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The alumina�zirconia composites are one of the relatively good and promising candidates for biomaterials
application, due to biocompatibility and their mechanical properties that combines high �exural strength with a
high toughness. The aim of the present work is to analyze the mechanical properties of these composites, where
zirconia content was varied from 5 to 50 wt%. The citrate gel method, similar to the polymerized complex method,
was used to synthesize these ceramics. Scanning electron microscopy, X-ray di�raction and microhardness tests
are used to characterize synthesized materials. The examined material exhibits the behaviour of indentation size
e�ect. Modi�ed proportional resistance model are used to analyze the load dependence of the microhardness. X-ray
di�raction analysis was used to calculation of the grain size and dislocation density. It is found that hardness is
decreased when the zirconia content increases with enlargement of grain size.
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1. Introduction

Zirconia has been used to fabricate dental parts due to
their high strength, biocompatibility and �ne esthetics.
As requests for esthetics increased, selection of zirconia
materials has arisen in direct proportion [1] instead of
conventional �xed prosthesis. However, it can occur with
some problem for bond strength of the veneering porce-
lain to the zirconia framework. Serious one is cracking of
the veneering porcelain and the other is possible degra-
dation of zirconia when exposed to moisture in the oral
environment, which may lead to a long term decrease in
strength and the possibility of catastrophic failure [2, 3].
Adding alumina in zirconia or vice versa may decrease
these disadvantages [4, 5].
Material scientists have been familiar with composites

like alumina�zirconia [6, 7]. Since both materials are bio-
compatible, this could prove to be a new approach to
dental abutments. Although the community of bioma-
terials has drawn an attention to alumina and zirconia
separately, a few studies were published in literature on
the use of alumina�zirconia composites as biomaterial [8].

2. Experimental procedure

The zirconia�alumina composites were synthesized by
the citrate gel method. ZrOCl2·8H2O (Fluka, 99%) and
Al(NO3)·9H2O (Sigma, 98%) were used as starting mate-
rials. Citric acid (Fluka, 99.5%) and distilled water were
used for gelation agent and solvent, respectively. The
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experiment was carried out by �rstly completely dissolv-
ing citric acid into 100 cc of water in a beaker. Then,
the required amount of aluminum nitrate and zirconium
oxychloride were added respectively into acid solution ac-
cording to the �nal compositions containing 5 (A5Z), 15
(A15Z) and 50 (A50Z) vol.% alumina. The solution was
continuously stirred at room temperature until the highly
transparent solution was obtained. When the clear solu-
tion was obtained, temperature on magnetic stirrer was
adjusted to 200 ◦C to initiate gelation reaction. As the
water evaporated, the viscosity of precursor solution in-
creased and �nally turned into a yellowish sticky gel. The
gel was conveyed to a mantle heater at 400 ◦C for 8 h to
remove organic matter in air.
Finally, the obtained �ceramic gel precursors� was

crushed gently in an agate mortar and then repeatedly
washed with distilled water, and then suspensions were
centrifuged at 9000 rpm for 2 min and dried in an oven at
100 ◦C for overnight. Heat treatment for gel precursors
was carried out at 1000 ◦C for 2 h. The powders were
compacted into disc (with 13 mm in diameter and 5 mm
in height) at a maximum applied pressure of 200 MPa
and subsequently sintered at 1600 ◦C for 4 h in air with
a heating and cooling rate of 10 ◦C/min.
Hardness measurements were made ranging from at

0.098 to 9.8 N load with a loading time of 15 s was used
to measure the diagonals of the indentations. The in-
dentation diagonal lengths were measured by Nikon MA
100 inverted metal microscope using Clemex Professional
microscopy image analysis software. 50× and 20× ob-
jective lenses were used on the Nikon MA 100 instru-
ment. In view of the scatter of the microhardness data,
the hardness value was a mean of at least six measure-
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ments under the same condition. The hardness values
(HV) from the length of the two diagonals of the square-
-shaped Vickers indents were calculated with the equa-
tion HK = 14.229(P/d2) where P is the applied test load
in N, d is the average of two indentation diagonal lengths
in µm, and 14.229 is a geometrical constant of the dia-
mond pyramid.

3. Results and discussion

Figure 1 illustrates X-ray di�raction (XRD) pattern of
alumina with addition of various amount of stabilized zir-
conia. Figure 2 shows microstructure of alumina�zirconia
composites. It is stated that grain size and porosity as
well as types of phase e�ect structural properties of ce-
ramic composites. Fine grain size and less porosity in the
microstructure are critical issue to get better mechanical
properties for such materials.

Fig. 1. XRD pattern of A5Z, A15Z, and A50Z ceram-
ics.

Figure 3 shows the variation of HK as a function of
applied test loads ranging from 0.098 to 9.8 N for all
ceramics. The variation of HK with applied indentation
test load for each specimen shows that the HK decreases
with increasing applied indentation test load, and then
reaches saturation at about 4.9 N. The entire hardness
pro�le consists of two regimes: load-dependent and load-
-independent.
Much research work has been performed to explain the

origin of the indentation size e�ect (ISE) and several pos-
sible explanations exist. These explanations fall into two
sets. The �rst set, which is the most common explana-
tion found in the literature, concerns the experimental
errors resulting from the limitations of the resolution of
the objective lens and the sensitivity of the load cell. The

Fig. 2. SEM images of A5Z, A15Z and A50Z.

Fig. 3. Knoop microhardness variation as a function of
applied indentation test load.

second set is directly related to the intrinsic structural
factors of the test materials, including indentation elas-
tic recovery, work hardening during indentation, surface
dislocation pining, etc. [9, 10].

The experimental data on dependence of HK on ap-
plied indentation test load can be explained by the Hays�
Kendall approach [11]. They proposed that there exists
a minimum applied test load W (test specimen resis-
tance) necessary to initiate plastic deformation, below
which only elastic deformation occurs,

P =W + C1d
2, (1)

where W is the minimum load to initiate plastic defor-
mation and C1 is a load-independent constant. From
Eq. (1), a plot of P versus d2 would yield a straight
line, where the parameters of W and C1 can easily be
calculated from the intersection point and the slope of
the curve, respectively. Replacing P in HK = 14.229 P

d2
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equations by P −W , one gets an equation to calculate
the load-independent hardness as follows:

HK = 14.229
P −W

d2
. (2)

Such plot for the examined ceramics in the present study
is shown in Fig. 4. The correlation coe�cient, r2, is im-
plying that Eq. (2) provides a satisfactory description of
the indentation data for the examined materials.

Fig. 4. Plots of applied indentation test load versus
indentation test size according to the Hays�Kendall
model.

The calculated load-independent microhardness val-
ues, HHK, of the ceramics were 23.406, 14.897, and
5.405 GPa for A5Z, A15Z, and A50Z, respectively. These
values are very close to the plateau region in Fig. 1.
The crystallite size (D) was calculated using Scherrer's

relation [12],

D =
kλ

β cos θ
. (3)

The microstrain and dislocation density were obtained
by using the below relations [12]:

ε =
β cos θ

4
, (4)

ρ =
15ε

aD
, (5)

respectively, where λ is the wavelength of radiation, k is a
constant (0.94), β is the full-width at half-maximum, and
θ is the di�raction angle. The crsytallite size, D, of the
ceramics were 165, 187, and 258 nm for A5Z, A15Z, and
A50Z, respectively. According to the Hall�Petch relation,
hardness is inversely proportional to the square root of
grain size. As an agreement with Hall�Petch relation,
it is observed that the grain re�nement has increased
the hardness. Hence, high hardness of the A5Z can be
attributed to the smaller grain size.

The calculated dislocation density values, ρ, of the ce-
ramics were 2.93 × 1016 cm−2, 1.98 × 1016 cm−2, and
1.10 × 1016 cm−2 for A5Z, A15Z, and A50Z, respec-
tively [13]. To correlate the variation of hardness with
dislocation density of a crystal, there is considered the
de�nition of hardness generally accepted by all. Accord-
ing to this, hardness de�nition of a material is the re-
sistance to the dislocation motion. Occurrence of this
increase may be due to both pinning of dislocations at
the impurity sites and other defects caused by the pres-
ence of impurity atoms in the crystal, and also to vari-
ation in the magnitude of the bond forces in the crystal
containing impurities. It was seen that the indentation
microhardness values increased with increasing alumina
content. It implies that hindering of dislocations motion
is critical issue in hardening of the ceramics.
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