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Abstract

The present research has been focused on the development of functionally graded alumina–zirconia composites, which particularly have high
mechanical and thermal properties. In this study, different components of alumina–zirconia layers were enhanced between two layers of pure
alumina and alumina with 20 mol% zirconia. The effect of this enhancement on consolidation, sintering condition, hardness and toughness values
of the multilayer samples was evaluated. The results showed that the cracks were distributed in the co-sintering multi-layered structure. The
cracks were formed due to the residual stress caused by differences in thermal expansion and sintering between successive layers. The final shape
and mechanical properties of the gradual samples were found to be improved.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The high strength, corrosion resistance, toughness and
hardness of ZTA composites are the reason for their wide-
spread application as advanced materials [1,2]. Functionally
Graded Materials (FGM) are a group of the advanced materials
characterized with gradient properties in three dimensions, in
which the variations can be continuous or stepwise [3–5].
Reportedly, functionally graded, alumina–zirconia composites
are well suited for structural applications due to their excellent
contiguity behavior [6]. An examples of this is a fully dense,
functionally graded alumina-ZTA with high mechanical prop-
erties produced by Rodriguez et al. [7]. Elsewhere, Novak
et al. [8] prepared step-graded, ceramic composite samples
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10.1016/j.ceramint.2013.10.051

g author. Tel./fax: þ98 26 3628 0040.
sses: e-salahi@merc.ac.ir (E. Salahi),
ail.com, h-esfahani@merc.ac.ir (H. Esfahani),
merc.ac.ir (I. Mobasherpour),
c.ir (M.A. Bijarchi), taherm@mcmaster.ca (M. Taheri).
including a ZTA core and an alumina surface with three to
seven layers.
Various methods such as spark plasma sintering, slip

casting, pulsed laser deposition, sedimentation particles, elec-
trophoretic, powder processing and cathodic arc evaporation
have been reported to fabricate FGM [9–15]. Among these,
powder processing is widely used for fabricating multilayer
materials due to its simple procedure [16]. Sun et al. [14]
investigated many factors pertaining to fabricating crack-free,
functionally graded, alumina–zirconia composites using
powder processing. Nanoparticles of zirconia improve the
fracture toughness of alumina matrix via micro-cracking, crack
deflection, bridging and transformation toughening [17].
Overall, increasing the extent of t-ZrO2in the body, will

improve the fracture toughness of the composite [18,19].
However, the major obstacle to process the multi-layer
materials is the crack propagation between the successive
layers. Different thermal expansion coefficients (CTE) in the
layers can induce compressive stresses at the interfaces [20].
Moreover, the different sinter ability of phases in FGM can lead
to an increase in the particle spacing of nearly 2–30 μm [14].
ghts reserved.
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Al2O3 and ZrO2 exhibit different thermal expansion coefficients
(8.4� 10�6/1C vs. 10.3� 10�6/1C), and therefore, are suscep-
tible to cracking during sintering. A solution for this is to
increase the ZrO2 at the interfaces to a considerable amount in
order to control the crack propagation between the successive
layers. Consequently, this study was carried out to better
understand the role played by the median layers, with moderate
ZrO2 content, in the variation of bending, crack propagation,
micro-hardness and fracture toughness of the sintered Al2O3/
ZrO2 multilayered composites.
2. Materials and methods

2.1. Powder preparation and consolidation

In order to obtain different layered structures, four sintered,
bar, test samples (1 mm� 5 mm� 50 mm) were prepared.
This provides AxZ test samples, in which A and Z represent
Al2O3 and ZrO2 respectively, whereas x represents the molar
percentage of the ZrO2. The mixed powders were prepared by
adding reagent grades of α-Al2O3 as the composite matrix
(27 nm with 99.5% purity), non-stabilized ZrO2 as the second
phase (30–60 nm with 99.9% purity) with 3 mol% Y2O3 as the
tetragonal stabilizer (20–40 nm with 99.5% purity). The multi-
layered structure was achieved by preparing the Al2O3 as the
first step. Subsequently, an A20Z layer was added on top of
the Al2O3 layer, and eventually the dual layer structure was
consolidated using a cold uniaxial press with a 150 MPa load.

Similarly, samples nos. 3 and 4 with three and five successive
layers were prepared, in accordance with the procedures
described in Table 1. The sintering for all the samples was
conducted at 1650 1C for 1 h with a heating rate of at 1650 1C
for 1 h. The samples were then cooled down to the room
temperature in the furnace with a cooling rate of 2.5 1C min�1.
2.2. Sintering characterization

In order to measure the extent of bending occurred during
the sintering, images were acquired from the cross-section of
the samples. Wolfram Mathematica 8-2011 software was used
to digitalize the images and a circle was fit on the bent edge of
the samples in the X–Y plane. The radius of the fitted circle
was then measured as a bending parameter. Subsequently, the
percent of the bending was calculated via Eq. (1), in which B is
the percent of bending, R1 is the radius of the fitted circle for
sample no. 1, and Ri is radius of the fitted circle for sample no.
Table 1
Codes and number of layers in each sample.

Sample code Number of layers Layers of composite

1 1 A
2 2 A/A20Z
3 3 A/A10Z/A20Z
4 5 A/A5Z/A10Z/A15Z/A20Z
i (i¼2, 3 and 4).

B¼ R1�Ri

R1
� 100 ð1Þ

2.3. Phase and microstructure analyze

The crystallographic composition of A20Z, adjacent to the outer
layer, was analyzed using an X-ray diffractometer (Philips Model
PW2773) with a Ni filtered Cu-kα radiation. In addition, the cross-
sections of the samples was examined using a SEM platform
(Vega\\TScan-20 kV) equipped with EDS (Oxford Inca with a
silicon (Si) drift detector) operated at accelerating voltages of
30 kV. SEM images were used to elucidate the crack propagation
and the microstructures of the interface, whereas the EDS results
indicated the distribution of zirconium atoms in the matrix.

2.4. Microhardness and fracture toughness measurements

The cross-section coupons were mechanically polished with
napless paper using a H2O-based diamond suspensions of
3 μm and 1 μm. Vickers hardness (HV) tests were conducted
on the as-polished samples in accordance with ASTM E384-
11E1 using a 500 g force and the fracture toughness (KIC)
values were calculated. To ensure the reproducibility, the set of
measurements were repeated for four times and the average
values were reported.
Eq. (2) was used to calculate the fracture toughness values

[21], in which D is the corner crack length measured from the
center of the indent in (mm), P is the indentation load (kgf), E is
Young's modulus (GPa) and H is the hardness (GPa). Young's
modulus was calculated using the simple mixture rule of
composites [22].

K1C ¼ 0:016
E

H

� �1=2 P

D3=2

� �
ð2Þ

3. Results and discussion

The differences between the coefficients of thermal expan-
sion (CTE) in successive layers is the main reason for
induction of interfacial stresses. Moreover, variations in
densification or composition of the layers can also create
residual stresses [23,24].
Fig. 1 shows the deformation of prepared samples after

sintering. The multi-layer samples are bent in form of a
semicircle in the X–Y plane, whereas the bending in the z
direction is negligible. Different shrinkage strain, present at the
interface of the layers, led to the bending of the samples. This
indicates that the thermal strain is a result of different CTE.
Sample no. 2 exhibits the maximum percent of bending due to
the greatest compositional difference between the adjacent
layers. The percent of bending is decreased by modifying
sample no. 2 from the opposition structure to the gradient
structure. The results indicated that the percent of bending of
sample no. 3 decreased from 99.81% to 99.76%, once the
A10Z middle layer was enhanced at the interface. The percent



Fig. 1. Cross view of deformed samples after sintering (a) Code 1, (b) Code 2, (c) Code 3 and (d) Code 4.
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of bending in sample 4 was measured 99.65%. Therefore,
enhancements of A5Z and A15Z layers improved the bending
resistance. Consequently, enhancement of the middle layer,
coordinates the differences between the CTEs of the outer
layers, and therefore, reduces the residual stress.

Fig. 2 shows the distribution of ZrO2 in sample no. 4. The
BSE–SEM image acquired from sample 4 is shown in Fig. 2a.
In the back scatter electron (BSE) mode, the gray spots indicate
Al2O3, whereas the white spots indicate the ZrO2 particle due to
their different BSE coefficients. The EDS spectra acquired from
this area confirmed that the white spots belonged to zirconium
(Fig. 2b). The elemental X-ray EDS maps of aluminum and
zirconium, shown in Fig. 2c and d, confirm the formation of a
gradient structure. Five adjacent layers are also evident, as
depicted by the distribution of zirconium. These results suggest
that the mechanical properties including hardness and fracture
toughness vary through the gradient structure.

The X-ray diffraction pattern of α-Al2O3 content of 20 mol%
ZrO2 is shown in Fig. 3. Three pairs of peaks, found at
diffraction angles of 351, 501 and 591, are attributed to the
tetragonal phase, whereas two weak peaks sat 2θ of 301
correspond to the monoclinic phase [18]. In addition, no extra
peak corresponding to a foreign phase was identified in the
XRD pattern. The fraction of tetragonal ZrO2 was calculated
using the Gravie and Nicholson method [25] (Eq. (3)), in which
It and Im represent the integrated intensity of the tetragonal (101)
and monoclinic (111), ð111Þ peaks respectively. According to
the XRD results, the fraction of the stabilized tetragonal phase at
the room temperature was estimated about 0.95. This indicates
that the stabilizing process has been completely performed.
Therefore, a ZrO2 containing layer is likely formed and has
improved the mechanical properties.

Xt ¼ 1� Imð111Þþ Imð111Þ
Imð111Þþ Imð111Þþ Itð101Þ

ð3Þ

In a previous study, the authors reported that the remained
monoclinic phase increases with the increase of ZrO2 content in
the Al2O3–ZrO2 composites with a similar sintering condition
[26]. Therefore, it suggests that the middle layers with lower
amount of ZrO2 exhibit higher tetragonal fraction. Moreover, the
middle layers will be able to promote the transformation
toughening as well as the A20Z layer.
According to the rule of composites, the CTE will decrease by

increasing the ZrO2 content [22]. The differences in the shrinkage
rates of the adjacent layers during the final step of the sintering
create tensile and compressive stresses at the interface. The results
showed that the layer with the higher ZrO2 content is more
consolidated. Therefore, compressive stresses are induced on its
surface and the tensile stresses remained on the next layer. The
initiated cracks can now propagate in the layers experiencing
tensile stresses, located in between the layers under compression.
The presence of cracks in the Al2O3 layers confirm that they have
been propagated under tensile stresses. In contrast, no cracks were
propagated in ZrO2 containing layers (see Fig. 4).
Micro-hardness of each layer was measured at three

different points and the average values are plotted against
the distance from the outer surface of Al2O3, as shown in
Fig. 5a–c. The results indicate that the hardness of the layers in
all samples is decreased by increasing the ZrO2 content due to
the lower hardness of ZrO2 versus Al2O3. In addition, the
Vickers hardness depends on the size and extents of the
porosity [27]. Fig. 6 shows the interface of A and A20Z layers
in sample 2. The differences in the heat properties of A and
A20Z have likely compromised the condition of sintering final
step. Therefore, evidently, different amounts of surface poros-
ity are found to be formed on A and A20Z layers.
The hardness of A and A20Z layers was found to be increased

with the change in the structure of the sample by increasing the
extent of the ZrO2 containing layer (Fig. 5b and c). This behavior
can be elucidated by the moderation of heat properties of layers.
The AxZ (x¼5, 10 and 15) layer decreased the differences of CTE
and also improved the sintering conditions. Therefore, in function-
ally graded sample, the percent of bending and the final porosity
formed by sintering are decreased to the minimum value. The
hardness of A and A20Z layers are also increased. The maximum
hardness of A and A20Z layers are achieved in sample no. 4.
Fracture toughness of each layer was calculated based on

Eq. (2) and the results are plotted against the distance from the



Fig. 2. (a) BS-SEM cross image of sample 4, (b) EDS of one white spot from Fig. 2a, (c) Al and (d) Zr X-ray map of Fig. 2a.

Fig. 3. X-ray diffraction pattern of A20Z layer sintered at 1650 1C.
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outer surface of alumina, as shown in Fig. 5d–f. Although
hardness and Young's modulus of ZrO2 layers are declined, the
E/H ratio of the ZrO2 layers increased by increasing the ZrO2

content. The calculated E/H ratios for A5Z, A10Z, A15Z and
A20Z were 24.63, 28.95, 31.83 and 33.77 respectively.
Therefore, it is expected that the fracture toughness of the
layers increase by increasing the ZrO2 content. The measured
fracture toughness of sample no. 4, shown in Fig. 5f, indicates
that the fracture toughness of the layers is increased by
increasing the ZrO2 content. Interestingly, not only the
increase of E/H parameter resulted in improving the fracture
toughness, but also the decrease of the crack parameter (D) led
to increasing the fracture toughness of the ZrO2 containing
layers. The measured crack parameters have been shown in
Table 2. The results indicated that the calculated crack
parameters of A and A20Z layer decreased from 47.31 μm
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and 32.56 μm in sample 2 to 43.89 μm and 29.42 μm in sample
4 respectively. Crack bridging, micro-cracks and transformation
toughening could be activated together or separately in sintered
ZrO2ceramics and decrease the crack parameter [18]. Although
the fraction of the tetragonal phase was decreased by increasing
the ZrO2 content, the potential of the sites for activating one
mechanism of toughening was increased. Increasing the second
phase in Al2O3 matrix, multiplied the number of toughened sites
Fig. 4. SEM cross image of sample 4, crack propagated in alumina layer
(remind tensile stress) and no cracks propagated in zirconia layers.

Fig. 5. Variations of hardness and fracture toughness amount versus distance
and the ZrO2 particles became more uniformly. The results
showed that in the layers with more ZrO2 content, the crack
parameter (D) is lower than that measured in the layers with less
ZrO2 content. Therefore, a toughening mechanism has likely
dominated and the fracture toughness was then improved.
Fracture toughness of A and A20Z layers were increased via

modifying the dual-layer structure to a multi-layer structure.
Furthermore, the graded thermal properties led to moderate
sintering conditions and increased the shrinkage of the outer
layers. Therefore, the open surface porosities declined and the
fracture toughness increased.
from alumina surface: (a,d) sample 2, (b,e) sample 3 and (d,f) sample 4.

Fig. 6. The BS-SEM image for interface of A and A20Z layers in sample 2.



Table 2
Measured crack parameters.

Layers D (mm)

Sample 2 Sample 3 Sample 4

A 47.31 45.52 43.89
A5Z – – 29.36
A105Z – 30.67 29.91
A15Z – – 30.32
A20Z 32.56 31.04 29.42
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4. Conclusion

In order to investigate the mechanical properties of multi-layered
Al2O3–ZrO2 composites, dual, triple and quintuple layer samples
with different compositions were fabricated via the powder
processing technique. Differences in the compositions and the
number of the layers resulted in different final shapes. Changing
the dual-layer structure to a multi-layer structure decreased the
bending due to minimizing the differences of thermal properties.
Change the thermal expansion coefficient (CTE) in multi-layer
sample affected the densification and mechanical properties. The
results also showed that the hardness and fracture toughness values
of the multi-layer structure were higher than the double-layer
structure. In multi-layer samples the hardness decreased, whereas
the fracture toughness increased by increasing the ZrO2 content.
In addition, the X-ray diffraction pattern of the sintered A20Z layer
indicated that 95% of ZrO2 particles were formed as tetragonal
phase.
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