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bstract

omposites of hydroxyapatite with partially stabilized zirconia with MgO or MgF2 were pressureless sintered between 1000 ◦C and 1300 ◦C. The
eactions and transformations of phases were verified by X-ray diffraction. For the hydroxyapatite and zirconia composites with MgO, calcium
rom the hydroxyapatite diffused into the zirconia phase, and the hydroxyapatite decomposed to tri-calcium phosphate at sintering temperatures
igher than 1000 ◦C. Above about 1200 ◦C, CaZrO was formed. Composites containing the MgF decomposed slower than the composites with
3 2

gO, which was verified by the changes in the lattice volume of the hydroxyapatite left in these composites. Fluorine ions in MgF2 diffused into
ydroxyapatite, which resulted in thermal stability at high sintering temperatures. Composites with MgF2 had higher hardness than those with
gO. The lowest porosity was found in a composite initially containing 10 wt% partially stabilized zirconia and 5 wt% MgF2.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Hydroxyapatite (HA, Ca10(PO4)6(OH)2) has been widely
sed as a bulk implant material in non-load bearing areas of
he body and as coatings on implant metals. Although HA has
xcellent biocompatibility properties, it is limited in use due to
ts brittle nature.1,2 Composites of HA and zirconia can combine
he biocompatibility of HA and the high strength of zirconia to
e used in orthopedic applications.

To make HA–zirconia composites, calcium phosphate source
hemicals and zirconia powders are mixed, cold pressed and
hen sintered at high temperatures.3–7 Sintering temperature is
mportant in determining the final properties of the compos-
te. Moreover, sintering conditions such as microwave sintering,
park plasma spraying, hot pressing, and hot isosotatic pressing
ould also be used in addition to pressureless air sintering.8–12
or example, although pure HA starts to decompose to tri-
alcium phosphate (TCP) at ∼1300 ◦C, a second phase forms
ell below 1300 ◦C in the presence of ZrO2.3,4,7,13 Kim et
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l.4 enhanced the sinterability of 3 mol% Y2O3–ZrO2 (up to
0 vol.%)–HA composites by increasing the green density of
he composites through cold isostatic pressing and the addition
f small amounts of CaF2. In these composites, they observed
he decomposition of HA first into �-TCP at a temperature
f 1350 ◦C, and then at temperatures above 1350 ◦C, �-TCP
ecame unstable and transformed to �-TCP. Thus, the presence
f zirconia has a great influence on phase changes in HA at tem-
eratures different than that observed with pure HA. Moreover,
mproved osteoblast adhesion was measured on HA–partially
tabilized zirconia composites sintered at 900 ◦C and with
0 wt% partially stabilized and 90 wt% HA composite.14

Yttria-stabilized zirconia and hydroxyapatite composites
ere developed to be durable and bioactive.8,15 When the zirco-
ia was added into HA, the grain sizes of HA became smaller.16

or example, HA and zirconia composites with grain sizes
maller than 100 nm had improved bending strength.16

HA–ceramic composites, especially HA–zirconia compos-
tes, have shown promising improvements in strength, hardness

nd toughness as compared to HA itself.17,18 On the other hand,
ecomposition of HA, which forms second phases, and phase
ransformation of partially stabilized zirconia from tetragonal to
ubic structure can diminish the mechanical properties of these
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omposites.17,19 There is an agreement that the addition of zir-
onia to the HA causes it to decompose at lower temperatures
n pressureless sintering, so that several workers have used hot
ressing to reach higher density.20–22 At sintering temperatures
igher than 1000 ◦C, calcium from the HA diffused into the zir-
onia phase, and the HA decomposed to TCP.23 Above about
200 ◦C, CaZrO3 was formed.23 Moreover, when the Mg par-
ially stabilized zirconia and HA composites were sintered in air
t 1250 ◦C for 4 h, HA decomposed into �-TCP and CaZrO3.24

Despite the fact that several studies have characterized the
artially stabilized zirconia and HA composites, no work has
een conducted to determine and compare the effect of MgO and
gF2 on the phase transformations in HA and partially stabi-

ized zirconia composites. In the present work, HA and partially
tabilized zirconia composites with MgO or MgF2 were pre-
ared by air sintering at 1000 ◦C, 1100 ◦C, 1200 ◦C, and 1300 ◦C
or 1 h and the resultant composites were characterized with
icrohardness, density, X-ray diffraction (XRD), and scanning

lectron microscopy (SEM).

. Materials and methods

.1. Bioceramics materials and synthesis

The materials used in this research were composites of HA
ith partially stabilized zirconia with the addition of MgO or
gF2. The abbreviations, description and the composition of

he samples of interest to the present study are shown in Table 1.
HA was synthesized by mixing reagent grades of calcium

itrate and reagent grade di-ammonium hydrogen phosphate
olutions in the alkaline pH region.25,26 The powders of the PSZ

3% Y2O3–97% ZrO2) (Zirconia Sales Inc.) were then mixed
ith HA and reagent grade of MgO (or MgF2) powders. To

ccomplish this, the dried HA particles were ground to 75 �m
ize (−200 mesh) powders using an agate mortar and pestle.

able 1
bbreviations and compositions of the samples

ame Abbreviation Composition

ydroxyapatite HA –
ri-calcium phosphate TCP –
artially stabilized zirconia PSZ 3 mol% Y2O3-doped

ZrO2

onoclinic zirconia m-ZrO2 –
etragonal zirconia t-ZrO2 –

ubic zirconia c-ZrO2 –
10ZHAO 10 wt% PSZ + 85 wt%

HA + 5 wt% MgO
25ZHAO 25 wt% PSZ + 70 wt%

HA + 5 wt% MgO

ydroxyapatite and
partially stabilized
zirconia composites

40ZHAO 40 wt% PSZ + 55 wt%
HA + 5 wt% MgO

10ZHAF 10 wt% PSZ + 85 wt%
HA + 5 wt% MgF2

25ZHAF 25 wt% PSZ + 70 wt%
HA + 5 wt% MgF2

40ZHAF 40 wt% PSZ + 55 wt%
HA + 5 wt% MgF2

T
t

a
m
e
b
s
t
w
p

p
i
w
t
E
o
p
a
c
d
p
fi

t

eramic Society 29 (2009) 621–628

hey were then calcined at 900 ◦C for 1 h and mixed with PSZ
owders by ball milling. Mixed powders were sintered in air
t 1000 ◦C, 1100 ◦C, 1200 ◦C, and 1300 ◦C for 1 h in a high
emperature box furnace. They were heated and cooled in the
urnace.

.2. Characterization methods

Sample surfaces were examined by a Philips XL30 SFEG
canning electron microscope (SEM) at 7–10 kV to determine
he grain size of the composites. Samples were gold coated with
Polaron-SC7610 Sputter in vacuum before examination in the
EM. Grain size was determined by the intercept method. A
0-cm circumference circle was used to determine grain sizes
f the samples. The following formula was used to determine
he grain sizes from the SEM micrographs.27

ave = L

NM
(1)

here Gave is the average grain size, L the circumference of
he circle (20 cm), N the number of intersections along 20 cm
ircumference line and M is the magnification.

The bulk density of the sintered samples was determined by
easuring the weight and volume of the sintered composites.
he theoretical density of the composites (components a and b)
as calculated from the known weights, W and densities, ρ by

he following formula:

ensity (g/cm3) = Wa + Wb

(Wa/ρa) + (Wb/ρb)
(2)

here component “a” is PSZ and component “b” is HA and/or
CP. Density of HA and TCP was assumed to be the same for

he simplicity of composite density calculation.
Samples were cut perpendicular to their cross-sections using

diamond saw and polished for the micro-hardness measure-
ents. After samples were mounted into a 20-mm diameter

poxy, they were polished from 75 �m surface roughness to
elow 100 nm surface roughness. The micro-hardness of the
amples were measured by an Instron Wolpert Microhardness
ester 2100 series equipped with a Vickers diamond indenter
ith a load of 500 g. For each sample, 20 measurements were
erformed.

All the samples were pulverized using an agate mortar and
estle before the XRD characterization of them. After the pulver-
zing, they were pressed onto a dimpled quartz glass. Then, they
ere characterized by a Rigaku Dmax 2200 XRD diffractome-

er with Cu K� radiation at 40 kV/40 mA at lambda = 1.54178 Å.
ach sample was scanned from 5◦ to 70◦ in 2θ with a step size
f 0.02◦ and scanning rate of 1◦ min−1. The hexagonal lattice
arameters of HA were calculated by successive approximations
ccording to standard procedures.28 The volume of the each unit
ell was calculated by the following formula V = 2.589a2c. To
etermine the phases present, XRD peak positions were com-

ared with the International Centre for Diffraction Data (ICDD)
les.

To determine the decomposition of HA into TCP, the rela-
ive amounts of phases were determined from the most intense
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RD peaks of the HA and �-/�-TCP.28,29 It is assumed that the
oncentrations (wt%) of HA and TCP phases are proportional to
heir peak heights in the mixtures. First the ratio RO of the peak
eights of HA to that of �- or �-TCP was determined for mix-
ures of known concentrations of HA and �- or �-TCP. Lower
imit of detection was about 1 wt% of the known mixture of HA
nd TCP. It was found that the ratio RO did not depend on the
elative amounts of HA and TCP; the values of RO found were
.755 for RO = IH/I� and RO = IH/I� = 2.217, where IH, I� and I�

re the XRD peak heights for HA, �- and �-TCP, respectively
n mixtures of known concentrations. Then for mixtures of HA
nd �-TCP:

WH

Wβ

= R

RO
(3)

here WH and W� are the weight fractions of HA and �-TCP,
espectively. A similar formula for mixtures of HA and �-TCP,
ith W� substituted for W�, was used.

. Results
The average grain sizes of 10ZHAO and 10ZHAF composited
intered at 1100 ◦C determined from the SEM micrographs is
resented in Fig. 1. In addition to images in Fig. 1, grain size
hanges of the composites with respect to sintering temperature

ig. 1. SEM images of 10ZHAO (a) and 10ZHAF (b) composites sintered at
100 ◦C. Scale bars = 2 �m.

s
t
b
o
g
t

F
t

F
l
1

ig. 2. Average grain sizes of the 10ZHAO and 10ZHAF composites sintered
etween 1000 ◦C and 1300 ◦C for 1 h.

etween 1000 ◦C and 1300 ◦C are seen in Fig. 2. Specifically, for
0ZHAF, the grain size increased from 226 nm to 942 nm when
intering was increased from 1000 ◦C to 1300 ◦C. In particular,
here was more grain growth in the composites after sintering
etween 1200 ◦C and 1300 ◦C. Similar results were seen for the
ther HA and PSZ composites. 10ZHAF samples had smaller
rain sizes than the 10ZHAO samples (Figs. 1 and 2) at all of
he sintering temperatures.
The relative densities of the composites are shown in
igs. 3 and 4. Increasing the sintering temperature from 1000 ◦C

o 1300 ◦C and reducing the zirconia content from 40 wt% to

ig. 3. Density/theoretical density as a function of the amount of partially stabi-
ized zirconia in the composites with 5 wt% MgO sintered at 1000 ◦C, 1100 ◦C,
200 ◦C, and 1300 ◦C for 1 h. Theoretical density was calculated by Eq. (1).
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ig. 4. Density/theoretical density as a function of the amount of partially stabi-
ized zirconia in the composites with 5 wt% MgF2 sintered at 1000 ◦C, 1100 ◦C,
200 ◦C, and 1300 ◦C for 1 h. Theoretical density was calculated by Eq. (1).

0 wt% in the composites improved the density. The compos-
tes containing 5 wt% MgF2 (Fig. 4) had better densification than
he composites with 5 wt% MgO (Fig. 3). The maximum relative
ensity (91%) was found for the composite 10ZHAF sintered at
300 ◦C for 1 h.
Hardness measurements for 10ZHAO and 10ZHAF showed
hat 10ZHAF had higher hardness values than 10ZHAO for all
f the sintering temperatures (Fig. 5).

Fig. 5. Microhardness results of 10ZHAO and 10ZHAF composites.
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ig. 6. X-ray diffraction patterns of (a) pure HA (ICDD #9–432) and (b) syn-
hetic HA sintered in air at 1100 ◦C for 1 h. All peaks correspond to HA.

When the synthetic HA made by precipitation method was
intered at 1100 ◦C for 1 h, all the XRD peaks were cor-
esponding to pure HA as seen in Fig. 6. XRD patterns
f 10ZHAO, 25ZHAO, and 40ZHAO composites sintered at
000 ◦C, 1100 ◦C, 1200 ◦C and 1300 ◦C for 1 h are presented
n Figs. 7–9. As the sintering temperature increased, the PSZ
egan to transform to c-ZrO2. HA started to decompose to a
ixture of �- and �-TCP at 1000 ◦C; at 1300 ◦C this decompo-

ition was nearly complete, and the TCP was entirely � phase.
hen the amount of the zirconia increased in the composites,
A decomposed faster at higher sintering temperatures. More-
ver, HA was decomposed much faster in the composites with

gO. This was verified by the changes in the hexagonal lattice

arameters of HA left in the composites (Table 2). Hexagonal
attice volumes of HA left in 10ZHAO were greater than that of
ure HA (Table 2). This showed that HA in 10ZHAO was Ca2+

able 2
exagonal lattice parameters of HA present in the 10ZHAO and 10ZHAF

omposites after the sintering between 1000 ◦C and 1300 ◦C

ample ID Sintering
temp. (◦C)

Lattice parameters
(Å)

Volume
(Å3)

Avol.
(Å3)

a c

A 1100 9.4264 6.8884 1584.7

0ZHAO

1000 9.4402 6.8957 1591.0 6.3
1100 9.4418 6.9018 1593.0 8.3
1200 9.4215 6.8877 1582.9 −1.8
1300 9.4231 6.8967 1585.5 0.8

0ZHAF

1000 9.3814 6.8884 1569.6 −15.1
1100 9.394 6.8908 1574.4 −10.3
1200 9.3765 6.8848 1567.1 −17.6
1300 9.3553 6.8679 1556.2 −28.5



Z. Evis et al. / Journal of the European Ceramic Society 29 (2009) 621–628 625

Fig. 7. X-ray diffraction spectra of the air sintered composites: (a) HA (ICDD
#9–432); (b) �-TCP (ICDD #9–169); (c) �-TCP (ICDD #9–348); (d) t-ZrO2

(ICDD #17–923); (e) 10ZHAO, 1000 ◦C, 1 h; (f) 10ZHAO, 1100 ◦C, 1 h; (g)
10ZHAO, 1200 ◦C, 1 h; (h) 10ZHAO, 1300 ◦C, 1 h.

Fig. 8. X-ray diffraction spectra of the air sintered composites: (a) HA (ICDD
#9–432); (b) �-TCP (ICDD #9–169); (c) �-TCP (ICDD #9–348); (d) t-ZrO2

(ICDD #17–923); (e) 25ZHAO, 1000 ◦C, 1 h; (f) 25ZHAO, 1100 ◦C, 1 h; (g)
25ZHAO, 1200 ◦C, 1 h; (h) 25ZHAO, 1300 ◦C, 1 h.

Fig. 9. X-ray diffraction spectra of the air sintered composites: (a) HA (ICDD
#9–432); (b) �-TCP (ICDD #9–169); (c) �-TCP (ICDD #9–348); (d) t-ZrO2
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ICDD #17–923); (e) 40ZHAO, 1000 ◦C, 1 h; (f) 40ZHAO, 1100 ◦C, 1 h; (g)
0ZHAO, 1200 ◦C, 1 h; (h) 40ZHAO, 1300 ◦C, 1 h.

nd OH− deficient. HA in 10ZHAO slightly started to decom-
ose to second phases at 1000 ◦C. Moreover, HA in 25ZHAO
nd 40ZHAO started to transform to �-TCP at 1000 ◦C. Percent-
ge of HA transformed into second phases (e.g. TCP, calcium
irconate) in the composites containing 5 wt% MgO is shown
n Table 3. Transformation of HA into TCP was calculated by
q. (3). When wt% of zirconia and sintering temperature were

ncreased, more HA decomposed into second phases.
XRD patterns of 10ZHAF, 25ZHAF, and 40ZHAF compos-

tes sintered at 1000 ◦C, 1100 ◦C, 1200 ◦C, and 1300 ◦C for 1 h
re presented in Figs. 10–12. Tetragonal zirconia in these com-
osites was stable after the sintering at 1000 ◦C and 1100 ◦C.
oreover, this t-ZrO2 was converted to c-ZrO2 after the sintering

t 1200 ◦C and 1300 ◦C. HA in all of the composites containing
wt% MgF was stable after all the sinterings between 1000 ◦C
2
nd 1300 ◦C. This was verified by the change in the hexagonal
attice parameters of HA left in the composites (Table 2). Hexag-
nal lattice volumes of HA left in 10ZHAF were smaller than

able 3
HA decomposed to TCP in the HA–zirconia composites containing 5 wt%
gO

ample ID Sintering temp. (◦C)

1000 1100 1200 1300

0ZHAO 12 19 31 52
5ZHAO 15 27 61 78
0ZHAO 25 46 77 83
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Fig. 10. X-ray diffraction spectra of the air sintered composites: (a) HA (ICDD
#9–432); (b) �-TCP (ICDD #9–169); (c) �-TCP (ICDD #9–348); (d) t-ZrO2

(ICDD #17–923); (e) 10ZHAF, 1000 ◦C, 1 h; (f) 10ZHAF, 1100 ◦C, 1 h; (g)
10ZHAF, 1200 ◦C, 1 h; (h) 10ZHAF, 1300 ◦C, 1 h.

Fig. 11. X-ray diffraction spectra of the air sintered composites: (a) HA (ICDD
#9–432); (b) �-TCP (ICDD #9–169); (c) �-TCP (ICDD #9–348); (d) t-ZrO2

(ICDD #17–923); (e) 25ZHAF, 1000 ◦C, 1 h; (f) 25ZHAF, 1100 ◦C, 1 h; (g)
25ZHAF, 1200 ◦C, 1 h; (h) 25ZHAF, 1300 ◦C, 1 h.

Fig. 12. X-ray diffraction spectra of the air sintered composites: (a) HA (ICDD
#
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9–432); (b) �-TCP (ICDD #9–169); (c) �-TCP (ICDD #9–348); (d) t-ZrO2

ICDD #17–923); (e) 40ZHAF, 1000 ◦C, 1 h; (f) 40ZHAF, 1100 ◦C, 1 h; (g)
0ZHAF, 1200 ◦C, 1 h; (h) 40ZHAF, 1300 ◦C, 1 h.

hat of pure HA (Table 2). This showed that HA in 10ZHAF was
oped with F−.

. Discussion

The highest relative density (91%) was found after sintering
he 10ZHAF composite at 1300 ◦C (Fig. 4). Sintering at lower
emperatures or higher ZrO2 with 5 wt% MgO contents caused
igher porosity. This was due to the production of water during
he sintering in the composites with MgO. This resulted in higher
ardness values for 10ZHAF composites than that of 10ZHAO
omposites. In the HA and zirconia composites with MgO, HA
ecomposes faster into TCP, CaO and water.

The decrease in the decomposition of the HA by addition
f 5 wt% MgF2 to the sintering powders of HA and partially
tabilized composites (10ZHAF, 25ZHAF, and 40ZHAF led to
ower porosity in the sintered composites with MgF2 than the
omposites with MgO because of the less water produced dur-
ng sintering. This reduced porosity led to higher densification
nd more phase stability of the sintered composites with 5 wt%
gF2.
When the starting zirconia powder contains 3 mol% Y2O3,

t is in the tetragonal structure, with no m-ZrO2 phase present

Figs. 7–12). This powder is more reactive with MgO after all
f the sintering temperatures, leading to more decomposition
f HA in the composites of 10ZHAO, 25ZHAO, and 40ZHAO.
erhaps the reason for this more reactivity is that the diffusion
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f MgO into ZrO2 and HA react with them to produce second
hases. The decomposition reaction of HA into second phases
s

a10(PO4)6(OH)2 � 3Ca3(PO4)2 + CaO + H2O (4)

he CaO formed by the decomposition of HA (reaction (4)) can
eact with zirconia to form CaZrO3:

aO + ZrO2 � CaZrO3 (5)

his reaction appears to take place only at 1200 ◦C or above,
rom Figs. 7–9. Moreover, MgO present in the HA–zirconia
omposite also reacts with t-ZrO2 to transform it to c-ZrO2:

gO + t-ZrO2 � MgO-doped c-ZrO2 (6)

HA begins to decompose by the reaction (4) at sinter-
ng temperatures above about 1150 ◦C in ambient atmosphere.
etragonal-zirconia and MgO in the HA composites without
dded fluoride accelerates this decomposition of HA. One rea-
on for this more reaction is that the CaO formed in reaction (4)
an react with the t-ZrO2 to form CaZrO3 (reaction (5)).

Formation of CaZrO3 in the sintered 10ZHAO, 25ZHAO, and
0ZHAO composites was confirmed by XRD. Removal of the
aO in reaction (5) than drives Eq. (4) to further decomposition
f the HA. Moreover, MgO plays also an important role in this
ecomposition. It also accelerates this decomposition.

Another process that removes CaO from HA is dissolution
f CaO into t-ZrO2 as seen in reaction (7).

aO + t-ZrO2 � c-ZrO2 (7)

The original t-ZrO2 (PSZ) transforms to the cubic phase as
aO dissolves in it; the tetragonal phase in PSZ has a distorted
uorite structure, in which oxides such as CaO, MgO, and Y2O3
how considerable solid solubility. X-ray results showed that
ome of the tetragonal-zirconia transformed to the cubic phase
fter sintering of the composites with MgO.

The addition of 5 wt% MgF2 to the tetragonal-zirconia
nd HA mixtures (10ZHAF, 25ZHAF, and 40ZHAF) strongly
educed the tendency of the HA to decompose during sintering.

e propose that this reduced tendency of the HA is because
f partial substitution F− ions for OH− ions in the apatite
tructure.30–34 This substitution of F− ions for OH− ions can
e written as

Ca10(PO4)6(OH)2 + MgF2

→ Ca10(PO4)6F2 + MgO + H2O (8)

This substitution (reaction (8)) takes place prior to sinter-
ng, even at temperatures below 1000 ◦C.31 The water formed
n reaction (8) devolatilizes the powder mixture. Devolatiliza-
ion reactions in principle are equilibrium phenomena. However,
s the volatile component (H2O in reaction (8)) is allowed
o escape, equilibrium can never be attained and as a result,

nly the right side of the reaction equation is favoured. As a
esult, this devolatilization promotes to completion of reaction
8) from left to the right, resulting in formation of fluorapatite
Ca10(PO4)6F2).32
eramic Society 29 (2009) 621–628 627

The OH− ions in the pure HA are positioned in openings
arallel to the c-axis.33–35 Ionic radius of OH− ions is greater
han that of the fluoride ions. Therefore, doping of F− ions in
A for OH− ions leads to a shrinkage of the unit cell volume of

he HA.30,33 Consistent with this shrinkage we found a decrease
n the hexagonal lattice volume of HA in the composites with
wt% MgF2 addition, as seen in Table 2.

F-doped HA (Ca10(PO4)6F2) is more resistant to decompo-
ition than the pure HA after the sintering at high temperatures,
onsistent with the reduced decomposition of HA after the incor-
oration of some fluoride ions (from MgF2) for hydroxyl ions.

. Conclusions

Porosities of sintered HA and PSZ composites were reduced
y the addition of 5% MgF2 to the green powder mixture. PSZ
ith MgO increased the high temperature decomposition of HA,

eading to higher porosity; and the substitution of F− ions from
he MgF2 for OH− ions in the HA structure suppressed the
ecomposition of HA, resulting in lower porosity of the sintered
omposites, improved micro-hardness and higher phase stabil-
ty. Substitution of F− ions for OH− ions in HA was verified by
he shrinkage of the lattice volume of the doped HAs. HA and
SZ composites with MgF2 had promising results with respect

o its densification, hardness and phase stability. More studies
hould be done about the composites with MgF2 to investigate
heir response to bone cells and their biocompatibility. In vitro
ell attachment studies of the composites of HAP and PSZ with
wt% MgF2 should be studied. If this gives promising results,

hese composites can be tested as an implant in vivo under load
earing areas.
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