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Abstract

Zirconia dispersed alumina powders have been synthesized in homogenous condition by following the wet interaction process at varying ZrO,
content and the thermo-mechanical behavior of the same has been studied. The tetragonal phase is retained at room temperature without any
deliberate addition of stabilizer, which has been explained on the basis of particle size effect in terms of lower surface energy of the t-phase
compensating for the difference in chemical free energy. Flexural strength follows an inverse relation with temperature due to reduction of driving
force for t — m transformation. The toughness and strength reduce significantly above 10 mol.% ZrO, beyond which comparatively large grain
growth is observed. The thermal expansion hysteresis associated with t — m transformation is evident with martensitic temperature influenced by

ZrO, content and grain size.
© 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Alumina has very high hardness and good strength but
relatively low toughness in comparison to zirconia, which
exhibits very high strength and good toughness but shows
relatively poor hardness. The strength and toughness of alumina
may be enhanced by dispersion of zirconia solid solutions, mainly
due to the tetragonal-monoclinic transformation [1-4]. In Al,O3
matrix, t-ZrO, grains undergo the t — m transformation (stress-
induced phase transformation), and microcracks form around
existing m-ZrO, grains (microcrack formation) [5-7]. Thus,
toughness of Al,O3-ZrO, composites is improved by both stress-
induced phase transformation toughening and microcrack
toughening of dispersed zirconia. Additionally, the increase in
t-ZrO, grain size enhances the ability to trigger the transformation
during fracture and hence the transformation toughening
mechanism predominates [8,9]. Wolten first suggests that this
t — m phase transformation is martensitic in nature, which
follows an athermal and diffusionless behavior with a thermal
hystersis and shear-type mechanism [10]. The martensitic start
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temperature (M) increases with increase in the grain size of the
tetragonal zirconia-phase precipitates [11]. It also depends on the
grain size distribution of zirconia [12,13]. Thus, fracture
toughness of ZrO, doped alumina composites is controlled and
optimized by the amount of ZrO, content and its grain size. On the
other hand, the reduction in grain size to the nanoscale level is
advantageous over the coarse grained materials to improve the
strength and hardness [14]. However, the reduction in Young’s
modulus of nanocomposites is reported by others to be the result
of level of porosity and state of cracks in the samples [15]. The
mechanical properties of ZTA ceramics are closely related to
different thermal properties; mainly thermal coefficient. More-
over, thermal shock resistance is directly related to maximum
stress, thermal conductivity and coefficient of thermal expansion.

In order to account for the temperature changes during
processing and characterization, the thermal expansion coeffi-
cients of alumina and zirconia are an important parameter, in
which the latter being higher than the former. This differential
expansion contributes to a tensile stress that reduces slightly the
compressive stress on the ZrO, when quenched to room
temperature. Therefore, the thermo-mechanical properties of
composite material are mainly attributed by the dispersed phase
content and grain size. Hence, optimization of amount and size of
zirconia on thermo-mechanical properties of nano-ZTA are
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Table 1
Important parameters of powders and sintered composites
Batch no. Code Al,O3 71O, Starting  Sintered specimen (1550 °C/4 h) Relative Flexural Kjc Hy E
(mol.%) (mol.%) powder density (%) strength  (MPa m®’)  (GPa) (GPa)
(nm) (1550 °C/4h)  (MPa)
t-ZrO,  m-ZrO,  Grain size (pum) (25 °C)
(%) (%)
Al,O4 710,

1 A5Z 95 5 20-150 100 0 0.2-0.8 0.08-0.15 98.22 521 5.31 16.83 305
2 A75Z 925 7.5 30-180 98 2 0.2-0.7 0.08-0.17 98.06 607 6.24 15.86 293
3 A10Z 90 10 20-160 91 9 0.15-0.6  0.07-0.2 97.42 721 6.84 1521 286
4 Al15Z 85 15 25-170 88 12 0.15-0.5 0.09-0.25 96.62 636 6.41 1498 267

studied systematically in the present work. The paper also
discusses the influence of zirconia content and grain size in
Al,O3-x mol.% ZrO, (where x = 5, 7.5, 10, 15) with regard to the
transformation effects.

2. Experimental procedure

ZTA composites were prepared in the range of 5-15 mol.%
7Zr0O,. The starting powders were processed by sol—gel route
[16]. The batch composition and particle sizes were shown in
Table 1. The powders were pressed uniaxially (30 MPa) and
isostatically (300 MPa) prior to subsequent sintering in muffle
furnace at different temperature ranging from 1450 to 1550 °C
with an interval of 50 °C at different time schedule. Crystalline
phases present in the sintered billets were identified by X-ray
diffractometer (Cu Ko, PHILIPS PW-1830) technique. The
sintered density of billets (4 mm X 3 mm x 40 mm) was
measured by immersion in kerosene using Archimedes’
principle.

The elastic modulus (E) was measured using an ultrasonic
tester employing the pulse-echo technique. Fracture toughness
and hardness were measured on the polished surface by
Vicker’s indentation method in accordance with Anstis formula
[17]. The reported values were the average of data obtained
from five indentation tests. Flexural strength was determined by
standard 4-pt bending method in an instrument with a 30 mm
outer span and 10 mm inner span and cross head speed of
0.5 mm min~'. Fractographs were studied by SEM (JEOL-
JSM840) and the average grain sizes were determined from the
microstructure using line intercept method. The retention of
metastable t-ZrO, and thermodynamically stable m-ZrO, phase
was ascertained for both the polished and fractured surfaces in
regard to Garvie’s method [18].

Thermal shock resistance of the samples was studied as
resistance to weaken or fracture under stresses generated due to
temperature fluctuations. Billets of 4 mm x 3 mm x 40 mm
dimension were heated in an electric furnace from 200 to 1200 °C
with an interval of 200 °C and soaked for 30 min. Subsequently,
heated bars were quenched in water at room temperature, kept for
10 min followed by sudden reheating at corresponding tested
temperatures for 10 min. This cycle was repeated twice and the
retained flexural strength was measured by Instron 4465. Three
samples were taken to determine the retained flexural strength at
each test and the average values have been reported here. Thermal

expansion measurements were conducted in the temperature
range from room temperature to 1400 °C at heating and cooling
rate of 5 °C min ™' indilatometer (Netzsch DIL 402C) using high-
grade quartz as reference.

3. Results and discussions
3.1. Densification

The powder compacts were sintered at 1450-1550 °C with
different dwell times. Relative densities of the sintered
materials, plotted against zirconia content at different time
and temperatures, are shown in Fig. 1. The reported values are
the average of data obtained from five specimens. At 1450 °C,
the relative density decreases from 75 to 72% with the addition
of ZrO, and also exhibits low densification. The rate of
densification increases beyond 1500 °C and good densification
is achieved at 1550 °C. The maximum density of ~98% py, can
be achieved with addition of 5 mol.% ZrO, at 1550 °C for 4 h.
However, for higher ZrO, content (15 mol.%), a density as high
as ~96% py, is achieved at 1550 °C (Table 1 and Fig. 1). This is
caused by the lowering of t-ZrO, phase at higher content of
ZrO, [19]. The decrease in t-ZrO, phase or simultaneous
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Fig. 1. Relative density at different temperatures with Al,O; composites at
varying ZrO, content.
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Fig. 2. XRD of polished Al,O3-x ZrO, (where x=35, 7.5, 10, 15 mol.%)
composites sintered at 1550 °C/4 h.

increase in m-ZrQO, phase may be explained by a rapid increase
in grain size of zirconia particles. However, the very fast grain
growth rate has a detrimental effect on the density in final stage
sintering of A15Z, since pore coalescence in alumina matrix
and segregation of zirconia particles takes place [20].

3.2. Microstructure and phase content

The XRD patterns of ZTA ceramics after sintering at
1550 °C for 4 h are shown in Fig. 2, which demonstrates the
difference of content phases. The XRD patterns of ZTA
ceramics containing 5-7.5 mol.% ZrO, are almost the same.
The ZrO, particles are mainly of tetragonal phase embedded in
a-Al,O3. The main peaks of t-ZrO, are sharp and high. The
A10Z and A15Z samples contain t-ZrO, phase over 90 and
85%, respectively, which reveals their good stability. The m-
71O, phase increases with increasing ZrO, content and 12% m-
ZrO, phase can be detected in composites containing 15 mol.%
ZrO, (Table 1). The variation of t-ZrO, fraction in sintered and
fractured specimens is given in Fig. 3. The retention of t-ZrO,
varies during fracture and t-ZrO, fraction decreases with
increasing zirconia content. However, t-ZrO, retention
becomes much easier to trigger the transformation to
monoclinic. As a result, its contribution to transformation
toughening predominates. However, fracture toughness value
reduces abruptly when zirconia grain size is over a critical size
[21] and the ease of transformation inhibited above the critical
size.

Fig. 4 shows the fractography of as sintered materials.
Average alumina grain (gray contrast) sizes are 0.5 and 0.3 pm
for ASZ and A15Z, respectively, are fairly homogeneous in
each composite. ZrO, grains (white contrast) are homoge-
neously distributed throughout the Al,O5; matrix with a typical
particle size, dayerage [Z1O5], from 120 nm in ASZ to more than
200 nm in A15Z. The present study shows that ZrO, grains are
located at alumina triple points. In the ASZ material more than
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Fig. 3. t-ZrO, and m-ZrO, content of polished and fractured surfaces as a
function of ZrO,.

one of every two triple points is occupied by zirconia
particles, two of every three triple points are filled with
zirconia particles in A75Z and zirconia particles are present
in nearly all triple points for both Al10Z and Al5Z
composites. The addition of zirconia is very effective in
hindering the grain growth of alumina during sintering, even
for the lowest zirconia content. The addition of up to
10 mol.% ZrO, prevents grain growth without allowing the
formation of zirconia agglomerates, which are very deleter-
ious for the mechanical stability of the composite. However,
the premature zirconia agglomeration can be observed in case
of composites containing 15 mol.% ZrO,. Fig. 5 exhibits that
the increase in ZrO, content increases ZrO, grain size as well
as decreases grain size of Al,Os;.

3.3. Mechanical properties

3.3.1. Hardness and elastic modulus

Hardness and elastic modulus of the studied materials may
be explained on the basis of porosity and the grain size. Vickers
Hardness and elastic modulus of sinter samples at different
concentration of zirconia are shown in Fig. 6. The hardness of
the ZTA composite decreases (17—-15 GPa) with the addition of
zirconia as alumina is harder than zirconia. Higher amount of
zirconia has an adverse affect on the hardness of the composites
due to coarsening of the zirconia grains and formation of
subsequent porosity. It has been noticed that these composite
materials also obey Hall-Petch relationship [22-24]. The
present study shows that the average particle size has significant
impact on hardness value, which is controlled by particle size.

Elastic modulus of the composite depends on the volume
fraction of the phases present and their individual modulus of
elasticities. At 1550 °C densification of the composites is
improved by reducing pore volume fraction of the matrix
(Fig. 1) and as a result of which the modulus of elasticity
improves. Alumina has a higher modulus of elasticity compared
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Fig. 4. SEM microstructure of fracture surface of Al,03-ZrO, composite sintered at 1550 °C for 4 h, represented as A5Z (A), A75Z (B), A10Z (C), A15Z (D). The
phases with gray and white contrast indicate Al,O3 and ZrO,, respectively. The black irregular shape represents the corresponding pores in the sintered body.

to zirconia. So, samples containing 5 mol.% zirconia have the
highest modulus of elasticity whereas specimen containing
15 mol.% zirconia has lower levels of densification at a given
sintering temperature compared to other samples having lower
amount of zirconia. Simultaneously, the grain sizes of zirconia
increase and hinder the grain growth of alumina at 1550 °C,
which contributes to the lowering of elastic modulus.

Lange [25] reported that both Young’s modulus and hardness
of ZTA composites containing particles of zirconia stabilized
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Fig. 5. Average particle size of alumina and zirconia of ZTA composite as the
function of ZrO,.

with 2 mol.% Y,O5 followed a linear rule of mixtures. A
typical Vickers indentation at 49 N load on the polished
surface of A10Z composite is shown in Fig. 7. The sign of
noticeable plastic deformation around the Vickers indentation
zone is absent and the length of radial cracks emanating from
the indentation corners is measured in order to evaluate the
indentation toughness, a parameter indicative of the
resistance to crack propagation. Despite measuring high
hardness, the fracture toughness improves with respect to
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Fig. 6. Elastic modulus and Vickers hardness (at 5 kg load) as a function of
zirconia content.
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100 pun

Fig. 7. The Vickers indentation (at 5 kg indent load) on the A10Z ceramic and
the propagation of the radial cracks.

pure alumina to a value of around 7 MPa m'?. The higher
hardness can be correlated with the observation of finer grain
size in the sintered materials.

3.3.2. Fracture toughness and strength

In the present study, the zirconia grain size increases linearly
with increasing zirconia content. The fracture toughness and
fracture strength of ZTA composite at different zirconia content
are reported in Fig. 8. The fracture toughness as well as fracture
strength increases linearly with increasing grain size because
the tetragonal zirconia grains do not undergo the stress-induced
transformation to the monoclinic form when grain size is
smaller than a critical size. The particle size lower than the
critical value do not affect the strength during fracture test. The
reduction of size improves the bulk density but not the
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Fig. 8. Bending strength and fracture toughness of ZTA composite as a function
of ZrO,.

transformability of the tetragonal zirconia grains. Usually, the
effect of grain size on toughness and strength in transformation-
toughened ceramics is a complex phenomenon. An increase in
grain size improves the transformability (i.e., tetragonal to
monoclinic), therefore increasing toughness and strength.
Depending on grain size, the spontaneous tetragonal to
monoclinic transformation occurs in ZTA ceramics during
cooling from the sintering temperature, leading to degradation
in the mechanical properties. The phase transformation
behavior can be explained by X-ray diffraction of the sintered
materials (Fig. 2) and fracture surfaces (Fig. 3). In sintered
specimens, the monoclinic form increases with the addition of
zirconia, whereas under stress, the amount of monoclinic phase
of fractured surface decreases under stress for the composite
containing ZrO, more than 10 mol.%. The presence of large
fraction of m-ZrO, in A15Z is responsible for the strength
degradation because it has been recognized that the increase in
volume and shear strains accompanied by t— m phase
transformation invariably cause microcracking.

3.4. Thermal properties

3.4.1. Thermal shock resistance

The thermal shock resistance of ZTA nanocomposites
fabricated from the sol-gel precursor powder is investigated by
a water-quenching method. Fig. 9 shows the relative
dependence of residual strength of the samples on the
temperature difference of thermal shock. A rapid decrease in
retained strength occurs around a critical temperature
difference (AT,) below which the original strength is retained.
The strength reduces more gradually with further increase in
AT.

The dispersion of ZrO, increases the critical temperature
difference (AT,) of Al,Os, though the overall strength reduces
significantly above 10 mol.% addition of ZrO,. This behavior
in AT, can be discussed with the variations in mechanical and
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Fig. 9. Plot of retained flexural strength vs. thermal shock temperature for
Al,O3 with variation of ZrO,.
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thermal properties of the ZrO, dispersed ZTA composites as
well as temperature difference dependence of the surface heat
transfer coefficient at the water—ceramic interface during
quenching. The fracture initiated through thermal shock has
been given by [26]:

ol —y) hyx

and B=—

AT,
Eap A

where AT, is the critical temperature difference, oy the flexural
strength, y the Poisson’s ration, E the modulus of elasticity, o
the thermal expansion coefficient, 4, the heat transfer coeffi-
cient, A the thermal conductivity, x the characteristic dimen-
sion.

A minimum temperature difference AT, is required to
initiate fracture. Below AT, no change in crack length and/or
strength is observed. Usually the fracture is initiated and
strength decreases at AT.. As the temperature difference of
thermal shock increases beyond AT,, crack growth occurs
quasi-statically with decrease in strength. The decrease in
retained strength up to 600 °C (AT) is marginal except in case of
5mol.% zirconia. Retained strength of 5 mol.% zirconia
reduces to about 40% of its original strength when quenched
in water from 1200 °C. A10Z and A15Z composites lose their
strength on quenching in water from 800 to 1000 °C,
respectively. Based on the zirconia content, the retained
strength varies from 25 to 40% in case of A10Z and A5Z,
respectively. The lowest retained strength is observed in case of
5 mol.% ZrO, samples. Critical temperature difference AT, is
in between 600 and 1000 °C for A10Z. For Y-TZP/Al,O;
materials the drop in flexural strength is more than 50% at
1000 °C [27].

Thermal-stress-induced cracks dissipate their crack tip
energy through stress-induced phase transformation. It is
expected that the crack propagates along the grain boundaries
and finally loose the energy to propagate while moving inside
the grain. Therefore, stress-induced phase transformation of
monoclinic to tetragonal zirconia absorbs the energy of the
crack tip thus arresting its propagation. The phase transforma-
tion of tetragonal to monoclinic zirconia reduces with increase
in temperature. This is probably due to the reduction in
differential free energy between the tetragonal and monoclinic
phase. The disappearance of phase transformation strengthen-
ing and reduction in Young’s modulus contributes to the
lowering of flexural strength at elevated temperature. In
addition, thermal mismatch between two surfaces also
enhances stresses and reduces mechanical properties beyond
addition of 10 mol.% ZrO,.

3.4.2. Thermal expansion behavior

Since the thermally activated and stress-induced reversible
tetragonal to monoclinic transformation is always associated
with 4-5% dilatation strain, a dilatometer study serves as an
excellent tool in studying such transformations. In the starting
material, the high temperature stable tetragonal phase is
retained at room temperature during rapid cooling after
sintering, and remains metastable in the microstructure of
the nano zirconia dispersed alumina composite. The slope of
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Fig. 10. Thermal expansion curve of Al,O3-x ZrO, (where x=10 and
15 mol.%) sintered at 1550 °C/4 h.

the thermal expansion curve is basically the thermal expansion
coefficient («), and any appreciable change in slope can
indicate a phase transition. To understand this phenomenon, the
dilatational measurement was carried out on the sintered
materials (A10Z and A15Z) in the temperature range from
room temperature (RT) to 1450 °C (Fig. 10). The expansion in
volume occurs linearly with temperature during heating and
coefficient of thermal expansion in A10Z can be encountered
within the range of 8 x 107 to 9 x 107 °K~' at 1000 °C.
However, the phase transformation during heating and cooling
are different and consequently two curves are not identical until
they coincide at temperature forming a thermal hysteresis loop.
From the dilatation curve, it is proposed that the M temperature
of A15Z begins to alter at higher temperature compared to
A10Z, because of larger inclusion size of ZrO, in A15Z.

4. Conclusions

Zirconia toughened alumina nano-composite with 98%
relative density has been achieved at 1550 °C. For homogenous
dispersion of ZrO; in Al,O3, the optimum amount of ZrO, was
found to be 10 mol.% and up to this critical amount of ZrO,
addition, flexural strength and fracture toughness increase and
the size of the intergranular zirconia strongly influences these
particles. Similarly, the elastic modulus and hardness follows
inverse relationship with ZrO, content. The hystersis effect in
the dilation curve due to t— m transformation is also
influenced by the grain size of ZrO,.
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