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ABSTRACT 

 
Hydroxyapatite (HAp), is a well-known and a 

valuable implant material with biocompatibility and 
bioactive properties. Full utilisation of the unique properties 
of hydroxyapatite bulk ceramics is, however, possible only 
after its proper reinforcement, i.e. by preparation of 
composites. In zirconia reinforced hydroxyapatite 
composites (HAp-ZrO2) it is possible to combine extremely 
advantageous properties  of both biomaterials, previously 
applied separately. The goal of this study was to 
synthesized a HAp-coated zirconia composite powder by 
the precipitation of HAp in presence of zirconia. HAp was 
precipitated in order to obtain 3, 5, 10, 15, 30 and 50 wt % 
zirconia reinforced composite powders. The obtained 
powders were fully characterized in order to determine their 
properties and sinterability.  

 
Keywords: hydroxyapatite, zirconia, nanocomposite, 
chemical synthesis. 
 

1 INTRODUCTION 
 
Synthetic hydroxyapatite (HAp; Ca10(PO4)6(OH)2), 

being chemically similar to the inorganic constituent of 
bone mineral and possessing an excellent biocompatibility, 
has been studied extensively as a bone replacement 
material. However, the use of hydroxyapatite in load-
bearing orthopedic implants, such as pins, screws, plates, 
and spinal fusion bodies, has been limited because of this 
bioceramic’s poor sinterability and mechanical strength.[1-
3] Hence, in recent years additions of second-phase ceramic 
materials to the HAp matrix to obtain products with 
enhanced strength and toughness has been an interesting 
research subject.[4-7] 

The addition of zirconia in the form of particles[8-12] or 
fibers[13] to HAP matrix has drawn much attention due to 
its biocompatibility coupled with the tendency to enhance 
the mechanical properties of HAp. Zirconia-based materials 
exhibit exceptional toughness due to the martensitic 
transformation of tetragonal ↔ monoclinic ZrO2 (T ↔ M). 
Moreover, medical applications of ZrO2 implants confirmed 
their satisfactory biocompatibility.[14] In zirconia 
reinforced hydroxyapatite composites (HAp-ZrO2) it is 

possible to combine extremely advantageous properties of 
both biomaterials, previously applied separately. There are, 
however, several doubts concerning the influence of ZrO2 
on the phase stability of HAp which should be clarified.  

The goal of this study was to obtain HAp-coated 
zirconia nanopowders in order to optimize the dispersion of 
the nanometric reinforcement in the HAp matrix. The 
general class of nanocomposite materials is a fast growing 
area of research. The properties of nanocomposite 
materials, however, depend not only on the properties of 
their individual parents but also on their morphology and 
interfacial characteristics. Significant effort is focused on 
the ability to obtain control on the nanoscale structures via 
innovative synthetic approaches. In this work, HAp-coated 
zirconia composite powder were synthesized by the 
precipitation of HAp in presence of zirconia nanopowders. 
In fact, due to very high specific surface area of zirconia 
particles obtained by chemical methods, they have high 
tendency to agglomerate. Therefore, the main aim of the 
synthesis was to prevent the agglomeration of zirconia and 
produce the composite powders with uniformly distributed 
zirconia particles surrounded by the HAp matrix. The idea 
was to avoid, in this way, uncontrolled agglomeration of the 
zirconia nanostructured reinforcement in order to improve 
the mechanical properties of the resulting material.  

In this study, HAp-Zirconia composite powders were 
synthesized by a two step chemical precipitation method 
with different wt% of zirconia (3, 5, 10, 15, 20, 30 and 50 
wt%). Starting from a previous research work[15] on 50:50 
wt% composite powders, the synthesis conditions were 
properly optimized.  

 
2 EXPERIMENTAL SECTION 

 
2.1 Sample preparation 
 
The HAp-Zirconia nanopowders were synthesized using 

chemical precipitation method. The synthesis of composite 
powders was performed in two steps. First, nanosized 
zirconia powders were produced by hydrothermal 
crystallisation (temperature 240°C, time 4 hrs) in autoclave. 
0.5M aqueous zirconium oxychloride (ZrOCl2

.8H2O) 
solution was used for the precipitation of hydrated zirconia. 
Centrifugation (4000 rpm, 20 min) was done several times 
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with few drops of 1M NaOH to remove the dissolved 
chlorine from hydrated zirconia.  

In the second step 0.2M phosphoric acid (H3PO4) was 
added drop by drop to a magnetically stirred and ultra 
sounded fine suspension of previously synthesized zirconia 
nanopowders in 0.2M calcium hydroxide (Ca(OH)2) in 
order to precipitate hydroxyapatite (Ca5(PO4)3OH) around 
the zirconia particles. Calculated amounts of H3PO4 were 
added to a Ca(OH)2 suspension to maintain the 
stoichiometric Ca:P ratio 1.67. pH value was maintained at 
10 during the reaction by the addition of NH4OH. This 
solution was once again ultra sounded and magnetically 
stirred and then left for aging for 20 hours. The aging time 
were optimized synthesizing pure hydroxyapatite 
nanopowders with the same procedure reported before but 
without the presence of zirconia particle in the precipitation 
batch. In every case, the formed precipitate was washed 
with distilled water and was dried at 110°C in oven and 
then finally dry and wet milling (with ethanol) was done in 
order to get the unagglomerated powders. Using the above 
procedure powders were synthesized with 0, 3, 5, 10, 15, 
20, 30 and 50 wt % of zirconia.  

In order to optimize the synthesis conditions two 
different methods were used to produce the powder with 3 
wt% of zirconia. The difference in the two methods was 
regarding the step of addition of H3PO4. In the A method, 
H3PO4 was added after the ultra sound application on the 
Ca(OH)2 and ZrO2 suspension, while in the B method, 
H3PO4 was added during the ultra sound application on the 
Ca(OH)2 and ZrO2 suspension.  

 
2.2 Sample Characterization 
X-ray diffraction measurements (XRD) were carried out 

in order to qualitatively and quantitatively examine the 
crystalline phases present on the synthesized samples using 
a conventional Bragg-Brentano diffractometer (PW 3710, 
Philips Research Laboratories) with Ni-filtered CuKα 
radiation. For the qualitative analysis the patterns were 
recorded in the 5-70° 2θ range (step size 0.02° and 1s 
counting time for each step). For the quantitative analysis 
the combined Rietveld-R.I.R. (Reference Intensity Ratio) 
method were used. A 10 wt% of corundum (NIST SRM 
674a annealed at 1500°C for 1d to increase the crystallinity 
to 100 wt%) were added to all samples as internal standard. 
The mixtures, grounded in an agate mortar, were side-
loaded in an aluminum flat holder in order to minimize the 
preferred orientation problems. Data were recorded in the 
5-140° 2θ range (step size 0.02° and 6s counting time for 
each step). The phase fractions extracted by the Rietveld-
R.I.R. refinements, using GSAS software and EXPGUI as 
graphical interface[16-17] were rescaled on the basis of the 
absolute weight of corundum originally added to the 
mixtures as an internal standard and therefore internally 
renormalized. The background was successfully fitted with 
a Chebyshev function with a variable number of 
coefficients depending on its complexity. The peak profiles 
were modeled using a pseudo-Voigt function with one 

Gaussian and one Lorentzian coefficient. Lattice constants, 
phase fractions and coefficients corresponding to sample 
displacement and asymmetry were also refined. The 
average crystallite size was calculated using the Sherrer’s 
formula from the width of the X-ray diffraction lines.[18] 
Finally, the diffractometric thermal behavior of the 0 and 
15 wt% composite powder was evaluated in the 10-140° 2θ 
range by X-ray diffractometer (X’Pert Pro, Philips 
equipped with a X’Celerator detector) with an hot stage 
attachment (HTK16, Anton Parr) in the 20-1500°C 
temperature range. Sample morphologies were examined by 
transmission electron microscopy (TEM, JEM 2010, Jeol) 
equipped with a energy dispersion spectroscopy (EDS) 
equipment (EDAX, Philips Research Laboratories).  

For TEM observation, specimens were prepared by 
dispersing as obtained powders in distilled water and then 
placing a drop of suspension on a copper grid with a 
transparent polymer followed by drying.  

Thermal behavior of the synthesized samples was 
studied by thermogravimetric and differential thermal 
analysis in air at a heating and cooling rate of 10°C/min, 
using a simultaneous TG/DTA apparatus (STA409, 
Netzsch). The powders sinterability were defined by an 
optical non-contact dilatometer (model MISURA, Expert 
System Solutions) at a heating rate of 10°C/min up to 
1500°C. The double beam optical dilatometer was 
developed for studying the sintering process. The sample is 
measured by two beams of light, which illuminate the top 
and the end of the sample, in this way providing an absolute 
measurement, without the need of a correction curve to 
eliminate interference due to thermal expansion in the 
measuring system. Therefore, the behavior of the sample is 
not affected by the presence of a mechanical measuring 
system and by the presence of a probe which applies 
pressure on the sample. The material can expand or contract 
freely, so the dilatation curves can be recorded.  
 

3 RESULTS 
 
3.1 Zirconia characterization 

 
To investigate the nature of the as-obtained powder, the 

pure zirconia sample was subjected to XRD analysis. The 
collected patterns clearly indicates that the as-synthesized 
sample shows the existence of two crystalline phases: 
although predominantly monoclinic (ICDD #37-1484), 
peaks corresponding to the tetragonal ZrO2 phase (ICDD # 
42-1164) are also present. In spite of the fact that an 
unambiguous determination between the possible tetragonal 
crystal structures could not be made from XRD results 
solely since their reflections are overlapped due to the 
strong peak broadening in nanocrystals, the relative 
intensity of the monoclinic, tetragonal, and amorphous 
phase was calculated by Rietveld–RIR analysis. 
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 Phase content (% wt) 
m-ZrO2 69.8(1) 
t-ZrO2 22.1(4) 
Amorphous 8.1(1) 
Total 100.0 
χ2 3.350 
Rwp 0.067 
Rp 0.053 

Table 1: Rietveld-R.I.R. X-ray quantitative analysis of the 
synthesized powders. The structural parameters for 
monoclinic zirconia are from [19]: P21/c symmetry with 
fractional atomic coordinates and isotropic thermal 
parameters: Zr (0.2758(1), 0.04074(8), 0.20798(9), Uiso = 
0.0087(2) Å2); O(1) (0.0812(6), 0.3350(5), 0.3442(5), Uiso = 
0.0075(9)); O(2) (0.4515(6), 0.7537(4), 0.4785(7), Uiso = 
0.0068(9) Å2). The structural parameters for tetragonal 
zirconia and HAp are from ICSD #85322 and #22059 
respectively. ND = Not detected 
 

The synthesized zirconia powders are nanocrystalline as 
showed by TEM image (Figure 1). 

 

 
Figure 1: TEM micrographs of pure zirconia powders 

produced by hydrothermal crystallization 
 

3.2 Synthesis optimisation 

Proper optimization of experimental conditions is 
necessary to get the desired powders. In this work two 
different method were tested on the 3 wt% zirconia-HAp 
powders. The TEM micrographs of the powders prepared 
by method A and B are given in Figure 2. In the powders 
prepared by method A (Fig. 2a) the micrograph shows 
zirconia agglomerates of around 100 nm in size and HAp 
acicular crystals. The method B (Fig. 2b) produces, instead, 
powders with zirconia particles of around 10-20 nm well 
dispersed in the HAp matrix. The micrographs allow to 
define that the agglomeration of zirconia is successfully 
prevented in the powders produced by method B because of 
ultra sound application to the zirconia suspension during 
the H3PO4 addition.  

 

 
 

Figure 2: TEM micrographs of 3 wt%  
zirconia-HAp composite powders produced by  

method A (a) and method B (b) 
 

3.3 Composite powders characterisation  

Regarding the mineralogical composition of the as 
synthesized composite powders all the obtained XRD 
patterns had the same characteristic peaks. The patterns 
(Figure 5 as representative) showed the presence of only 
two crystalline phases which were monoclinic zirconia and 
hydroxyapatite. As the percentage of zirconia increases, the 
intensity of the m-ZrO2 peaks increases. No peaks were 
found corresponding to t- ZrO2 and TCP and TTCP. 
Therefore the precipitation of these phases is successfully 
avoided during the synthesis step. 

TEM micrographs of all studied powders showed the 
same characteristic features with zirconia particles 
uniformly distributed in the HAp matrix (Figure 2 as 
representative) indicating, therefore, that the agglomeration 
of zirconia particles is effectively prevented even in the 
50% zirconia-HAp composite. 

TG-DTA curves of all the powders have almost the same 
characteristic shape. Figure 3 shows the TG-DTA curves of 
15 wt% ZrO2-HAp as representative. The figure shows a 
strong endothermic weight loss corresponding to the 
dehydration process at a temperature of about 100°C. The 
noticeable exothermic event at higher temperature, 
associated with a significant weight loss, is attributed to the 
amorphous phase crystallization with the formation, as 
evidenced by HT-XRD, of m-zirconia and HAp phases. In 
particular the weight loss at temperature higher than 900°C 
can be associated with the decomposition of HAp into β-
TCP. The tetragonal phase stabilisation in zirconia 
reinforced powders, confirmed by HT-XRD, is 
demonstrated by DTA curves that do not evidence the 
characteristic peaks of the m↔t martensitic transformation. 
At higher temperature, as evidenced both in the XRD 
pattern and in the DTA curve by the endothermic peak at 
around 1440°C, the β-TCP is transformed in α-TCP which 
undergoes a reversibly transformation on cooling. 

 
 
 
 
 

a) b) 
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Figure 3: TG-DTA curve of 15% ZrO2-HAp composite 

powder: heating (a) and cooling (b) 
 
In fact, in presence of unstabilized zirconia, the CaO 

formation is not observed and it could be hypothized that it 
enters in the zirconia lattice stabilizing the tetragonal high 
temperature form and prevents the t→m transformation 
back. These results were confirmed by HT-XRD patterns of 
pure hydroxyapatite that show as hydroxyapatite 
completely decomposes starting from 600°C. Thus zirconia 
retarded the hydroxyapatite decomposition of almost 
400°C. 

Finally, in order to evaluate the optimal sintering 
temperature optical non-contact dilatometry was performed 
at a constant heating rate (10°C/min) up to 1500°C using an 
optical non-contact dilatometer. Optical dilatometric curve 
for 15 wt% zirconia-HAp composite powder is shown in 
Fig. 4 as representative. 

 

 
Figure 4: Optical dilatometry curve for 15 wt%  

zirconia-HAp composite powder.  

 
The sintering temperatures obtained by calculating the 

temperature corresponding to the maximum sintering rate 
from dilatometric curves were observed to be in between 
1200-1250°C. 

 
4 CONCLUSION 

 
In this work, a chemical synthesis technique was developed 
to obtain an high dispersion of zirconia nanocrystals within 
a nanocrystalline HAp matrix. The obtained results 
demonstrate that the agglomeration of zirconia is 
successfully prevented by the chemical method used. 
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