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Abstract

Zirconia-toughened alumina composites containing 0–30 vol% of 3Y-TZP were fabricated by sintering at 1600 8C for 2 h in air. The effect of

the 3Y-TZP content on the mechanical properties and microstructure of the alumina ceramics was investigated. The fracture toughness and biaxial

flexural strength increased as the 3Y-TZP content increased. The Young’s modulus decreased with 3Y-TZP content according to the rule of mixture,

while the hardness showed the contrary tendency. The Weibull modulus of the Al2O3 with 20 vol% 3Y-TZP composite is higher than that of

alumina. The residual hoop compressive stress developed in ZTA ceramic composites probably accounts for the enhancement of strength and

fracture toughness, as well as for the higher tendency of crack deflection. No monoclinic phase and strength degradation were found after low

temperature degradation (LTD) testing. The excellent LTD resistance can be explained by the increased constraining force on zirconia embedded in

alumina matrix.
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1. Introduction

Advanced ceramics such as alumina (Al2O3) and zirconia

(ZrO2) have been used as dental materials since the 1970s [1].

Compared to metal or polymer dental materials, the esthetic,

biocompatibility, chemical inertness and high wear resistance

characteristics of ceramics have led to their being widely used

as dental implant materials. However, the inherently brittle

nature of ceramics has limited their application as implants.

With the ongoing developments in the field of dentistry, dental

implants with high fracture toughness and fracture strength are

required [2].

Alumina has shown excellent wear resistance and biocom-

patibility, but has low toughness and flexural strength [3]. In

order to enhance the mechanical properties of alumina

ceramics, numerous studies have been carried out to produce

zirconia-toughened alumina (ZTA) ceramics, in which zirconia

particles are embedded as a second phase. A considerable

amount of research has shown that the addition of zirconia into
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the alumina matrix can improve the mechanical properties of

the composite [4–7].

Several mechanisms were introduced to explain the

improved mechanical properties of ZTA ceramics. Transfor-

mation toughening is a well-known mechanism, which

is induced by zirconia particles undergoing tetragonal

(t) ! monoclinic (m) phase transformation [9]. This phase

transformation, which is accompanied by a volume expansion

(�4%) and by shear strain, will cause compressive stress that

may develop on a ground surface or in the vicinity of a crack tip.

A crack must overcome this clamping constraint on the crack

tip in order to propagate, which explains the enhanced fracture

resistance of the composites. Microcrack toughening is another

well-known mechanism. The microcracks related to the phase

transformation can absorb fracture energy by extending the

stress field of a propagating crack or deflecting the propagating

crack, and can thus increase the fracture energy. Furthermore,

the internal residual stresses resulting from the thermal

expansion mismatch between the alumina matrix and the

zirconia particles can affect the mechanical properties of

composites [8,9].

Although ZTA ceramic is a very attractive candidate for

dental implants, the phase transformation accompanied by
d.
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Fig. 1. Example of sharpened V-notch in ZTA specimen.
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microcracking can result in some degradation of materials

properties such as strength; this kind of degradation is known as

low temperature degradation (LTD). This LTD is time

dependent and can be accelerated by water or water vapor.

The transformation proceeds from the surface to the bulk of the

zirconia. This LTD phenomenon is non-negligible and limiting

for the application of ceramic implants. A great deal of work

has been dedicated to understanding the mechanisms of LTD

associated with zirconia, but diverse opinions have been

expressed [10]. More attention should be paid to the optimum

ZrO2 content in ZTA composites, in which case the LTD could

be restrained effectively; it is also necessary to investigate the

effect of ZrO2 content on the mechanical properties, Weibull

modulus, and residual stress of composites.

In this work, ZTA composites with a content of 3Y-TZP

ranging from 0 to 30 vol% were prepared. Mechanical properties

such as fracture toughness and biaxial flexural strength, Weibull

modulus, and residual stress were evaluated. Analysis of biaxial

flexural strength after the LTD test was carried out in order to

evaluate the hydrothermal stability of the ZTA composites.

2. Experimental procedure

2.1. Preparation of composites

High purity Al2O3 (SM8, a-Al2O3, >99.99%, 0.6 mm,

Baikowski Co., France) and 3Y-TZP (TZ-3YSB-E, 90 nm,

Tosho, Japan) were used as starting powders. Four composi-

tions were prepared by adding ZrO2 into Al2O3 matrix at levels

of 0 vol% (ZTA 0), 10 vol% (ZTA 10), 20 vol% (ZTA 20) and

30 vol% (ZTA 30). The mixed powders were ball-milled for

24 h in ethanol medium using a plastic jar with Al2O3 balls. The

slurries were simultaneously dried by rotary evaporator. After

being dried and sieved, the powders were uniaxially pressed

into rectangular and disk shaped green bodies at 100 MPa; then,

powders were cold isostatic pressed (CIP) at 150 MPa. The

obtained green compacts were sintered at 1600 8C for 2 h in air.

After grinding (400 grit diamond wheel) and polishing (1 mm

diamond paste), rectangular specimens with dimensions of

3 � 4 � 40 (mm) and disk specimen samples with diameter of

16 mm and thickness of 1.6 mm were obtained.

2.2. Microstructure characterization and physical and

mechanical properties

Crystalline phase analysis was conducted by X-ray

diffraction using Cu Ka radiation in the 2u range of 27–338
and 20–808 with a scanning rate of 28/min. The microstructures

of all composites were observed by SEM after they were

thermally etched at 1500 8C for 10 min. The average grain size

of the alumina and zirconia grains was determined from the

SEM images of randomly selected areas using the linear

intercept method [12]. Densities of sintered specimens were

measured using Archimedes principle. Young’s modulus was

measured using the dynamic resonance method.

In this study, the fracture toughness was measured by the

single-edge V-notched beam (SEVNB) method. For the SEVNB
method, ground and polished rectangular specimens (3 mm �
4 mm � 40 mm) were notched on the surface (3 mm � 40 mm)

using a diamond charged cutting wheel, perpendicular to the

length of the rectangular bars. The depth of the notches was

approximately 0.7 mm, �20% of the height of the specimen

according to the DIN standard [13]. The notches were sharpened

with a razor blade machine using a diamond paste filled into the

notch. The sharpened notch root radius of the prepared specimen

in the micrograph is approximately 17.5 mm, as can be seen in

Fig. 1. Then, the fracture strength of the specimens was measured

by the four-point flexure test. The hardness was determined from

the Vickers indentations. Specimens were polished to mirror-like

planes and then indentations were introduced on the surface of

specimens of each composition by Vickers hardness testing

machine (Akashi, Model, AVK-C0), under 98 N load at a dwell

time of 15 s. Biaxial flexural strength was evaluated by piston-

on-three-ball test [19]. The disk type specimens were ruptured

using a universal testing machine under a cross head speed of

0.5 mm/min. The Weibull distribution of the biaxial flexural

strength for ZTA0 and ZTA20 (30 specimens for each

composition) was investigated to evaluate the reliability of the

ZTA composites. The residual stresses developed in the alumina

matrix were also estimated.

2.3. Low temperature degradation behavior of ZTA

composites

Prior to the low temperature degradation (LTD) test, the disk

specimens were polished to a mirror-like plane and were

annealed at 1200 8C for 1 h in air to eliminate the stress-induced

transformed layer. Subsequently, specimens of each composition

were immersed in hot water and kept in autoclave for 36 h. It was

estimated that this treatment at 134 8C for 1 h corresponds to �4

years in vivo [28]. The biaxial flexural strength test and XRD

analysis were conducted after the LTD test.

3. Results and discussion

Fig. 2 shows the relative density as a function of the 3Y-TZP

content. Based on our preliminary experiment on the sintering



Fig. 2. Effect of the 3Y-TZP content on the relative density of the sintered

samples.
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conditions, both the monolithic Al2O3 and ZTA composites had

good sintering ability at 1600 8C. Thus, the specimens were

sintered at 1600 8C for 2 h. It is clear that the relative density of

all composites was higher than 99.2%, and that all were almost

completely densified. The relative densities of each composite

showed a substantially similar value, taking into account the

experimental error. It can be concluded that the addition of 3Y-

TZP had little influence on the densification of Al2O3.

Fig. 3 shows the elastic modulus and hardness of composites

as a function of 3Y-TZP content. The measured elastic modulus

decreased with increase of 3Y-TZP content from 0 to 30 vol%.

This increase is reasonable considering that the elastic modulus

of Al2O3 (400 GPa) is much higher than that of ZrO2 (192 GPa)

[25]. In ceramic matrix composites, the elastic modulus obeyed

the linear rule of mixtures [9], which can be explained by Eq. (1):

Ecom ¼ EAVA þ EZVZ (1)

where Ecom is the elastic modulus of ZTA composites, EA is the

elastic modulus of Al2O3, EZ is the elastic modulus of 3Y-TZP,
Fig. 3. Effect of the 3Y-TZP content on the elastic modulus and hardness of the

sintered samples.
and VA and VZ are the volume fraction of Al2O3 and 3Y-TZP,

respectively. As can be seen in Fig. 3, the experimental values

were consistent with the linear rule of mixtures (dotted line).

The elastic modulus decreases with the volume faction of

porosity, as shown in the following relationship (2) [26]:

E ¼ E0ð1 � 1:9P þ 0:9P2Þ (2)

where E is the elastic modulus of porous ceramic, E0 is the

elastic modulus of the nonporous ceramic, and P is the porosity.

The elastic moduli for zero porosity were estimated using

Eq. (2). The estimated moduli were higher than experimental

values. The values of hardness varied from 1840 kg/mm2 for

monolithic Al2O3 to 2060 kg/mm2 for ZTA30 composite.

According to the rule of mixture, the calculated values should

decrease with the increase of ZrO2 content because the hardness

of high purity alumina is higher than that of 3Y-TZP [2,12,15].

Contrary to expectation, the hardness was found to linearly

increase with the content of 3Y-TZP. This can be explained in

terms of the stress-induced phase transition of the metastable

tetragonal ZrO2 phase to the stable monoclinic phase. With

indentation loading, volume expansion of �4% and shear strain

of �6% occurred as a result of the stress-induced phase

transition in the vicinity of the Vickers indent. These factors

of volume expansion and shear strain generate a compressive

surface stress field in the surrounding matrix [18], which can

result in close up of median cracks during unloading. The

increase of the hardness can be also related to the decrease of

the grain size of alumina as shown in Fig. 5. The dependence of

hardness on grain size of ceramics has been reported by Rice

[17] to correspond to an approximate Hall–Petch relation (i.e.

HV � 1/L1/2, where L is grain size). They reported that Vickers

hardness decrease with increasing grain size (L) for finer grain

alumina (<10 mm), and become insensitive to grain size for

coarser grain alumina (>10 mm). In this study, the grain size of

alumina decreased from 3.0 mm for the monolithic Al2O3 to

1.8 mm for the ZTA30.

Fig. 4 presents the effect of the 3Y-TZP content on the

fracture toughness and the biaxial strength of the sintered

samples. The SEVNB method, used in this study, is much more
Fig. 4. Effect of the 3Y-TZP content on the biaxial flexural strength and the

fracture toughness (SEVNB method) of the sintered samples.



Fig. 5. SEM micrographs of ZTA composites sintered at 1600 8C for 2 h: (a) ZTA0, (b) ZTA10, (c) ZTA20, and (d) ZTA30. The Al2O3 and ZrO2 grains are the darker

and brighter phase, respectively.

D. Tang et al. / Ceramics International 38 (2012) 2429–24362432
reliable at measuring fracture toughness than are other

methods. Also, this method is less time consuming, and does

not require the preliminary study of cyclic compression

conditions for fatigue cracks [8]. The fracture toughness

increased non-linearly with the 3Y-TZP content, ranging from

0 vol% to 30 vol%, varying from 4.9 to 8.9 MPa m1/2. It is

obvious that the addition of 3Y-TZP particles into the Al2O3

matrix enhances the fracture toughness. This fracture toughness

enhancement can be explained by the stress-induced phase

transformation of ZrO2 from tetragonal to monoclinic form; the

transformation induced volume expansion generates a com-

pressive stress field that impedes the propagation of cracks and

extra load (or work) must be supplied for further crack

propagation [3–6].

The biaxial flexural strength also increased with the 3Y-TZP

content. According to the fracture mechanics for brittle ceramics,

the strength of the ceramic depends on the fracture energy,

fracture origin and Young’s modulus. The strength was also

influenced by microstructural elements such as grain size. A finer

grain size results in a higher fracture strength. Thus, the effect of

the 3Y-TZP content on the grain size of Al2O3 was investigated.

Fig. 5 presents micrographs of the ZTA composites with various

levels of 3Y-TZP content. Two distinct phases, Al2O3 (the darker

phase) and ZrO2 (the brighter phase), could be clearly observed.

The grain size of the Al2O3 decreased with increasing amounts of

3Y-TZP. It is well known that the second phase impedes the grain

growth of the matrix due to the Zener effect [14]. This result is

consistent with those in studies carried out by other researchers

[15–17]. The grain size of the alumina matrix was investigated

using the linear intercept method. The grain size decreased from

3.0 mm for monolithic Al2O3 to 1.8 mm for ZTA30. Zirconia
particles were homogeneously dispersed in the alumina matrix. It

can be observed that two types of zirconia particles, faceted

intergranular zirconia particles and spherical intragranular

zirconia particles, existed in the alumina matrix. Most of the

intergranular zirconia particles were located at the triple junction

and the grain boundary of alumina. This was due to their being

dragged by the migration of alumina grain boundaries [9]. It is

noteworthy that the intragranular zirconia particles with smaller

size, less than 0.2 mm, were frequently observed, especially in

the ZTA10 composite. The intragranular zirconia particles

presented a spherical geometry. This is reasonable considering

that zirconia particles with small size could easily be embedded

with large alumina grains during grain growth [11].

In addition to toughening mechanisms such as transforma-

tion toughening and microcracking, crack deflection was also

considered as a possible mechanism. The Vickers indentation

was introduced on the polished surface of the ZTA composites

to observe the crack deflection. Fig. 6 shows the advancing

crack morphologies. The crack advanced in a straight path in

monolithic Al2O3, while the crack advanced in a zigzag fashion

in ZTA composites, showing a higher degree of crack deflection

than that in monolithic Al2O3. ZTA composites revealed a

higher tendency for intergranular crack propagation than did

monolithic Al2O3. Therefore, the causes of the enhanced

strength are thought to be the decreased grain size, the crack

deflection and the transformation toughening, etc.

The reliability of ceramics is an important factor for their

application in the field of dental implants. Thus, the Weibull

modulus was evaluated according to ISO standards [19]. All

specimens were annealed at 1200 8C for 1 h to eliminate the

residual transformed layer generated during grinding and



Fig. 6. Crack paths in the ZTA composite: (a) ZTA0, (b) ZTA10, (c) ZTA20, and (d) ZTA30.
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polishing; then, 30 specimens for each ceramic specimen were

fractured using the biaxial flexural test. Fig. 7 shows the

Weibull plots for alumina and for the ZTA20 composite. The

Weibull modulus of the ZTA20 sample was higher (7.8) than

that of alumina (6.78), indicating a little enhanced reliability in

the ZTA20 composite. It was recognized that most of data
Fig. 7. Weibull plots of the ZTA composites. The solid lines are calculated from

a least-squares fit of the data.
points for alumina are well fitted by the least-square method.

This means that the Weibull modulus did not depend on the

stress level. In contrast, the strength distribution for ZTA20

seemed to be bimodal or to exhibit non-Weibull distribution. It

has been reported that internal compressive stresses can affect

the strength distribution [22].

The mechanical properties of ceramic composites are

influenced by the residual stress, which depends on several

factors. These factors are the reinforcement volume fraction,

the reinforcement geometry, the mismatch of thermal expan-

sion coefficient (Da = ar � am), the temperature interval, and

the modulus ratio, Er/Em, for which the subscripts r and m

denote the reinforcement and the matrix, respectively [20].

Residual stress in ZTA composites can be introduced due to the

mismatch of the thermal expansion values for ZrO2 and Al2O3,

which values are 10.3 � 10�6/8C and 8.1 � 10�6/8C, respec-

tively. Fig. 8 provides a schematic illustration of the residual

stress and the interparticle spacing in ZrO2 reinforced Al2O3

composite. Radial tensile stress and hoop compressive stress

developed in the ZTA composites due to the thermal expansion

mismatch between 3Y-TZP and Al2O3. In such a case, a crack is

deflected away from 3Y-TZP particles, resulting in a tortuous

crack path, as can be seen in Fig. 6. The radial tensile stress

(srm) and the hoop compressive stress (sum) are described by the

following equations, Eqs. (3) and (4) [20]:

srm ¼
P

1 � V p

a3

r3
� V p

� �
; V p ¼

a

b

� �3

(3)

sum ¼ � P

1 � V p

1

2

a3

r3
þ V p

� �
(4)



Fig. 8. Schematic illustration for the residual stress and interparticle spacing in

ZTA composite: (a) radial tensile stress and hoop compressive stress developed

in the ZTA composites due to the thermal expansion mismatch between 3Y-TZP

(10.3 � 10�6/8C) and Al2O3 (8.1 � 10�6/8C), (b) interparticle spacing in ZTA

composite.

Table 1

Calculated interparticle spacing in ZTA composite.

Sample rp (mm) l (mm) l/2 (mm)

ZTA10 0.065
l ¼ 4pr3

p

3V p

� �1=3 0.078

ZTA20 0.062

ZTA30 0.054

Fig. 9. Calculated radial and hoop stresses in ZTA composites as a function of

3Y-TZP content. The radial distance was normalized by dividing it by the

particle radius.
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where a is the particle radius, b is the matrix radius, r is the

distance, Vp is the volume fraction of the particle in the matrix,

and P is the interfacial pressure.

The interfacial pressure P can be evaluated by Eq. (5) [20]:

P ¼ ðam � a pÞDT

½ð0:5ð1 þ nmÞ þ ð1 � 2nmÞV pÞ=
ðEmð1 � V pÞÞ þ ð1 � 2n pÞ=ðE pÞ�

; DT ¼ �1200 �C

(5)

If we assume that the dispersed particles form a cubic array,

the interparticle spacing l, which is the distance between the

neighboring particles, is given by Eq. (6) [23]:

l ¼
4pr3

p

3V p

  !1=3

(6)

where rp and Vp are the radius and volume fraction of the

particle, respectively. The calculated interparticle spacing of

ZTA ceramic composites are listed at Table 1. The interparticle

spacing decreased from 0.156 mm for the ZTA10 sample to

0.108 mm for the ZTA30 sample.

The values of calculated matrix residual stress (radial

tension and hoop compressive stresses) in ZTA composites as a
function of the 3Y-TZP content are shown in Fig. 9. The radial

distance, r, away from the center of the particle, was normalized

by dividing it by the particle radius (rP). At the interface

between the particle and the matrix (r = rp) or at a radial

distance less than the particle radius (r < rp), the radial tensile

stresses (srm) maintained constant values and decreased with

the 3Y-TZP content. For example, the radial tensile stress

decreased from 730 MPa for 10 vol% 3Y-TZP content to

580 MPa for 30 vol% 3Y-TZP content. At the interface between

the particle and the matrix, the hoop compressive stress (sum)

increased with the 3Y-TZP content. For example, the hoop

compressive stress increased from 487 MPa for 10 vol% 3Y-

TZP content to 663 MPa for 30 vol% 3Y-TZP content. When

the distance is larger than the particle radius (r > rp), both the

radial tensile stress and the hoop compressive stress decreased

with the distance.

It can be concluded that the residual hoop compressive stress

developed in ZTA ceramic composites probably accounts for

the enhancement of strength and fracture toughness, as well as

for the higher tendency of crack deflection.

On the other hand, LTD testing is essential to confirm the

composite’s suitability for application as a dental material. As

an LTD test at 134 8C for 1 h corresponds to �4 years in vivo,

numerous studies about LTD have been conducted at this



Fig. 10. X-ray diffraction patterns of the ZTA composites before/after LTD test

at 134 8C for 36 h in autoclave; (a) as-sintered specimens before LTD test, and

(b) Al2O3/3Y-TZP specimens after LTD test.

Fig. 11. Biaxial flexural strength values for the as-sintered specimens and the

specimens after the LTD test at 134 8C for 36 h in autoclave, as a function of the

3Y-TZP content.
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temperature [10]; in this study, the condition for the LTD test of

the ZTA composites was set at 134 8C for 36 h in water. The

biaxial strengths of the ZTA composites after the LTD test were

investigated. Then, XRD analysis was conducted to examine

the phase transformation into monoclinic phase. Fig. 10 shows

the XRD patterns of the ZTA composites before (a) and after (b)

the LTD test. Before the LTD test, the a-Al2O3 and the

tetragonal ZrO2 phase were observed as major phase and minor

phase, respectively. Fig. 10(b) shows the results of XRD

analyses for the ZTA composites after the LTD test. The XRD

analyses were conducted under a narrow range of diffraction

angles, from 278 to 338, because the monoclinic zirconia phase

can be easily substantiated by diffraction peaks at 2u = 28.068
and 31.248 [27]. It is clear that no diffraction peaks

corresponding to monoclinic ZrO2 phase were observed. The

absence of the monoclinic ZrO2 phase indicates that the

composites had an enhanced hydrothermal stability. This

enhanced hydrothermal stability is considered to arise from the
constraining force of the harder alumina matrix [21]; the

tetragonal ZrO2 particles need to overcome a critical stress to

trigger the transformation. In ZTA composites, the stability of

tetragonal zirconia increased due to the Al2O3 matrix with

higher Young’s modulus. The surrounding harder matrix

increased the constraining force on the zirconia particles.

The constraining force made it more difficult for tetragonal

ZrO2 to transform, thus enhancing the LTD resistance of the

ZTA composites.

Fig. 11 shows the biaxial strength of the samples before and

after the LTD test. The degradation of strength was not

observed after the LTD test. This result is consistent with those

in Tsukama’s study [24]. He found that the phase transforma-

tion from tetragonal to monoclinic due to ageing was not

observed on the surface of the sintered material with an Y2O3

content of 2.6 mol% and a grain size smaller than 0.5 mm.

Furthermore, no significant strength degradation was observed

when the Y2O3 content was above 2.2 mol% and the grain size

was smaller than 0.5 mm. Thus, it can be concluded that both

the higher amount of Y2O3 (3 mol%) and the smaller grain size

(<0.5 mm) improve the hydrothermal stability of zirconia, as in

the present study.

4. Conclusions

Al2O3/3Y-TZP composites containing 0–30 vol% of 3Y-

TZP were fabricated by pressureless sintering; the effect of the

3Y-TZP content on the mechanical properties and micro-

structure of Al2O3 ceramics was evaluated. The following

results were obtained.

1. Both the monolithic Al2O3 and Al2O3/3Y-TZP composites

presented a high sintering ability. ZrO2 particles dispersed

homogenously in the Al2O3 matrix in all composites, and

acted as inhibitor for the grain growth of Al2O3.

2. Young’s modulus decreased with the increase of the 3Y-TZP

content according to the linear rule of mixtures. Hardness
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was found to linearly increase with the content of 3Y-TZP

due to the compressive surface stress field generated by the

stress-induced phase transition. The fracture toughness and

the biaxial flexural strength increased with the 3Y-TZP

content. Residual hoop compressive stress developed in the

ZTA ceramic composites, probably accounting for the

enhancement of strength and fracture toughness, as well as

for the higher tendency of crack deflection.

3. No monoclinic phase and strength degradation were found

after the LTD test. The excellent LTD resistance can be

explained by an increased constraining force on zirconia

embedded in the alumina matrix.
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