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a b s t r a c t

The influence of the addition of Al2O3 whiskers (2.5 wt.% up to 30 wt.%) on Vickers hardness and fracture
toughness in an Al2O3(n)+ZrO2 (TZ-3Y)n (90, 80 and 70 wt.%) composite was investigated. Green compacts
were obtained by uniaxial pressing at 50 MPa and pressureless sintering at 1500 �C in air for 2 h. After
sintering, relative densities ranging from 75% to 97% were reached. The whiskers resisted particle rear-
rangement owing to the extensive sliding distances along the whisker boundaries during sintering and
the high length/diameter ratios. Sintering becomes more difficult with increasing whisker content,
because whiskers come into contact with each other, forming a rigid network which hinders densifica-
tion. The 2.5 wt.% Al2O3 whiskers + 27.5 wt.% Al2O3 nanoparticles + 70 wt.% TZ-3Y composite showed a
hardness > 13 GPa and a maximum fracture toughness of 6.9 MPa m�1/2, with an average grain size of
0.4 ± 0.17 lm. The observed crack deflection was an important mechanism in the improved fracture
toughness of the composite. In addition, the grain size and residual porosity also seem to be factors in
obtaining a wide range of hardness as well as fracture toughness by varying the Al2O3 whiskers and
ZrO2 (TZ-3Y) content. The use of alumina-whisker-reinforced composites in dental applications could
be promising for increasing hardness and fracture toughness compared with other materials. The
reported values for these composites can compete with those of commercially available materials in dif-
ferent dental applications.

� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The development of technologies for the manufacture of new
dental materials has been motivated by the demand for materials
capable of supporting new specifications and applications [1].
Great progress in dental restoration techniques has been made
since the 1970s through the use of ceramic materials. In some field
applications, the tendency has been the substitution of the metallic
substructure, including implant restoration, with ceramic materi-
als. Esthetic quality, biocompatibility and chemical resistance are
some advantages of these ceramic materials. In this context, the
development of advanced dental material technologies has re-
cently led to the application of alumina, zirconia or a combination
of these [2,3]. During recent decades, a lot of research work has
focused on the improvement in properties resulting from the com-
bination of Al2O3 and ZrO2 [4].

The demand for structural ceramics has led to increased interest
in the processing and characterization of fiber-reinforced ceramic
composite systems [5]. The majority of work concerned with the
fiber reinforcement of glasses and glass–ceramics has focused on

using SiC or carbon fibers. However, it is well known that the frac-
ture toughness of ceramic materials is strongly dependent on their
microstructure. Indeed, in order to improve the fracture resistance
of ceramic materials, there have been extensive studies on the
incorporation of strong ceramic whiskers into ceramic matrices
to form a whisker-reinforced ceramic matrix composite [6–8].
The ceramic whiskers are single crystals possessing a high degree
of structural perfection and, hence, superior strength and tough-
ness. For example, the tensile strength of ceramic silicon nitride
whiskers is �50 GPa, compared with �3 GPa for glass fibers and
0.1 GPa for bulk glass [9–12]. In addition, the shape of the whiskers
is generally acicular or needle-like, discontinuous, 0.1–5 lm in
diameter and >5 lm long, with the potential benefit of bridging
matrix microcracks and preventing them from propagating
[9,13]. Xu et al. [14] found that ceramic whisker reinforcement im-
parted a nearly twofold increase in the flexural strength and frac-
ture toughness of dental resin composites.

Studies conducted earlier showed that incorporating 20 vol.% of
very strong microscopic SiC whiskers into a fine-grained (<2 lm)
polycrystalline alumina matrix can result in a threefold increase
in fracture resistance [15,16]. This is achieved using SiC whiskers,
which themselves have a fracture toughness of only �3 MPa m�1/2,
a value that is comparable with that of fine-grained alumina. The
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strength of the whiskers and fibers can also be increased when
their diameters are reduced. The addition of dispersed ZrO2 should
allow an increase in toughness by the initiation of martensitic
transformation of tetragonal ZrO2 and/or microcracking [17,18].
It has been shown that the fracture toughness of mullite 20 vol.%
SiC whiskers composites, in which 20 vol.% of ZrO2 particles are
dispersed, increases substantially compared with the composite
without whiskers [19]. For example, the toughness values are
2 MPa m�1/2, 4.7 MPa m�1/2 and 7.7 MPa m�1/2 for mullite, mull-
ite + 20 vol.% SiC whiskers, mullite + 20 vol.% SiC whiskers +
20 vol.% monoclinic ZrO2 particles, respectively. Here, microcrack
toughening acts as an additional factor in whisker reinforcement.

The amount of research and number of publications concerning
the potential of whisker toughening has been increasing signifi-
cantly. Although there have been partial overviews of these studies
[15], no detailed review has yet been published on whisker tough-
ening ceramics (WTC) in dental ceramics. Experimental studies
and models based on fracture mechanics concepts indicate that
five toughening mechanisms may operate in WTC. These mecha-
nisms are crack deflection [20–22], crack bowing [21], microcrack-
ing [23], whisker pullout [24] and crack bridging by whiskers [25].
Crack bridging occurs by frictional interlocking of opposing frac-
ture surfaces and by the formation of ligamentary bridges between
them. Such phenomena have been observed in various composites
such as rubber-toughened polymers [26], ceramic–metal compos-
ites [27] and coarse-grained alumina [28]. Whiskers or fibers can
act as crack bridging sites like coarse grains. However, whisker
loadings are limited where high sintered densities can be achieved.
High densities with high whisker loadings can be obtained by
means of hot-pressing (HP) and hot isostatic pressing (HIP).

The trend today is to develop alumina–zirconia composites as
an alternative to monolithic zirconia and alumina, which has been
characterized by its high wear resistance, though it shows low
resistance to fracture [3,29]. In the ZrO2–Al2O3 system, two com-
posite materials can be prepared as follows: ZrO2 reinforced with
alumina particles and denoted by ATZ, or Al2O3 reinforced with zir-
conia particles, ZTA. In both cases, the fracture toughness of the
ceramic matrix material is increased [30–32]. The interest of den-
tists, dental technicians and patients is to acquire stronger and
tougher ceramic materials [33], since clinical failure of ceramic res-
torations is very often associated with their brittleness and low
fracture toughness. Thus the improvement of the in-service reli-
ability of a material can be achieved by increasing its fracture
toughness [34]. Yttrium oxide partially stabilized zirconia (Y-TZP)
ceramic is now available to dentistry through the use of com-
puter-aided design/computer-aided manufacturing (CAD/CAM)
techniques which, compared with other dental ceramics, has better
mechanical performance and superior strength and fracture resis-
tance [35–37].

The types of zirconia recently introduced to the market are
commercialized for dental rehabilitation such as veneers, inlay,
crowns, onlay (VINCRON) and in fixed partial dentures. These
materials contain such different types of composites as yttrium-
doped cation (3Y-TZP) or magnesia-doped cation (Mg-PSZ),
zirconia toughened alumina (ZTA) or a combination of 3Y-
TZP + Mg-PSZ. It is important to note that some of the mechanical
properties in these composites depend directly on the grain size.
When the grain size is >1 lm, the composite behaves unstably
and is susceptible to spontaneous transformation whereas, when
the grain size is < 0.5 lm, a sluggish t ? m transformation occurs.
With grain sizes <0.2 lm the t ? m transformation is unlikely to
happen, therefore reducing the possibility of cracking [38–40].
Whiskers were recently used to reinforce dental composites to ex-
tend their use to large stress-bearing restorations. Taking into ac-
count that zirconia or/and zirconia-based composites are
interesting multifunctional materials for many further applications

[41], and in spite of the different studies published by several
investigators on alumina–zirconia ceramics reinforced with silicon
carbide whiskers, to the authors’ knowledge, studies concerning
alumina–zirconia with the addition of Al2O3 whiskers for different
dental applications has not yet been reported. Based on these
expectations, the main objective of this paper is to combine the
transformation toughening in ZrO2 ceramics with the addition of
different percentages of alumina whiskers in an attempt to im-
prove the fracture toughness and hardness in alumina toughened
zirconia (ATZ) ceramic composites obtained by pressureless ther-
mal treatment at 1500 �C for 2 h in air, and thus obtain an efficient
alternative to commercial dental ceramics.

2. Materials and methods

2.1. Mixture preparation

High-purity a-Al2O3 (Baikalox SM8, Baikowski, USA; 100% a,
purity >99.99%), MgO (500A, UBE Chemical Industries, Japan; pur-
ity >99.999%), and ZrO2 + 3 mol.% Y2O3 (thereafter abbreviated to
TZ-3Y, Tosoh, Japan; purity >99.99%) powders and Al2O3 whiskers
(2–4 � 2800 nm, Aldrich, USA) were used as starting materials.
Their characteristics (particle size, surface area and theoretical
density) are presented in Table 1. Homogeneous mixtures of
3 mol.% yttria-stabilized zirconia (TZ-3Y) with 10, 20 and 30 wt.%
Al2O3 (Al2O3 whiskers + Al2O3 nanoparticles) were prepared.
Al2O3 whiskers ranging from 2.5 to 30 wt.% were first dispersed
in 500 mL ethanol with ultrasonic agitation for 30 min to destroy
the agglomeration state, and the nanopowders were subsequently
intensely mixed with the dispersed Al2O3 whiskers by stirring with
a magnetic stir bar until most of ethanol had evaporated, and then
the mixture was dried at 100 �C for 12 h. To avoid any variations
that can occur due to relative humidity changes, all experiments
were done at the same time. In all compositions, the Al2O3 powder
was previously doped with 25 ppm MgO powder in order to inhibit
the grain growth during sintering.

2.2. Compaction and sintering

About 2.5 g of the mixture was uniaxially pressed at 50 MPa
into a disk (steel die) 16 mm in diameter and 7 mm high using
an Elvec Hydraulic Press at a constant strain rate of 30 kf s�1. Green
samples were placed into an alumina crucible with ZrO2 + Al2O3

bed powders and sintered at 1500 �C for 2 h in air at a heating rate
of 10 �C m�1. After sintering, the furnace was shut off and allowed
to cool down. The sintered density was measured using a geomet-
ric method with three samples per each composition. For this pur-
pose, the thickness and diameter were measured using a digital
vernier, accurate to 0.001 mm, and the weight was measured using
a scale accurate to 0.1 mg, and then the average relative density
was calculated. The samples were ground and polished through

Table 1
Characteristics of commercial starting powders.

Powder Primary particle
size (lm)

BET surface
area (m2 g�1)

Theoretical
density (g cm�3)

Baikalox SM8 Al2O3
a 0.050 10.0 3.98

3 mol% Y2O3–ZrO2

(TZ-3Y TOSOH)b
0.075 17.2 6.05

MgO 500Ac 0.053 31.9 3.58
Al2O3 whiskers Ø 2–4 nm,

length 2800 nmd
125 4.00

a Supplied by Baikowski (USA).
b Supplied by TOSOH (Japan).
c Supplied by UBE Chemical Industries (Japan).
d Supplied by Sigma–Aldrich (USA).
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SiC paper in a sequence of #400, #800 and #1200, and then pol-
ished by both 0.5 and 0.25 m diamond pastes and subsequently
thermally etched in air for 40–60 min at temperatures 150 �C be-
low the sintering temperature. A drop of the above-dispersed
Al2O3 whiskers was deposited onto a copper sheet.

2.3. Sample characterization

The polished and fracture surfaces as well as the Al2O3 whiskers
were characterized by scanning electron microscopy (SEM: JEOL
JSM 5800 LV, Japan, and FEG SEM: JEOL JMS 7000F, Tokyo, Japan)
using an accelerating voltage of 2–10 kV after carbon coating to
avoid charging during exposure to the electron beam. The average
grain size of Al2O3 and TZ-3Y in the sintered composite was mea-
sured by the linear intercept technique using 300–400 grains for
each sample.

2.4. Hardness and fracture toughness

Vickers hardness measurements were carried out on sintered
samples using a Microhardness Tester FM-7. Radial-median and
Palmqvist crack systems exist in material as a consequence of
indentation according to Ponton and Rawlings [42]. In the present
study, the cracks appear on polished surfaces for a load of 1 kg held
for 10 s. For the ratio of crack length to indentation length (c/a)
<2.3, the cracks developed were Palmqvist cracks. For a ratio
>2.5, the cracks formed during indentation take the form of median
cracks. A lower indentation load was used to avoid cracking or
spalling around the Vickers impression, which can affect the hard-
ness and fracture toughness measurements owing to excessive

damage at the indentation tip or sides. Three samples per compo-
sition (diameter 12 mm, thickness 5 mm) and �20–30 indents per
each measurement were made, and the average hardness was
determined. The separation between neighboring indentations
was more than four diagonal lengths of indentation impression
according to the standard ASTM C1327-99 for Vickers indentation
hardness of advanced ceramics [43]. With the help of an Olympus
PMG3 optical microscope, the corresponding indentations sizes
and crack lengths were measured soon after indentation in order
to prevent the slow crack growth associated with the stress field
which acts after removal of the indenter and with environmental
effect. The indentation fracture toughness (KIC) was derived from
average crack length and applying the following formula [44]:

KIC ¼ 0:0752P=C3=2 ð1Þ

where KIC is the fracture toughness, P the load, and C the crack
length.

3. Results

In Fig. 1a, SEM reveals agglomerates of the ‘‘as received” a-
Al2O3 whiskers exhibiting lengths up to �5 lm with aspect ratio
of 35. A combination of elongated whiskers and Al2O3 in the form
of particulate with sizes ranging from 0.1 to 0.8 lm was observed
(see Fig. 1b). Some of the Al2O3 whiskers had diameters varying
along their lengths (arrow in Fig. 1b).

The relative densities of specimens as a function of the Al2O3

whisker content are shown in Fig. 2. It is observed that the addition
of whiskers up to �5 wt.% had no significant influence on the den-
sification, even though the relative density decreased with an in-
crease in Al2O3 whiskers. At higher whisker content, the sintered
density decreased significantly in the three compositions studied,
suggesting the formation of agglomerates at high Al2O3 whisker
content.

Fig. 3a–c shows representative SEM micrographs of polished and
thermally etched Al2O3 (2.5 wt.% Al2O3 whiskers + Al2O3 nanoparti-
cles) + 70, 80 and 90 wt.% TZ-3Y, corresponding to samples with
maximum sintered density. This figure clearly shows that all sam-
ples were crack free, with approximately the same measured aver-
age grain size and Al2O3 grains (darker phase) homogeneously
distributed in fine TZ-3Y matrix grains (the brighter phase). The ab-
sence of whiskers or their agglomerates on the polished surface is
worth noting. Examination of the sintered surfaces shows that the
grain size of alumina in the composite 2.5 wt.% Al2O3 whis-
kers + 27.5 wt.% Al2O3 nanoparticles + 70 wt.% TZ-3Y increased
(measured value of 0.48 ± 0.19 lm), while the measured grain size
for pure TZ-3Y decreased up to 0.32 ± 0.14 lm. However, the aver-
age obtained grain size of the composite was 0.4 ± 0.17 lm.

It is well known that the whiskers are normally received from
commercial sources in the agglomerate state. If the whiskers

Fig. 1. SEM micrographs showing the appearance of the Al2O3 whiskers: (a) agglomerates of the ‘‘as received” whiskers; (b) higher magnification of dispersed whiskers
showing Al2O3 particulates (arrow explained in the text).
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Fig. 2. Variations in relative densities as a function of Al2O3 whiskers content.
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remain in that state, they remain as low density regions in the final
composite, degrading the final mechanical properties and hinder-
ing grain growth. Fig. 4a–c shows this behavior, where the Al2O3

whisker agglomerates are marked by a circle. At higher magnifica-
tion (Fig. 4d–f), the whisker agglomerates showed morphology
similar to that exposed in Fig. 1b.

Al2O3 whisker loadings were found to affect Vickers hardness,
as shown in Fig. 5. It is observed that the hardness values show
an increase with decreasing addition of Al2O3 whiskers. At whisker
loadings below 4 wt.%, the hardness achieved by ATZ 90, 80 and
70 wt.% TZ-3Y composite was slightly superior. Meanwhile, above
this percentage of whisker addition, a dramatic decrease in hard-
ness is clearly observed. However, fracture toughness as a function
of Al2O3 whiskers content is illustrated in Fig. 6. A similar trend to
that obtained in the hardness plot (Fig. 5) is observed. Above
2.5 wt.% whisker addition, a decrease in fracture toughness occurs.
However, at Al2O3 whisker content above �15 wt.%, the attainable
fracture toughness decreases significantly.

4. Discussion

Considering the mechanical properties of commercial ceramic
materials, whisker-reinforced ceramic composites are materials
with relatively high fracture toughness [45]. Taking into account
the high fracture toughness of tetragonal zirconia polycrystal
(TZP) matrix, an alternative way to improve its mechanical proper-
ties is by adding strong Al2O3 whiskers. As shown in Fig. 1, the ‘‘as
received” alumina whiskers are free of pores and agglomerated. As
mentioned above, if the whiskers remain in the agglomerate state
during processing, these will remain in the final composite as low
density regions, which is reflected in a low sintered density, as
observed in Fig. 2, and fracture surfaces illustrated in Fig. 4d–f.
Several problems are faced in obtaining adequate green compos-
ites of WTC, one of which is their agglomeration. Whiskers tend
to form large lumps during handling, and their homogeneous
incorporation into the matrix powder is difficult [46], thus decreas-
ing the packing efficiency of the composite.

The presence of whiskers in a powder compact makes sintering
of the composite difficult, inasmuch as they resist particle rear-
rangement as a consequence of extensive sliding distances along
whisker boundaries during sintering as well as high whisker aspect
ratios, or ratios above a critical volume fraction. In this context, sin-
tering becomes more difficult, increasing the whisker content, be-
cause they come into contact with each other and tend to form a
rigid network. Therefore, the forces necessary to overcome the net-
work are greater than the driving forces required for the sintering
process. This behavior is reflected in Fig. 2 for whisker content
>5 wt.%, where the sintered density decreased significantly in the
three compositions studied, suggesting the formation of agglomer-
ates at high Al2O3 whisker content, and therefore the whisker clus-
ters can act as rigid inclusions, avoiding complete sintering and
causing inhomogeneity in the phase distribution. Similar observa-
tions have been reported by Yang and Stevens [47], where large
matrix particles situated at the intersection of whiskers welded
the network firmly, which left interparticle porosity. Although fine
particles inside the network can densify locally, the overall shrink-
age is not affected by this, and consolidation slows down.

When high sintered densities must be achieved by conventional
techniques (for example pressureless sintering), the whisker load-
ing is very limited. Notwithstanding, the pressure-assisted tech-
niques including HP and HIP produce high densities at high
whisker loadings [48] in WTA composites, with full density by
HIP at 1550 �C and 200 MPa for 1 h, where a fine-grained compos-
ite was obtained by the process.

The hardness of ceramic composites can be affected by the
intrinsic deformability of the ceramic and the microstructural
parameters such as present phases, grain size and orientation,
residual porosity and boundary constitution [49]. The reinforce-
ment role of the Al2O3 whiskers in zirconia composite might affect
the increase in hardness. Above 4 wt.% of whisker addition, a dra-
matic decrease in hardness is clearly observed (Fig. 5). This behav-
ior could be attributed to the difficult in dispersing Al2O3 whiskers
homogeneously in the composite, as well as the poor cohesion be-
tween alumina whiskers and the matrix [50]. The decrease in hard-

Fig. 3. SEM micrographs of polished and thermally etched samples: (a) 10 wt.% Al2O3 (2.5 wt.% Al2O3 whiskers + 7.5 wt.% Al2O3 nanoparticles) + 90 wt.% TZ-3Y; (b) 20 wt.%
Al2O3 (2.5 wt.% Al2O3 whiskers + 17.5 wt.% Al2O3 nanoparticles) + 80 wt.% TZ-3Y; and (c) 30 wt.% Al2O3 (2.5 wt.% Al2O3 whiskers + 27.5 wt.% Al2O3 nanoparticles) + 70 wt.% TZ-
3Y.
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ness can also be attributed to the sensitivity of hardness to the de-
crease in the sintered density (Fig. 2) as well as the existence of de-
fects, as shown in Fig. 4a–f. In this context, the hardness value
dispersion obtained in the compositions (Fig. 5) is related to the

different porosity remaining in each sample. A decrease in the
porosity percentage leads to an improvement in hardness.

In the literature, the hardness and the fracture toughness values
of ceramics are frequently reported as a function of the grain size.

Fig. 4. SEM micrographs of fracture surfaces of pressureless sintered composites: (a) 10 wt.% Al2O3 (2.5 wt.% Al2O3 whiskers + 7.5 wt.% Al2O3 nanoparticles) + 90 wt.% TZ-3Y;
(b) 20 wt.% Al2O3 (2.5 wt.% Al2O3 whiskers + 17.5 wt.% Al2O3 nanoparticles) + 80 wt.% TZ-3Y; (c) 30 wt.% Al2O3 (2.5 wt.% Al2O3 whiskers + 27.5 wt.% Al2O3 nanoparti-
cles) + 70 wt.% TZ-3Y. (d–f) Corresponds to higher magnification of Al2O3 whisker agglomerates marked in white circle in (a–c).
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For example, Daguano et al. [1] reported a reduction in hardness in
sintered ZrO2–Al2O3 attributed to an increase in the grain size; Su-
zuki et al. [51] reported that Vickers hardness is correlated with
porosity in the former sintering stage, while in the latter sintering
stage it is correlated with grain size; and Chakravarty et al. [52] re-
vealed improved hardness values with small grain size. In the pres-
ent work, hardness > 13 GPa, which is higher than the 12 GPa of
conventional Y-TZP [53], was obtained in the 30 wt.% Al2O3

(2.5 wt.% Al2O3 whiskers + 27.5 wt.% Al2O3 nanoparticles) + 70 wt.%
TZ-3Y composition. The measured average grain size of 0.40 ±
0.17 lm for the 70 wt.% TZ-3Y composite was <1.27 ± 0.5 and
0.57 ± 0.1 lm obtained in as-sintered alumina and zirconia mono-
liths. Indeed, the addition of a relatively low amount of Al2O3

particles and whiskers in TZ-3Y seems to be enough to allow a
refinement in microstructure, increasing the hardness as well as
the fracture toughness. This behavior can be supported by the re-
sults of Chakravarty et al. [52] and Daguano et al. [1].

Fig. 6 is a plot showing the fracture toughness as a function of
alumina whisker content. It is believed that the high fracture tough-
ness (6.9 ± 0.9 MPa m�1/2) value obtained in the 30 wt.% Al2O3

(2.5 wt.% Al2O3 whiskers + 27.5 wt.% Al2O3 nanoparticles) + 70 wt.%
TZ-3Y composition can be attributed to the fracture mode, which
was mainly intergranular (many pits present on the fracture sur-
face) accompanied by a partial transgranular fracture mode, as ob-
served in Fig. 7a, where the roughness of the fracture surface
increased in comparison with the relatively smooth fracture surface
shown in Fig. 7b, corresponding to the composite without Al2O3

whiskers content (fracture toughness of 5.4 ± 1.8 MPa m�1/2). The
mixed fracture mode results in greater fracture energy, which leads
to greater fracture toughness. Similarly, it is worth noting that the
intergranular fracture mode will improve the fracture toughness

of the composite by crack deflection (zigzagged cracks) and bridg-
ing grains. The presence of microcracking in the composite (arrow
marks in Fig. 7a) could contribute to the deflection of cracks and
to the dispersion of its energy, therefore increasing the fracture
toughness [33,54]. It is evident that the improvement in fracture
toughness is connected mainly to the presence of high deviation an-
gles as a consequence of the tortuosity of the crack path (increase in
crack deflection). Conversely, the decrease in fracture toughness in
the composite free from Al2O3 whiskers (Fig. 7b) can be explained
by the decrease in the number of crack deviations as well as deflec-
tion angles, indicating that the crack deflection mechanism is less
effective in the toughening process [55].

In the behavior of the composite with and without the addition
of alumina whiskers, it is evident that, comparing the whiskers
versus only equiaxed particles, the geometry of these reinforcing
phases is very important, inasmuch as an advancing crack neces-
sarily finds it more difficult to avoid an intact relatively long
1-lm-diameter whisker than a 1-lm-diameter grain. As a result
of this, the crack is deflected around the whisker, resulting in
toughening due to the additional work required in propagating a
deflected crack [6,45]. In other words, in the proximity of a whis-
ker, the propagation energy of the advancing crack can be dissi-
pated, and the crack can be deflected or pinned. Therefore,
depending on whether the advancing crack interacts with a porous
or dense whisker, for the same composite the fracture toughness
can range from a small value to a larger value, resulting in a scatter
in the data. It is also highly probable that different fracture tough-
ness values will be obtained in the same sample, depending on the
orientation of the Al2O3 whiskers.

The phase transformation has generally been known to be an
important contribution to the improvement in fracture toughness

Fig. 7. Fracture surfaces of pressureless sintered composites: (a) 30 wt.% Al2O3 (2.5 wt.% Al2O3 whiskers + 27.5 wt.% Al2O3 nanoparticles) + 70 wt.% TZ-3Y; and (b) 30 wt.%
Al2O3 + 70 wt.% TZ-3Y. Arrows in (a) indicate microcraks.
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Fig. 8. XRD patterns of the (a) polished and (b) fracture surface of the pressureless sintered 30 wt.% Al2O3 (2.5 wt.% Al2O3 whiskers + 27.5 wt.% Al2O3 nanoparticles) + 70 wt.%
TZ-3Y composites.

568 A. Nevarez-Rascon et al. / Acta Biomaterialia 6 (2010) 563–570



Author's personal copy

of ATZ ceramics [56]. It is speculated [45] that an increase in frac-
ture toughness in the 30 wt.% Al2O3 (2.5 wt.% Al2O3 whis-
kers + 27.5 wt.% Al2O3 nanoparticles) + 70 wt.% TZ-3Y ceramic
composite could be due to the increase in the amount of trans-
formed monoclinic phase on the fracture surface of the specimen
resulting from the induced stresses, owing to mismatch between
thermal expansion coefficients of the ZrO2 (TZ-3Y) matrix
(10.3 � 10�6 �C�1) and Al2O3 (8.1 � 10�6 �C�1) grains or alternately
to the formation of matrix microcracks prior to or during fracture
of the ceramic composite (Fig. 7a). Fig. 8 shows the X-ray diffrac-
tion (XRD) patterns of the above composite, where the polished
surface shows a phase composition of a-Al2O3 and tetragonal (t)
zirconia phase (Fig. 8a), while the fracture surface (Fig. 8b) illus-
trates the presence of a-Al2O3, tetragonal (t) as well as monoclinic
(m) zirconia phase. An increase in the presence of monoclinic (m)
phase in the fracture surface due to the tetragonal (t) to monoclinic
(m) phase transformation during the fracture process is evident.

5. Conclusions

From the pressureless sintered Al2O3(w) + Al2O3(n) + ZrO2 (TZ-
3Y)n (90, 80 and 70 wt.%) composites investigated, the following
can be concluded:

1. Relative densities between 75% and 97% were attained in the
different composites. In all cases the grain size was maintained
at a submicron scale at a processing temperature of 1500 �C.

2. The 2.5 wt.% Al2O3 whiskers + 27.5 wt.% Al2O3 nanoparti-
cles + 70 wt.% TZ-3Y composite showed a hardness > 13 GPa
and a maximum fracture toughness of 6.9 MPa m�1/2 with an
average grain size of 0.4 ± 0.17 lm. The remaining porosity
could contribute to obtaining a wide range of hardness as well
as fracture toughness by varying the Al2O3 whiskers and the
ZrO2 (TZ-3Y) content, the homogeneous dispersion of whiskers
being a challenge.

3. In the relative absence of whisker pull-out, it is suggested that
the crack deflection mechanism was more efficient for ceramic
composites with the addition of alumina whiskers compared
with the whisker-free sample, where the fracture surface was
relatively smooth with a decreasing of fracture toughness up
to 28% with respect to alumina whisker toughening ceramics
(AWTC).

4. An increase in fracture toughness in the 30 wt.% Al2O3 (2.5 wt.%
Al2O3 whiskers + 27.5 wt.% Al2O3 nanoparticles) + 70 wt.% TZ-
3Y ceramic composite could be due to the increase in the
amount of transformed monoclinic phase on the fracture sur-
face of the specimen as result of the fracture process as well
as to the residual stresses associated with differential coeffi-
cients of thermal expansion between the TZ-3Y matrix and
the Al2O3 grains. An increase in the presence of the monoclinic
(m) phase in the fracture surface due to the tetragonal (t) to
monoclinic (m) phase transformation during the fracture pro-
cess could also contribute to explaining the increase in fracture
toughness.

5. A wide range of final densities, grain sizes, Vickers hardness and
fracture toughness can be obtained in AWTC by varying the
Al2O3 whiskers and the ZrO2 (TZ-3Y) content, which can be used
to suit the composite ceramic properties to diverse dental
applications.
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