTA composites
were processed either by a classical route or a modified colloidal
method to show the benefit of the latter method on SCG resistance.
The overall SCG behavior, including the threshold, of the best
ZTA composite processed in this research is measured. It is
compared with that of other structural ceramics to keep in mind the
option that these materials may offer to improve the lifetime of
ceramic joint prostheses.28

II. Experimental Procedure

(1) Materials Processing
ZTA composites were prepared in the range of 0 vol% ZrO2

(pure alumina) to 15 vol% ZrO2. They were processed either by a
conventional powder-mixing processing route or by a modified
colloidal processing route.

Concerning the conventional powder-mixing technique, a high-
purity alumina powder, �-Al2O3 � 99.9 wt% (HPA-0.5, Ceralox
Division, Condea Vista Co., Tucson, AZ) with an average particle
size of 0.49 �m and a specific surface area of 10 m2/g (values
given by the supplier), was used to process pure alumina samples.
Stable suspensions, pH � 4 in water media, of this alumina
powder were homogeneously mixed with different amounts (10
and 15 vol%) of a (�99.9 wt% purity) monoclinic zirconia powder
(TZ 0, Tosoh Corp., Tokyo, Japan) with a mean particle diameter
of 0.47 �m and a specific surface area of 15.5 m2/g (values given
by the supplier). To homogenize, the batches were wet ground in
a laboratory-scale annular gap mill29 with high-purity alumina
balls of 3 mm diameter, after which they were spray-dried.
Quantitative X-ray diffraction (XRD) (Model D5000-Kristalloflex
710, Siemens, Karlsruhe, Germany) was performed to ensure that
there was no preferential loss or segregation during the spray-
drying process. The average particle size of the final batches,
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measured by laser diffraction (Model LS 130, Coulter Corp.,
Miami, FL), was between 0.33–0.4 �m. The specific surface area,
measured by a 5-point BET method (Model ASAP 2010, Micro-
meritics Instrument Corp., Norcross, GA) was 10 � 2 m2/g for all
batches processed from this classical route. The final particle size
and BET-specific surface area are in fair agreement with the values
given by the suppliers for the raw materials.

ZTA batches with the same zirconia proportion were also
processed through a modified colloidal processing route developed
by Schehl et al.30 A composition with 7.5 vol% ZrO2 was
additionally processed. Stable suspensions of the above-mentioned
alumina powder in absolute ethanol (99.97%) were doped by
dropwise addition of a diluted (2/3 (vol%) zirconium alkoxide
solution, 1/3 (vol%) ethanol absolute) zirconium alkoxide solution
(zirconium(IV) propoxide 70 wt% solution in 1-propanol, Aldrich
Chemical, Milwaukee, WI). The main difference with a standard
solution method15,26,31 using metal alkoxides is that the metal
alkoxide is not hydrolized in the suspension. After drying under
magnetic stirring at 70°C, the powders were thermally treated at
850°C for 2 h and were subsequently attrition milled, as a
suspension in alcohol, with 3 mm alumina balls for 1 h. The
powders were then dried and sieved to �45 �m. The specific
surface area of the final powders ranged between 10 m2/g for 7.5
vol% ZrO2 and 14 m2/g for 15 vol% ZrO2 (they were all close to
the initial specific surface area of alumina).

A composition with 7.5 vol% ZrO2, stabilized by 2 mol% Y2O3,
was additionally processed by the colloidal route described. For
this purpose, the batch was also doped by dropwise addition of a
diluted (2/3 (vol%) Y alkoxide, 1/3 (vol%) ethanol absolute)
yttrium alkoxide (yttrium methoxyethoxide 15%–18% in me-
thoxyethanol, Gelest ABCR GmbH & Co., Karlsruhe, Germa-
ny). The measured specific surface area was 10 m2/g.

Next, all batches were uniaxially pressed at 20 MPa to a
rectangular shape in a die (60 mm � 30 mm) to produce green
compacts with just enough strength to be moved into an isostatic
press, where they were cold isostatically pressed at 200 MPa. The
temperature–time sintering conditions were studied by means of
dilatometric analysis (Model DI-24, Adamel-Lhomargy Division
d’ Instruments S.A., Ivry-S/Seine, France). Final composites were
sintered in air at 1550°C for 2 h, whereas the pure alumina samples
were sintered at 1500°C for 2 h, with the aim of avoiding a high
grain-growth rate. The bulk density of the obtained materials was
measured by the Archimedes method.

(2) XRD Analysis and Microscopy Observations
The sintered samples were machined (2 mm � 20 mm � 40

mm) and polished with a series of diamond pastes up to 1 �m.
XRD data, from unpolished, polished, and fractured surfaces, were
obtained with a diffractometer using nickel-filtered CuK� radia-
tion. The tetragonal/monoclinic zirconia ratio was determined
using the integrated intensity (measuring the area under the
diffractometer peaks) of the tetragonal (101) and two monoclinic
(1�11) and (111) peaks as described by Toroya et al.32 For the
purposes of comparison, the obtained volume fractions of tetrago-
nal ZrO2 (Vt 	 100 
 Vm; Vm denotes the volume fraction of
monoclinic ZrO2) were individually normalized to the volume
fractions of ZrO2 (VZrO2

) present in each composite as follows:

Vt � VZrO2

100
� Vt(composite) (1)

Additionally, the transformation of the tetragonal grains to mon-
oclinic symmetry accompanying the propagating crack (�Vm) was
investigated. This analysis was performed by XRD on the double-
torsion sample crack plane after fracture from crack-propagation
tests. Although the X-ray penetration is too deep to be considered
as a real surface analysis, this test allowed a rough estimate of
the stress-induced phase transformation in the materials to be
obtained.

The average alumina and zirconia grain sizes were measured
using micrographs via scanning electron microscopy (SEM; Model

XL20, Philips, Eindhoven, The Netherlands) of polished and
thermally etched surfaces using a linear intercept method (ASTM
standard test method E112, American Society for Testing and
Materials, West Conshohocken, PA) and using an image analyzer
program (Scion Image, Scion Corp., Frederick, MD) where the
diameter (d) was calculated from the projected particle area (A)
using the well-known stereological expression:

d � 2�A

��
1/ 2

(2)

(3) Crack-Growth Measurements
The double-torsion (DT) method was used to obtain the V–KI

(crack velocity versus stress-intensity factor) diagrams. The geom-
etry of the DT specimen and the loading configuration can be
found elsewhere.33,34 No guiding groove was machined in the
specimens to avoid any residual stress. Both sides of the specimens
were polished, but the tensile surface was polished to a 1 �m finish
to observe the crack with precision of �2 �m using reflected-light
microscopy (Model HP1, Karl Zeiss, Thornwood, NY). A notch of
length a0 � 10 mm was machined by a 0.3 mm diamond saw. A
small natural crack was then induced in the specimen by slow
precracking (loading rate 10 �m/min) up to 12–13 mm (�a0 �
2–3 mm). For a long time, the DT configuration has been
considered to yield a stress-intensity factor independent of crack
length. According to the specimen geometry, the conventional
expression for KI is given as:34

KI �
Wm

T2 �3�1 � v�

��W �1/ 2

P � HP (3)

with

� � 1 � 0.6302�2� T

W�� � 1.20�2� T

W��exp� 
�

2�T/W��
(4)

where P is the applied load, Wm the half-distance between the two
points of flexion (moment arm), W the width, T the thickness of the
specimen, and � is the Poisson ratio.

However, it has been recently demonstrated that KI was slightly
dependent on the crack length,35,36 and to obtain accurate V–KI

diagrams, a correction factor35 should be introduced in the
conventional expression of KI (Eq. (3)). This correction is ex-
pressed with the following empirical equation:

KICorr � HP� a

a0
�6/32

(5)

where a0 is the notch length and a is the total crack length.
Subcritical-crack-growth laws were determined via two meth-

ods: relaxation tests and constant-loading tests. The load-
relaxation method, which was first reported by Williams and
Evans,34 was used to obtain the SCG V–KI diagrams in the velocity
range 10
2–10
7 m/s. This method does not allow measurements
at very low velocity; however, it does present the advantage of
being fast and, in principle, a full curve can be recorded in a single
experiment. Precracked specimens were loaded at a constant rate
of 0.2 mm/min, followed by subsequent stopping of the crosshead
at constant displacement, when the crack started to propagate. The
obtained load-relaxation versus time (P vs t) plot allows the
determination of the V–KI curve by a compliance calibration.34,35

More details concerning the method for determination of V–KI

curves from P–t plots can be found elsewhere.33–39

Measurement of the crack velocities (V) under constant load
presents the advantage of allowing the measurement of very low
velocities. Thus, the specimens were subjected to different static
loads under a prescribed duration, �t. The crack length was
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measured via optical microscopy, with a precision of �2 �m, and
V is defined as the ratio of crack increment, �a, to the duration, �t:

V �
�a

�t
(6)

From the obtained data, the threshold (KI0) value was determined
by extrapolation from the points on the V–KI diagram, below
which there is an abrupt drop of the crack velocity. On the other
hand, the toughness (KIC) was determined by extrapolation of the
V–KI curve to high-crack velocities (10
2 m/s).

III. Results and Discussion

The designation and main characteristics of each material are
summarized in Table I.

Figures 1(a)–(d) show the final microstructures of the Al2O3–

Fig. 1. Backscattered SEM images showing the microstructure of the
Al2O3–10-vol%-ZrO2 composites obtained. Samples show ZrO2 grains
(the brighter phase) distributed in a fine-grain Al2O3 matrix (the darker
phase). (a) and (b): Nanocomposite processed by the colloidal processing
route described (Al2O3 D50 	 1.2 � 0.4 �m and ZrO2 D50 	 0.4 � 0.1
�m); (c) and (d): Composite processed by the conventional powder-mixing
processing technique (Al2O3 D50 	 1.7 � 0.6 �m and ZrO2 D50 	 0.7 �
0.4 �m).

Fig. 2. ZrO2 grain-size distribution in the alumina–10-vol%-zirconia
composites obtained by conventional powder-mixing processing technique
and a colloidal processing route (assuming a normal distribution of zirconia
particle sizes). The values given for DC and D�C are reported values14–16

for unstabilized zirconia in Al2O3–ZrO2 composites.
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10-vol%-ZrO2 composites obtained either by the powder-mixing
processing technique or the colloidal processing route described.
The figures show ZrO2 grains (the brighter phase) distributed in an
Al2O3 matrix (the darker phase). The composite obtained by the
colloidal processing route (Figs. 1(a) and (b)) show nano-sized
ZrO2 particles (D50 	 0.4 � 0,1 �m) homogeneously distributed
at Al2O3 grain boundaries (D50 	 1.2 � 0.4 �m), without
agglomerates and a minimum number of microstructural flaws.
The composite obtained by the conventional powder-mixing tech-
nique (Figs. 1(c) and (d)) show larger ZrO2 particles (D50 	 0.7 �
0.4 �m) less homogeneously distributed in the Al2O3 matrix.
Al2O3 also exhibits larger grains (D50 	 1.7 � 0.6 �m). Figure 2
compares the ZrO2 grain-size distributions of the two A10Z
composites, assuming a normal distribution of zirconia particle
sizes. It is shown that the alumina zirconia composite processed by
colloidal method has a narrow size distribution that is roughly
between the critical size for spontaneous transformation on cooling
to room temperature (DC) and the critical size for stress-induced
transformation (D�C).14–16 The above-mentioned fact leads to a
more efficient transformation toughening in the material processed
by the colloidal route. In this material, a transformation of the
tetragonal grains toward monoclinic symmetry ahead of a propa-
gating crack (�Vm) 12% higher than for the composite processed
by the conventional powder-mixing technique was found, high-
lighting higher transformability. As mentioned in the previous
section, this analysis was performed by XRD on the DT crack
plane after fracture from crack-propagation tests and gives a rough
estimate of the stress-induced phase transformation in both mate-
rials. This more efficient transformation toughening leads to a shift
of the obtained V–KI diagrams toward higher KI values for the

composites processed by the colloidal route when compared
with the same compositions processed by the powder-mixing
technique. Figure 3 highlights this fact that is reflected in a
higher crack growth resistance of the composite A10Z obtained
by the colloidal processing route. This behavior was confirmed
for all the compositions.

As the composites processed by the colloidal route exhibit
better mechanical properties than those processed by the powder-
mixing technique, from now on, the results and discussion will be
focused on this type of composite.

The measured V–KI diagrams of alumina and the composites,
prepared with different volume fraction of unstabilized zirconia,
are plotted in Fig. 4. The curves exhibit a trend to shift toward
higher KI values up to a maximum before dropping with increasing
volume fraction. These results are in agreement with previously
reported values on the toughness of Al2O3–ZrO2 composites.2,27

The increasing crack resistance of the composites can be explained
by the transformation mechanism mentioned. The tetragonal ZrO2

concentration in the ZTA composites (Vt(composite)) after sintering,
plotted in Fig. 5, is calculated from Eq. (1) and from the values of
monoclinic content measured by XRD that are shown in Table I.
The A10Z composite is the one with the highest amount of
tetragonal phase retained at room temperature in the whole
composite. Additionally, Fig. 6 shows the stress-induced phase
transformation of the metastable tetragonal grains toward mono-
clinic symmetry ahead of a propagating crack (�Vm%). The term
�Vm% corresponds to the difference in percent between mono-
clinic content measured on fractured and sintered surface (Table I)
and gives estimate of transformation toughening efficiency. Here,

Fig. 3. Crack velocity (V) versus stress-intensity factor (KI) for the
alumina 10 vol% zirconia composites obtained by conventional powder-
mixing processing technique and the colloidal processing route described;
the finer microstructure obtained by colloidal processing leads to a
displacement of the V–KI diagram to higher KI values.

Fig. 4. Crack velocity (V) versus stress-intensity factor (KI) diagrams for
Al2O3 and the A7.5Z, A10Z, A15Z, and A7.5Z-2Y composites processed
by the colloidal technique described.

Fig. 5. Tetragonal zirconia retained after sintering in the ZTA composite
(Vt(composite) 	 (VtVZrO2

)/100), as a function of zirconia content in the
composite. Data from unpolished surfaces.

Fig. 6. Stress-induced phase transformation of the metastable tetragonal
grains to monoclinic symmetry (�Vm%), measured on the fracture surface
for colloidal processed series.
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it can be seen that the A10Z composite has the highest effective
transformation and the A15Z the lowest. As indicated by Claus-
sen,2 the amount of stress in the matrix increases with the amount
of zirconia dispersed, and, beyond a maximum, the matrix is not
able to retain the tetragonal ZrO2 as a metastable phase. Addition-
ally, it is worth noting that the critical ZrO2 particle size for
transformation is dependent on the volume fraction of ZrO2

present in the matrix, as reported by Green.5 For high-volume
fractions of ZrO2, the volume expansion (3%–5%) caused by the
transformation leads to a high density of microcracks, which join
up between the transformed particles. Consequently, the KIC value
decreases and the overall V--KI curve is shifted toward lower KI

values.
Next, Fig. 4 also shows the measured V–KI diagram of the

A7.5Z composite processed with 2 mol% of Y2O3 (A7.5Z-2Y).
The V–KI curve of the composition with yttria is slightly shifted to
lower KI values compared with the batch A7.5Z. The V–KI curve
of this material lines up with the material A15Z. This lower crack
resistance corresponds to a lower (if no) effective transformation
toughening, as shown in Fig. 6 and Table I. The use of the 2 mol%
of Y2O3 to stabilize the t-ZrO2 limits the effectiveness of the
transformation-toughening mechanism when an external stress is
applied and processing modifications would be required to in-
crease the size and/or the amount of the Y2O3-stabilized ZrO2

particles. Figure 4 and Table I show that composites processed
from the colloidal route always exhibit higher crack resistance than
pure alumina, even for A15Z and A7.5Z-2Y where little or no
transformation occurs. Note that transformation toughening is not
the only mechanism acting to reinforce alumina in ZTA, and that
complementary processes, i.e., crack deflection and microcrack-
ing, occur. These complementary toughening mechanisms already
account for the crack resistance of ZTA, because they give an
increase of 1 MPa�m1/2 of crack resistance compared with
alumina. In any case, the material exhibiting the highest amount of
phase transformation during crack extension (i.e., A10Z) presents
the highest crack resistance.

Finally, the whole crack velocity diagrams of the A10Z com-
posite obtained by the colloidal route and Al2O3 are compared in

Fig. 7. Additionally, in the same figure, keeping in mind the option
that these materials may offer to improve the lifetime of ceramic
joint prostheses28, both curves are compared with other results for
a 3Y-TZP (3-mol%-yttria-stabilized zirconia) bioceramic.40,41

The overall curves obtained in air exhibits three distinct stages
that have been fitted to a power law:42

V � AKI
n (7)

The different values of parameters A and n are reported in Table II.
Thresholds below which no crack propagation occurs (KI0) were
observed at values indicated in the table. Figure 7 shows that the
zirconia ceramic (3Y-TZP) exhibits a higher toughness than
alumina but the thresholds of both materials are lower than that of
the alumina–zirconia nanocomposite (also see Table II), meaning
that the necessary stress to initiate crack growth is lower in
alumina and 3Y-TZP. Additionally, the alumina-zirconia nano-
composite has a toughness close to that of zirconia but a higher
threshold, a consequence of the steeper slope of its V–KI diagram.
SCG in ceramics is attributed to stress-assisted corrosion at the
crack tip or any pre-existing defect in the ceramic. This is indeed
the combined effect of high stresses at the crack tip and the
presence of water or environmental species, temperature, and other
extraneous variables (reducing surface energy at the crack tip) that
induce crack propagation in a subcritical manner.42 Alumina has
lower susceptibility to water and thus to stress-assisted corrosion.
As a consequence, the V–KI curve of alumina presents a higher
slope than the curve corresponding to zirconia. From an atomistic
point of view, this means that the fracture energy of zirconia is
lower in the presence of water, because the zirconia bonds are
prone to chemisorption of the polar water molecules. The addition
of a small amount of zirconia to alumina (in Fig. 7, 10 vol%) has
two main advantages: first, alumina-zirconia composites exhibit
crack propagation primarily through the alumina matrix. Thus,
these composites possess a low susceptibility to stress-assisted
corrosion from water. Second, these materials are reinforced by the
presence of highly transformable zirconia particles, shifting the
V–KI diagram of alumina toward higher KI values while preserving
the slope of the curve, as it was theoretically shown previously.43

Figure 7 and Table II show that the current results are in agreement
with this previous work, primarily in the first stage of the curve,
where the effect of the stress-assisted corrosion is higher.

In any case, the threshold KI0 represents the key parameter as
far as durability is concerned44 (as for orthopedic implants, which
must survive in vivo for more than 10 years). From the well-known
stress-intensity factor equation:

KI � Y�a1/ 2 (8)

where Y is a shape factor related to the crack, � the applied stress,
and a the size of a pre-existing defect, it is expected that no failure
occurs in vivo if the applied stress is lower than

�0 �
KI0

Ya1/ 2 (9)

The KI0 value of the best ZTA composite processed in this research
(10 vol% of ZrO2) is twice that of pure alumina. This means that
for the same pre-existing defects, this composite is expected to
work at loads two times greater than monolithic alumina without
any delayed failure.

Fig. 7. Crack velocity (V) versus the stress-intensity factor (KI) for
Al2O3, Al2O3–10-vol%-ZrO2 composite and 3Y-TZP;40,41 the alumina–
zirconia composite processed via the mentioned colloidal processing route
exhibits the highest slow crack growth resistance. ((F) Al2O3, (�) A10Z,
and (f) 3Y-TZP.) Arrows indicate tests where no propagation could be
observed, crack rate must be lower than the value plotted.

Table II. Threshold (KI0), Toughness (KIC), and Slow-Crack-Growth Parameters (A and n) of Al2O3, A10Z, and
3Y-TZP Materials†

Material
Threshold (KI0)

MPa�m1/2
Toughness (KIC)

MPa�m1/2

1st stage 2nd stage 3rd stage

A n A n A n

Al2O3 2.5 � 0.2 4.2 � 0.2 2 � 10
33 56.8 3 � 10
11 12 4 � 10
40 59.7
A10Z 4.0 � 0.2 5.9 � 0.2 4 � 10
43 53.5 5 � 10
9 4.8 7 � 10
50 59.6
3Y-TZP‡ 3.5 � 0.2 6.1 � 0.2 1.8 � 10
26 31.5 1.4 � 10
9 6.6 9.3 � 10
53 64

†Tested in air. ‡Data from Refs. 40 and 41.
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IV. Conclusions

The following conclusions can be drawn:
(1) The microstructures of the alumina-zirconia composites

obtained by the modified colloidal processing technique are very
fine with a narrow distribution of zirconia particles homoge-
neously dispersed in the alumina matrix. This leads to a high
portion of tetragonal phase retained after sintering with the ability
to transform under applied stress. These composites show an
increase of crack resistance compared with the composites pro-
cessed with a classical powder-mixing route.

(2) The measured V–KI diagrams of the composites are shifted
toward higher KI values with increasing transformable ZrO2

volume fraction, up to 10%. This trend is inverted at volume
fractions beyond a maximum. The use of the 2 mol% of Y2O3 to
stabilize the t-ZrO2 could limit the effectiveness of the transfor-
mation toughening mechanism for the particle size obtained when
an external stress is applied, and it would require processing
modifications to increase crack resistance.

(3) The best alumina-zirconia composite developed in this
study, A10Z, presents a threshold, KI0, significantly higher than
monolithic alumina and zirconia. This should offer the option of
improving the safety range of use of orthopedic implants.
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