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Abstract
Sintered composites of hydroxylapatite (HA) and zirconia were studied with X-ray diffraction and scanning electron microscopy (SEM).

Addition of zirconia caused increased decomposition of the HA in composites sintered at 1100 8C and 1300 8C, forming tricalcium phosphate

phases (TCP). The volume of the unit cell of HA increased as the concentration of zirconia in the composites increased. These results are explained

as resulting from exchange of Ca2+ and ZrO2+ ions between the HA and the zirconia. The porosity of the sintered composites increased with

increase in zirconia concentration in the composites, probably because of water formed by the decomposition of the HA.
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1. Introduction

Hydroxylapatite (HA, Ca10(PO4)6(OH)2) has been widely

used as a bulk implant in non-load bearing areas of the body and

as coatings on implant metals [1,2]. HA is mainly used as a hard

tissue implant because of its excellent biocompatibility in the

human body. An HA implant can only be used in non-load

bearing areas because of its brittle nature. Inert crystalline

ceramics (e.g. zirconia) can be mixed with HA to make

composites that take advantage of the biocompatibility of HA

and high strength of zirconia.

When HA-inert ceramic composites are air sintered from

1100 8C to 1400 8C, HA decomposes to form unwanted second

phases (i.e. a-tri calcium phosphate) [1,2]. When H2O vapor is

present during sintering, the removal of OH� bonds from the

HA phase is minimized making it stable to higher temperatures.

HA in composites can be made more resistant to high

temperature decomposition by substituting small amounts of

impurities in the HA phase, such as Na+, Mg2+, CO3
2�, F� or by

adding a third ceramic material such as CaF2 [3,4].

Because of its high mechanical strength, toughness, and

inertness in the human body, zirconia improves the properties of

HA as a second phase. HA–zirconia composites can be produced

by two methods. In the first, calcium phosphate and zirconia
* Tel.: +90 312 210 4450; fax: +90 312 210 4462.

E-mail address: evis@metu.edu.tr.

0272-8842/$32.00 # 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserve

doi:10.1016/j.ceramint.2006.02.012
powders are mixed, cold pressed and then sintered at higher

temperatures in different environments [2,5–9]. In the second,

HA–zirconia composites are synthesized by precipitation from

solutions of ZrOCl2�8H2O, calcium nitrate and ammonium

phosphate to form HA and zirconia crystals [10–12].

Although pure HA starts to decompose to TCP second

phases at temperatures above 1300 8C, second phase formation

starts well below 1300 8C in the presence of ZrO2 [5,9,13]. Two

of these decomposition reactions are [5,13]:

Ca10ðPO4Þ6ðOHÞ2 ! 3Ca3ðPO4Þ2þCaO þ H2O (1)

Ca10ðPO4Þ6ðOHÞ2þZrO2 ! 3Ca3ðPO4Þ2þCaZrO3þH2O

(2)

In the presence of zirconia the calcium oxide formed in Eq. (1)

can either form CaZrO3 as shown in Eq. (2), or dissolve in the

zirconia to form calcium-stabilized zirconia. In the latter case

either tetragonal or cubic zirconia is preserved at room tem-

perature, instead of the monoclinic phase that is stable in pure

zirconia at room temperature.

Above 1125 8C, b-Ca3(PO4)2 transforms to a-Ca3(PO4)2,

which has lower density (2.86 as compared to 3.07 for b).

The purpose of the present study was to examine processing

methods of HA–zirconia composites, and to characterize the

resulting composites with X-ray diffraction, density, and

electron microscope measurements. Mechanisms of reactions

between HA and zirconia were deduced from these experi-

mental results.
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Table 1

Percent porosity of HA–zirconia composites

Mixture wt.% ZrO2 1100 8C 1300 8C

HA 0.9 � 0.2 0.2 � 0.1

HA + 3% ZrO2 8.0 � 1.1 0.6 � 0.1

HA + 5.8% ZrO2 4.9 � 0.9 2.4 � 0.5

HA + 8.4% ZrO2 5.8 � 0.7 0.5 � 0.2
2. Experimental methods

2.1. Synthesis

Pure HA and HA–zirconia composites were synthesized by

precipitation methods [14].

For the HA synthesis, 0.5 M Ca(NO3)2�4H2O and 0.3 M

(NH4)2HPO4 were dissolved in distilled water separately. The

Ca/P ratio should be 1.67 when these solutions are mixed to

produce stoichiometric HA. NH4OH was added to both of these

solutions to bring the pH level to 11–12. Then calcium nitrate

solution was added drop wise into the continuously stirred

ammonium phosphate solution. The vigorous stirring produced

a milky-gelatinous solution. After stirring the HA solution at

RT for 2–3 h, it was heated to 90 8C for 1 h during stirring.

Then the solution was stirred for 1 day at RT. In the next step,

the solution was washed repeatedly to remove the remaining

ammonia and then filtered using a fine filter paper. The filtered

wet cake was dried in the oven at 60–90 8C overnight to remove

the excess water. Finally the dried cake was sintered at 1100 8C
or 1300 8C for 1 h; it was heated and cooled in the furnace.

HA–ZrO2 composites were synthesized by a precipitation

method. ZrOCl2�8H2O was dissolved in distilled water and the

pH was brought to 11–12. Then this solution was added drop

wise into an ammonium phosphate solution. Finally, calcium

nitrate solution was added drop wise into this solution. The Ca/

P ratio was kept at 1.67, as in stoichiometric HA synthesis. To

produce 3, 5.8 and 8.4 wt.% ZrO2–HA composites, 0.25, 0.5

and 0.75 mol of ZrOCl2�8H2O was added into the solution for

every 10 mol of Ca(NO3)2�4H2O. All the other steps were the

same as the HA synthesis.

2.2. Characterization methods

X-ray diffraction (XRD) was performed on all the samples

to determine the phases present in the composites and the

hexagonal lattice parameters (a and c) of HA. A Scintag XRD

diffractometer (Sunnyvale, CA) with a Cu Ka radiation at

50 kV and 30 mA was used to scan the diffraction 2u angles

from 208 to 508 with a speed of 18 min�1. XRD angle

positions were used to calculate the hexagonal unit lattice

parameters of the pure HA and the HA in the composites by an

iteration method. The volume of the each unit cell was

calculated by the following formula V = 2.589a2c. To

determine the phases present, XRD peak positions were

compared with JCPDS files.

The relative amounts of phases were determined from the

most intense X-ray diffraction peaks of the phases present (HA,

a and b TCP and ZrO2) [15]. The heights of the zirconia

(tetragonal) peaks are roughly proportional to the concentra-

tions of zirconia originally added to the mixture, so it is

assumed that the zirconia concentrations are these original

amounts.

It is assumed that the concentrations (wt.%) of HA and TCP

phases are proportional to their peak heights in the mixtures.

First the ratio RO of the peak heights of HA to that of a or b TCP

was determined for mixtures of known concentrations of HA
and a or b TCP. It was found that the ratio RO did not depend on

the relative amounts of HA and TCP; the values of RO found

were 1.755 for RO = IH/Ib and RO = IH/Ia = 2.217, where IH, Ib

and Ia are the X-ray diffraction peak heights for HA, b TCP and

a TCP, respectively, in mixtures of known concentrations. Then

for mixtures of HA and b TCP:

WH

Wb

¼ R

RO

(3)

where WH and Wb are the weight fractions of HA and b TCP,

respectively. A similar formula for mixtures of HA and a TCP,

with Wa substituted for Wb, was used.

For mixtures or composites containing three phases, HA,

TCP, and ZrO2:

WH þWB þWZ ¼ 1 (4)

where WZ is the weight fraction of zirconia, from the original

mixture. Then,

WH ¼
R=ROð1�WZÞ

1þ ðR=ROÞ
(5)

where RO is the value given above for either a or b TCP.

Sample surfaces were examined in a JOEL (JSM-840)

scanning electron microscope (SEM) at 15 kV to determine the

grain size and porosity in the composites. Polished surfaces

were etched in 0.15 M lactic acid for 10 s and rinsed in water

and dried. Then they were coated with gold in vacuum before

examination in the SEM. Grain size was determined by the

intercept method [16].

3. Results

Porosities of the composites as determined from SEM are

given in Table 1. Addition of ZrO2 to the mixture gave

increased porosity, especially at 1100 8C. There might be

substantial sampling errors in determining the porosities from

the SEM micrographs (see Figs. 1–3), so the values in Table 1

are only semi-quantitative.

The average grain size determined from the micrographs are

given in Table 2. For sintering at 1100 8C the grain size in pure

HA was smaller than in the composites containing ZrO2, but for

sintering at 1300 8C, the addition of ZrO2 at all concentrations

substantially decreased the grain size in the composites.

The phases present for different ZrO2 concentrations and

sintering temperatures can be deduced from the X-ray

diffraction patterns in Fig. 4. When pure HA was sintered at

1100 8C (pattern A) there was no evidence for decomposition of

the HA. When 3, 5.8 and 8.4 wt.% ZrO2–HA composites were
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Fig. 1. SEM micrographs of sintered HA. (A) 1100 8C (�10,000), (B) 1300 8C
(�1000).

Fig. 2. SEM micrographs of sintered composites of 97% wt.% HA and 3 wt.%

ZrO2. (A) 1100 8C (�5000), (B) 1300 8C (�5000).
sintered at 1100 8C, the HA phase partially transformed to the

TCP (Ca3(PO4)2) phase, which had the b structure, whereas for

sintering at 1300 8C it had a structure.

The amounts of HA in the composites as calculated from the

intensities of the X-ray diffraction lines and Eq. (5) are given in

Table 3. The decomposition of HA was greater at 1300 8C than

at 1100 8C, especially for the higher ZrO2 concentrations.

The lattice parameters for HA in the composites as

calculated from the angles of X-ray diffraction peaks are

given in Table 4. The volume of the unit cell in sintered HA

increased as the amount of ZrO2 in the composites increased,

especially at 1100 8C. These increases in volume resulted

mainly from increases in the a parameters, rather than the c

values.

4. Discussion

The increased tendency of decomposition of HA with

reaction with ZrO2 can be explained as resulting from

removal of calcium from the HA and its dissolution into the

zirconia. This solid solution of calcium into the zirconia leads

to its transformation to the tetragonal phase. It is proposed

that the removal of calcium ions from HA involves an ion

exchange reaction with ZrO2+ ions from the zirconia.

Monoxides of four-valent ions, such as CO and SiO, are

stable even at room temperature, and are increasingly stable at
higher temperatures [18]. The radius of a calcium ion is about

0.1 nm; that of ZrO2+ is about 0.21 nm [19]. Thus, when the

ZrO2+ ion is substituted for Ca2+, the volume of the unit cell of

the HA is increased. This exchange therefore explains the

increase of volume of the unit cell as shown in Table 4. It is

unlikely that the Zr4+ ion substitutes for phosphorous in the

HA structure, because the Zr4+ ion is much larger than the

phosphorous ion. The ionic radii are 0.38 nm for P5+ and

0.72 nm for Zr4+.

In the zirconia the exchange of Ca2+ for a ZrO2+ unit leads to

a smaller unit cell volume and transformation of the zirconia

from monoclinic to tetragonal phase. The tetragonal phase

has a higher density (6.10 g/cm3) than the monoclinic phase

(5.68 g/cm3).

The structure of zirconia in the composites was tetragonal

after sintering at both 1100 8C and 1300 8C. The structure of

pure zirconia is monoclinic up to about 1180 8C [17], where it

transforms to tetragonal structure. There is considerable solid

solution of CaO zirconia at high temperatures, and this addition

of CaO reduces the stability of m-ZrO2 so that when more than

about 1% CaO dissolves in the zirconia at 1100 8C, the m-ZrO2

transforms to tetragonal phase [17]. Cubic zirconia is also

stable in certain CaO concentrations and temperatures, but the

X-ray diffraction lines for tetragonal and cubic zirconia are so

similar that it was difficult to distinguish these two phases in our

diffraction patterns.
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Table 3

Weight fraction WH of HA in composites after sintering, from the intensities of

X-ray lines and Eq. (5)

Mixture wt.% ZrO2 WH

1100 8C 1300 8C

3 0.63 0.57

5.8 0.81 0.66

8.4 0.80 0.58

Table 2

Average grain sizes of HA–zirconia composites, as measured from SEM

Mixture wt.% ZrO2 Average grain size (mm)

1100 8C 1300 8C

HA 0.26 � 0.04 4.44 � 0.72

HA + 3% ZrO2 0.54 � 0.07 1.14 � 0.21

HA + 5.8% ZrO2 0.50 � 0.08 1.11 � 0.13

HA + 8.4% ZrO2 0.42 � 0.05 0.73 � 0.09

Fig. 4. X-ray diffraction patterns of sintered samples. A and B: HA at 1100 8C
and 1300 8C; C and D: 3% ZrO2 at 1100 8C and 1300 8C; E and F: 5.8% ZrO2 at

1100 8C and 1300 8C; G and H: 8.4% ZrO2 at 1100 8C and 1300 8C.
Fig. 3. SEM micrographs of sintered composites of 91.6 wt.% HA and

8.4 wt.% ZrO2. (A) 1100 8C (�5000), (B) 1300 8C (�5000).
The exchange of Ca2+ and ZrO2+ ions can occur where the

surfaces of ZrO2 and HA are in contact, with minimum

rearrangement of their structures. Different apatites can have

many substitute ions in their structures without causing change

from the HA structure [20].
able 4

attice parameters a and c for HA in HA–zirconia composites and volume and volume changes of the unit cell

ixture Lattice parameters (Ă) Volume (Å3) DVol. (Å3)

a, 1100 8C c, 1100 8C a, 1300 8C c, 1300 8C 1100 8C 1300 8C 1100 8C 1300 8C

A 9.4269 (4) 6.8888 (9) 9.4188 (5) 6.8853 (6) 1582.8 1581.6 0 �1.4

A + 3 wt.% ZrO2 9.4350 (6) 6.8834 (5) 9.4223 (7) 6.8877 (1) 1586.4 1582.5 3.6 0.3

A + 5.8 wt.% ZrO2 9.4417 (9) 6.8876 (7) 9.4296 (3) 6.8904 (7) 1589.6 1586.2 6.8 3.4

A + 8.4 wt.% ZrO2 9.4566 (5) 6.8785 (7) 9.4331 (9) 6.8850 (6) 1592.6 1586.2 9.8 3.4
T

L

M

H

H

H

H

The exchange of ZrO2+ ions for Ca2+ ions in the HA

structure explains the increased tendency of the exchanged HA

to decompose. The large ZrO2+ ion introduces strain into the

HA network structure, making the decomposition of Eq. (1)

more favorable.
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In HA–ZrO2 composites containing10 wt.% ZrO2 or more,

CaZrO3 is formed after reaction between 1200 8C and 1300 8C
[21]. This result and the present ones suggest that for smaller

amounts of ZrO2 in the composites all the calcium formed by

Eq. (1) is dissolved in the ZrO2, but when the solubility limit of

CaO in the ZrO2 is reached, more calcium reacts with the

zirconia to form CaZrO3 by reaction (2).

The increased porosity in the sintered composites with

addition of zirconia probably results because of the water

generated by decomposition of the HA (reaction (1)). This

water is held in pores formed during sintering, and must diffuse

out of the HA matrix, in addition to other trapped gases, to form

dense HA.

5. Conclusion

High density HA–ZrO2 composites (more than 92% of the

theoretical density) were produced after the synthesis by

precipitation method and air sintering at 1100 8C and 1300 8C
without any need to pressure sintering. The decomposition of

HA during sintering at 1100 8C and 1300 8C is increased by

addition of zirconia. This decomposition involves the exchange

of Ca+2 and ZrO2+ ions between the HA and zirconia. The

larger ZrO2+ ions cause swelling of the HA structure, and the

resulting strain increases the rate of decomposition of the HA.

Water generated by this decomposition leads to increased

porosity of the sintered composites.
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