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We investigated the Vickers hardness and fracture toughness of an Al,Oj5(,) + 70 wt% ZrO, (TZ-3Y),, nanocomposite
with addition of 2.5 wt% Al,O5 whiskers. Densities greater than 95% were reached after conventional sintering at 1500°C.
The fracture toughness was increased 62% over pure Al;O;. Microcracking and crack deflection can be the mechanisms

responsible to improve the fracture toughness. The use of ATZ composites with a low percent of whiskers can be a promising
biomedical material for medical and dental applications given its large increase in fracture toughness over pure alumina and

the observed relief from aging issues of zirconia.

Introduction

Oxide ceramics are gaining wide acceptance in
modern technology considering the combination of
properties such as hardness, refractory characteristics,
resistance to aggressive media, etc."? In contrast, the
major disadvantage of the ceramic materials is their brit-
tle nature, characterized by the low fracture toughness.3
Research works have been done focusing on the prop-
erty improvement that results when alumina (Al,O3)
and zirconia (ZrQO,) ceramics are combined to form

*miguel.bocanegra@cimav.edu.mx

© 2012 The American Ceramic Society

ceramic composites. The addition of one ceramic to
another often produces a composite with more desirable
properties than the individual components.* Among the
oxide ceramics for biomedical and dental applications,
alumina and zirconia have been used for many years.sf8
Aluminum oxide was introduced as a material for ortho-
pedic bearings in the 1970s and has been the most
widely used ceramic material due to its low cost and
high hardness,” whereas biomedical grade zirconia was
introduced 20 year ago with the purpose to solve the
problem of alumina brittleness and the consequent
potential failure of implzlnts.10 It is well known that alu-
mina is chemically more stable but it is mechani-
cally weaker than zirconia, and the phase changes or
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transformation mechanism in zirconia produce a cera-
mic having much higher strength and fracture toughness
than ALO; and other oxides."' Nevertheless, the low-
temperature degradation (aging) of yttria tetragonal zir-
conia polycryslal (Y-TZP) characterized by surface
roughening and microcracking at the surface of the
material, limits their range of use as a biomaterial.'?
Aging occurs by slow tetragonal-to-monoclinic phase
transformation of grains on any surface in contact with
water, or body fluid. Therefore, the uniform distribution
of Al,O3 in the ZrO, matrix can suppress the low-tem-
perature degradation of mechanical properties.13 The
combination of alumina and zirconia in different per-
centages could be a particular solution leading to obtain
a new ceramic composite with improved mechanical
properties over monolithic ceramic components.11

The demand of ceramics with excellent mechanical
properties has led to an increased interest in the pro-
cessing and characterization of fiber reinforced ceramic
composite systems.14 To improve the fracture resistance
of ceramic materials, extensive studies have been done
on the incorporation of ceramic whiskers into ceramic
matrices to form a whisker-reinforced ceramic matrix
composite."” Becher and Wei'® and Wei and Becher'”
incorporated approximately 20 vol% of very strong
microscopic SiC whiskers into a fine-grained (<2 pm)
polycrystalline alumina matrix resulting in a threefold
increase in fracture resistance. Many other investiga-
tions of the Y-TZP ceramic have shown improved frac-
ture toughness with various alumina additions.'®°

Considering the increase of research and publica-
tions related to whisker toughening ceramics (WTC),
to the knowledge of the authors no detailed research
work has yet been published on the effect of the addi-
tion of low alumina whisker content in combination
with alumina particulates on the fracture toughness in
zirconia based ceramics. The trend today is to develop
alumina-zirconia composites as an alternative to the
monolithic zirconia and alumina. Although the clinical
outcomes of the alumina and zirconia ceramic joints
have been very satisfactory, the research efforts are still
continuing with the aim to improve the joint perfor-
mances. On these expectations, the main objective of
this article is to combine the transformation toughening
in ZrO, ceramics with the addition of 2.5 wt% of alu-
mina whiskers in an attempt to improve the fracture
toughness and hardness in ATZ ceramic composites
obtained by pressureless sintering offering a ceramic
component with enhanced mechanical properties for
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possible long-term applications in artificial joint com-
ponents and dental applications considering that with
the addition of Al;Oj particles to zirconia, at least the
aging kinetics can be reduced.'® However, in vitro and
in vivo assessments are necessary before these can be
considered for future clinical applications inasmuch as
new unexpected biological responses could occur.

Experimental Methods

The starting materials used were, a-Al,O5 (Baikalox
SMS8; Baikowski Malakoff, Malakoff, TX; mean particle
size 100 nm, purity >99.99%, surface area 10 m*/g),
MgO (500A; UBE Chemical, Ube, Japan; mean particle
size 60 nm, purity >99.999%, surface area 32 m*/g),
ZrO; + 3 mol% Y,0; (thereafter abridged as TZ-3Y,
Tosoh, Tokyo, Japan; mean particle size 75 nm, purity
>99.99%, surface area 17 m’/g), powders and AlL,O;
whiskers (2-4 nm x 2800 nm, Aldrich, St. Louis,
MO). To evade possible changes on the Al,O3 whisker
surfaces by dispersing agents, the starting materials such
as Al,O3 powder, Al,O3 whiskers, and 3Y zirconia were
used directly in their “as received” state without any pre-
treatment. A mixture of TZ-3Y with 30 wt% Al,O;
(2.5 wt% Al,O5 whiskers + Al,O5 nanoparticles) was
prepared. Al,O3 whiskers were firstly dispersed in alcohol
during 40 min using ultrasonic shaker to destroy the
agglomeration state. Then, AlLLO;—MgO (MgO content
of 0.25 wt% as inhibitor of grain growth)-TZ-3Y nano-
powders were added to the whiskers and the mixture was
dispersed by magnetic stirring for about 24 h until all
the solvent evaporated. The resulting dry mix was inten-
sively ground in an agate mortar. Pure Al,O3 and TZ-3Y
ceramic samples were also prepared for comparison. A
X-Ray diffractometer model X' Pert Pro (PANalytical,
Almelo, The Netherlands), equipped with Cu Koo mono-
chromatic radiation and 6-28 geometry was used to
identify possible monoclinic phase (72) on polished and
fracture surfaces in ATZ nanocomposites containing
alumina whiskers. The data were collected on the 26
range from 20° to 80° at intervals of 0.05° 20 using a
step-counting time of 10 s.

Green compacts were uniaxially consolidated at
50 MPa applied pressure in a steel die diameter
16 mm using an Elvec Hydraulic Press (ELVEC S.A.
de C.V.,, México D.F., México) at a constant strain
rate. The samples were sintered at 1500°C during 2 h
in air at a heating rate of 10°C/m using a
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ZrO, + AL)O; mixture as bed powder. After sintering,
the furnace was shut off and it was allowed to cool
down. The density of sintered composites was mea-
sured using the Archimedes displacement method with
distilled water as the suspending liquid. Then, the sam-
ples were ground and polished through SiC paper and
then mirror polished by using diamond pastes of 0.5
and 0.25 pm and subsequently thermally etched in air
for 30 min at a temperature of 1350°C. A drop of the
above dispersed Al,O3; whiskers was deposited onto a
copper sheet to be characterized.

The polished and fracture surfaces as well as the
Al O35 whiskers were characterized by scanning electron
microscopy (SEM; JEOL JSM 5800 LV, Tokyo, Japan,
and FEG SEM; JEOL JMS 7000F) using 2 kV accelera-
tion voltage. Transmission Electron Microscopy (TEM;
JEOL-2200FS HR-FE-TEM) was also used to examine
Al O3 whiskers. The average grain size was determined
by using the linear intercept method measuring about
300 grains for each sample. Mechanical properties were
determined by using Vickers hardness tester (Microh-
ardness Tester FM-7, Future-Tech, Tokyo, Japan) on
sintered samples. The cracks were introduced at a load
of 1.0 kg held for 15 s. To avoid cracking or spalling
around the Vickers impression which affect the hardness
and fracture toughness measurements, lower indentation
load was used. A total of 30 indents were made at the
applied load and the average values of the diagonal
lengths of indentation marks were obtained. The separa-
tion between neighboring indentations was more than
four diagonal lengths of indentation impression follow-
ing the standard ASTM C1327-99 for advanced ceram-
ics.”! The crack lengths were determined using an
optical microscope Olympus PMG3 (by Olympus,
Tokyo, Japan) and the indentation fracture toughness
(K70) was calculated using the formula given by Evans
and Charles®” as follows:

Kic = 0.0752.P/ C3/? (1)
where Kjc is the fracture toughness, P the load and C
the crack length.
Results and Discussion
Figures 1a and b illustrate the corresponding SEM

micrographs of the “as received” and dispersed alumina
whiskers showing agglomerates with different sizes and
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shapes and an isolated and elongated whisker, respec-
tively. On the other hand, Fig. 1c and d correspond to
TEM micrographs of individual Al,O3 whisker approx-
imately 100 nm diameter x 300 nm length (c), and
300 nm diameter x 1.400 nm length (d). Note that
whisker diameter dimensions are higher than those
given by manufacturer.

The relative densities for all samples were greater
than 94% of the theoretical density (see Table I). The
low sintered density observed in the composite with
additions of alumina whiskers compared to that of pure
Al,O3 and TZ-3Y ceramics could be attributed to the
formation of some defects as consequence of the
agglomeration state of the whiskers hindering full den-
sification.

The Vickers hardness changes when both Al,O3
particles and Al,O3; whiskers are added to the ZrO,
(TZ-3Y) matrix, remain within our experimental errors.
However, with the increase of zirconia content, the
hardness of the composites diminishes suggesting that
the zirconia addition changes the composite behavior.
This assertion can be supported with the results of pre-
vious work®® where the hardness is approximately con-
stant for additions of alumina in zirconia up to 30 wt
% in composites without additions of Al,O3 whiskers.
The fracture toughness was increased to 8% and 28%
in the 27.5 wt% AlL,O3 particles + 2.5 wt% Al,O;
w T 70 wt% TZ-3Y nanocomposite compared to
monolithic TZ-3Y and composite free of alumina whis-
kers, respectively. The fracture toughness for the com-
posite with additions of AlL,O; whiskers was
significantly higher than that obtained in pure Al,Oj
monolithic ceramic (approximately 62%). These behav-
jors are summarized in Table II.

On the other hand, based on commercial ceramic
materials, the fracture toughness of whisker-reinforced
ceramic composites is relatively high.24 Taking into
account that the yttria-stabilized tetragonal zirconia
polycrystals (Y-TZP) reveal high fracture toughness, an
alternate way to improve its mechanical properties is
the addition of strong Al,Oj; whiskers. As was men-
tioned earlier, if clusters of whiskers remain during
their processing, these will remain in the final ceramic
as low density regions which in turn will degrade the
final mechanical properties. In this context, several
problems must be resolved to obtain a fully consoli-
dated whisker toughened ceramics (WTCs) green
compact. One of them is their agglomeration. These
tend to form large clusters and their homogeneous
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Fig. 1. SEM micrographs showing (a) the “as received” Al,O5 whiskers, and (b) High magnification of Al,Os whiskers after dispersing
them in alcohol showing an isolated and elongated Al,Os whisker. (c) and (d) are TEM images showing individual alumina whiskers.

Table I. Sintered Densities of the Experimental

Ceramics
Composition Relative density (%)
Pure ALL,O3(, 98.0
TZ-3Y
A1203(w) + 70 wt% TZ-3Y
Pure TZ-3Y(n) 98.0

(n), nanoparticles; (w), whiskers.

incorporation to the ceramic matrix powder is very dif-
ficult tending to a low packing efficiency.”

The sintering of a powder compact in the presence
of whiskers is sometimes difficult inasmuch as they
could resist particle rearrangement owing to extensive
sliding distances along whisker boundaries during
sintering as well as high whisker aspect ratios, or ratios

above a critical volume fraction. The agglomerated par-
ticles formed by the whiskers can act as rigid inclusions
avoiding the complete densification and homogeneity
of the phase distribution. Similar observations has been
reported by Yang and Stevens,”® where large matrix
particles localized at the intersection of whiskers welded
the network firmly, which left interparticle porosity.
The reinforcement role of the Al,Oj; whiskers in
Zirconia composite might affect the increase in hard-
ness. However, for additions of 2.5 wt% of whiskers,
the hardness is practically the same compared to the
monolithic TZ-3Y considering the experimental error.
The higher standard deviation in the composites with
and without whiskers addition compared to pure TZ-
3Y (Table II) could be related to the final porosity pres-
ent in each sample. Therefore, a decrease in the poros-
ity percentage and their distribution leads to
improvement in hardness. It is well known that the
hardness and the fracture toughness values of ceramics
can be reported as a function of the grain size. A
decrease in hardness for sintered ZrO,~Al,O5 compos-
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Table II. Mechanical Properties of the Experimental Ceramics

Fracture toughness

Composition Vickers hardness (GPa) (MPa.m'?)
Pure Al,O5, 21.8 £ 1.7 42 +£04
30 wi% AlOsq + 70 wt% TZ-3Y 134+ 13 5.4+ 18
27.5 wi% AlOsy + 2.5 wi% ALOsq) + 70 wi% TZ-3Y 13.8 + 1.8 6.9+ 0.8
Pure TZ-3Y,,, 137 £ 0.5 6.4+ 0.4

(n), nanoparticles; (w), whiskers.

ites is attributed to increase of the grain size according
to findings reported by Daguano er al,”” meanwhile
Suzuki et al,*® reported that the Vickers hardness is
directly correlated with porosity in the former sintering
stage although in the latter sintering stage there is a cor-
relation with the grain size. In the present investigation,
a hardness >13 GPa (which is higher than 12 GPa of
the conventional Y-TZP'?), was obtained in the com-
posite with 2.5 wt% whiskers content and an average
grain size of 0.40 + 0.17 um which was lower than
1.3 £ 0.5 and 0.6 = 0.1 um obtained in “as sintered”
alumina and zirconia monoliths, respectively. Therefore,

AL Oy w hiskedwgs

the refinement of the microstructure maintaining
approximately constant the hardness but increasing frac-
ture toughness (Table II) is very possible at low
amounts of Al,O3 particles and whiskers in TZ-3Y.
The fracture surfaces of 27.5 wt% ALOj;(,) +
25 wt% ALOjq,) + 70 wt% ZrO, (TZ-3Y) and
30 wt% ALO;3,) + 70 wt% ZrO, (TZ-3Y) nanocom-
posites are shown in Fig. 2a and b, respectively. The
high fracture toughness (6.9 + 0.8 MPa m'’?) obtained
in the composite with additions of alumina whiskers
could be attributed to the fracture mode which can be
classified as mainly intergranular (many pits present on

Fig. 2. SEM micrographs of fracture surface of 27.5 wt% AlLOs(,) + 2.5 wt% AlOs,) + 70 wt% ZrO, (1TZ-3Y) (a), 30 wt%
ALOs,) + 70 wt% ZrO5 (TZ-3Y) (b) nanocomposites. Higher magnification of Fig. 2a is shown in (c). Arrow marks and circle are

explained in text.
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the fracture surface) and partally transgranular as can
be observed in Fig. 2a, where the roughness in this
fracture surface is increased compared to the relatively
smooth fracture surface shown in Fig. 2b corresponding
to the ceramic composite free of Al,Oj; whiskers
(fracture toughness of 5.4 + 1.8 MPa m'?). Micro-
cracking (arrow marks in Fig. 2a) as well as isolated
holes resulting from alumina whiskers pull out (see cir-
cle mark in Fig. 2a) were identified as possible tough-
ening mechanisms. It is well known that the
intergranular fracture mode will improve the fracture
toughness of the composite by crack deflection mecha-
nism.2>*® On the other hand, in the Fig. 2¢ (higher
magnification of the Fig. 2a) are shown some Al,O;
whiskers embedded in the alumina grains suggesting
that the length of the embedded whiskers and their ori-
entation and position respect to the crack planes, could
strongly influence the bridging and pullout mecha-
nisms. The improvement in fracture toughness can be a
direct consequence of an increase in crack deflection

Vol. 10, No. 2, 2013

(high deviation angles) as can be seen in Fig. 3a (high
magnification of one arm of an indented impression in
the same figure). Conversely, low fracture toughness in
the composite free of Al,O; whiskers is explained by
the decreasing in number of crack deviations as well as
deflection angles (high magnification of the square in
Fig. 3b) suggesting that the crack deflection mechanism
is less effective in the toughening process.”” In the
composite with alumina whisker addition (Fig. 3a), the
measured crack length was slightly smaller than that in
the composite free of whiskers (Fig. 3b) suggesting an
improvement in fracture toughness. It is also observed
that in the composite without whiskers addition, the
portion of intragranular fracture (arrow marks in
Fig. 3b) is higher than that of composite containing
Al,O3 whiskers (arrow marks in Fig. 3a) where the
fracture intergranular mode was predominant. On the
other side, it is very important to note that some “nan-
odefects” in the alumina whiskers could contribute to
enhance the fracture toughness creating structural

Wi_--‘ﬁf';‘-‘ J’}_

Fig. 3. SEM of typical hardness impressions and high magnification of one arm of an indented 27.5 wt% Al,O5.,) + 2.5 wt% Al,O;
w T 70 wt% ZrO, (TZ-3Y) (a), and 30 wt% AlLOs;,) + 70 wt% ZrO, (TZ-3Y) (b) nanocomposites. The arrow marks indicate the
beginning and final of the crack and dashed lines in Fig. 3a correspond to the contour of the Vickers impression. IF = Intergranular

fracture, TF = Intragranular fracture.
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Fig. 4. TEM image of the Al,O5 whisker. Arrow marks
explained in text.

anchors (arrow marks in in Fig. 4) that improve the
connectivity between the Al,O3; whiskers and the
matrix. In spite of scatter in the data, the obtained
ZTA composite with additions of 2.5 wt% of whiskers
reached a maximum fracture toughness of 6.9 *
0.8 MPam'? which is statistically comparable to
6.4 + 0.4 MPa m'? obtained for pure TZ-3Y zirconia.
Therefore, the fracture toughness determined for ZTA
composite with addition of whiskers is, however, higher
than that in ZTA free of Al,O3 whiskers. Although the
absolute toughness values obtained by the conventional
indentation method could be overestimated, this tech-
nique has proved to be able to provide consistent evi-
dence of the toughening role of alumina whiskers.

In ceramic composites with alumina whiskers con-
tents and in the vicinity of a whisker, the propagation
energy of the advancing crack could undoubtedly be
dissipated and therefore, the crack deflected or pinned.
On the other side, depending on whether the advanc-
ing crack interacts with a porous or dense whisker, it is
also highly probable to obtain different fracture tough-
ness values in the same ceramic depending of the orien-
tation of these Al,Os; whiskers. An important
contribution to the fracture toughness improvement in
the ceramic composite with 2.5 wt% Al,Os whiskers
has been the phase transformation from tetragonal (7)
to monoclinic (7) phase on the fracture surface as was
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Fig. 5. XRD analysis on the polished and fracture surface of
the 27.5 wt% A1203(n) + 2.5 wt% A[203(w) + 70 wt% ZrO,
(TZ-3Y) composite.

argued by Nevarez er al>* This phase transformation is
a consequence of the different thermal expansion coeffi-
cients of the ZrO, (TZ-3Y) matrix (10.3 x 10-%/°C)
and ALO; (8.1 x 107°/°C) grains or alternately to
matrix microcrack formation prior to or during fracture
of the ceramic composite (arrow marks in Fig. 2a).
This can be supported by the in Fig. 5 where is shown
the X-ray diffraction (XRD) patterns corresponding to
the polished and fracture surfaces of the ZTA compos-
ite with alumina whiskers addition. From this Fig. 5 is
observed a slight increase in monoclinic () zirconia
phase transformed from tetragonal (7) phase during
fracture (pattern labeled as 1 in Fig. 5) indicating a
contribution to the toughening by phase transforma-
tions. Similar results have been reached by Wang er a/’

Conclusions

In the present study, the Vickers hardness and frac-
ture toughness of Al,Oj(,) + 70 wt% ZrO, (TZ-3Y),
nanocomposites with addition of 2.5 wt% Al,O5; whis-
kers were studied. It is concluded that:

1. Sintered densities >95% of theoretical density were
obtained in the composites as well as pure Al,O3
and TZ-3Y monolithic ceramics.

2. Hardness higher than 13 GPa and a maximum
fracture toughness of 6.9 MPa m'?
grain size of 0.4 + 0.17 um were reached. This
fracture toughness was increased 62%, 28%, and

with an average
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7% over pure Al,O3, the composite without addi-
tions of whiskers, and pure TZ-3Y for medical
applications, respectively.

3. Crack deflection mechanism was more efficient for
ceramic composites in the presence of alumina
whiskers compared to free whiskers sample.

4. The phase transformation of tetragonal (#) to
monoclinic phase (72) on the fracture surface could
also contribute to the increase in fracture tough-
ness. Al,O3 whiskers could be used to improve the
fracture toughness of ATZ composites without
affecting other intrinsic properties. Following this,
the lower amounts of Al,O3 whiskers added to our
ATZ composites will open the door to several
applications in the field of medical and dental
applications considering that with a decrease ZrO,
content in the composite the prior observed mate-
rial degradation by the aging mechanism at low
temperature can be reduced or avoided. However, a
more detailed work is required to understand the
role of whiskers in the reinforcement of ATZ nano-
composites.
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