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Abstract

Composites of hydroxyapatite with partially stabilized zirconia with MgO or MgF, were pressureless sintered between 1000 °C and 1300 °C. The
reactions and transformations of phases were verified by X-ray diffraction. For the hydroxyapatite and zirconia composites with MgO, calcium
from the hydroxyapatite diffused into the zirconia phase, and the hydroxyapatite decomposed to tri-calcium phosphate at sintering temperatures
higher than 1000 °C. Above about 1200 °C, CaZrO; was formed. Composites containing the MgF, decomposed slower than the composites with
MgO, which was verified by the changes in the lattice volume of the hydroxyapatite left in these composites. Fluorine ions in MgF, diffused into
hydroxyapatite, which resulted in thermal stability at high sintering temperatures. Composites with MgF, had higher hardness than those with
MgO. The lowest porosity was found in a composite initially containing 10 wt% partially stabilized zirconia and 5 wt% MgF,.

© 2008 Elsevier Ltd. All rights reserved.

Keywords: Apatite; Sintering; MgF,; Biomedical applications

1. Introduction

Hydroxyapatite (HA, Cajg(PO4)s(OH);) has been widely
used as a bulk implant material in non-load bearing areas of
the body and as coatings on implant metals. Although HA has
excellent biocompatibility properties, it is limited in use due to
its brittle nature.»> Composites of HA and zirconia can combine
the biocompatibility of HA and the high strength of zirconia to
be used in orthopedic applications.

To make HA—zirconia composites, calcium phosphate source
chemicals and zirconia powders are mixed, cold pressed and
then sintered at high temperatures.>~’ Sintering temperature is
important in determining the final properties of the compos-
ite. Moreover, sintering conditions such as microwave sintering,
spark plasma spraying, hot pressing, and hot isosotatic pressing
could also be used in addition to pressureless air sintering.3-12
For example, although pure HA starts to decompose to tri-
calcium phosphate (TCP) at ~1300°C, a second phase forms
well below 1300°C in the presence of ZrO,.>*”13 Kim et
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al.* enhanced the sinterability of 3 mol% Y,03-ZrO, (up to
40vol.%)-HA composites by increasing the green density of
the composites through cold isostatic pressing and the addition
of small amounts of CaF,. In these composites, they observed
the decomposition of HA first into 3-TCP at a temperature
of 1350°C, and then at temperatures above 1350°C, 3-TCP
became unstable and transformed to a-TCP. Thus, the presence
of zirconia has a great influence on phase changes in HA at tem-
peratures different than that observed with pure HA. Moreover,
improved osteoblast adhesion was measured on HA—partially
stabilized zirconia composites sintered at 900 °C and with
10 wt% partially stabilized and 90 wt% HA composite.'*
Yttria-stabilized zirconia and hydroxyapatite composites
were developed to be durable and bioactive.®!'> When the zirco-
nia was added into HA, the grain sizes of HA became smaller.10
For example, HA and zirconia composites with grain sizes
smaller than 100 nm had improved bending strength.'®
HA-ceramic composites, especially HA-zirconia compos-
ites, have shown promising improvements in strength, hardness
and toughness as compared to HA itself.!”-!® On the other hand,
decomposition of HA, which forms second phases, and phase
transformation of partially stabilized zirconia from tetragonal to
cubic structure can diminish the mechanical properties of these
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composites.!”! There is an agreement that the addition of zir-
conia to the HA causes it to decompose at lower temperatures
in pressureless sintering, so that several workers have used hot
pressing to reach higher density.?*->? At sintering temperatures
higher than 1000 °C, calcium from the HA diffused into the zir-
conia phase, and the HA decomposed to TCP.>> Above about
1200 °C, CaZrO3 was formed.>> Moreover, when the Mg par-
tially stabilized zirconia and HA composites were sintered in air
at 1250 °C for 4 h, HA decomposed into 3-TCP and CaZrO3.24

Despite the fact that several studies have characterized the
partially stabilized zirconia and HA composites, no work has
been conducted to determine and compare the effect of MgO and
MgF; on the phase transformations in HA and partially stabi-
lized zirconia composites. In the present work, HA and partially
stabilized zirconia composites with MgO or MgF, were pre-
pared by air sintering at 1000 °C, 1100 °C, 1200 °C, and 1300 °C
for 1h and the resultant composites were characterized with
microhardness, density, X-ray diffraction (XRD), and scanning
electron microscopy (SEM).

2. Materials and methods
2.1. Bioceramics materials and synthesis

The materials used in this research were composites of HA
with partially stabilized zirconia with the addition of MgO or
MgF;. The abbreviations, description and the composition of
the samples of interest to the present study are shown in Table 1.

HA was synthesized by mixing reagent grades of calcium
nitrate and reagent grade di-ammonium hydrogen phosphate
solutions in the alkaline pH region.?>-?® The powders of the PSZ
(B% Y203-97% ZrO,) (Zirconia Sales Inc.) were then mixed
with HA and reagent grade of MgO (or MgF;) powders. To
accomplish this, the dried HA particles were ground to 75 pm
size (—200 mesh) powders using an agate mortar and pestle.

Table 1

Abbreviations and compositions of the samples

Name Abbreviation Composition
Hydroxyapatite HA -
Tri-calcium phosphate TCP -

Partially stabilized zirconia PSZ 3mol% Y,03-doped

ZI'02
Monoclinic zirconia m-ZrO; —
Tetragonal zirconia t-ZrOy -
Cubic zirconia c-ZrOy -
10ZHAO 10 wt% PSZ + 85 wt%
HA +5 wt% MgO
25ZHAO 25 wt% PSZ +70 wt%
HA +5 wt% MgO
Hydroxyapatite and 40ZHAO 40 wt% PSZ + 55 wt%
partially stabilized HA + 5 wt% MgO
zirconia composites 10ZHAF 10 wt% PSZ + 85 wt%
HA + 5 wt% MgF,
25ZHAF 25 wt% PSZ+ 70 wt%
HA + 5 wt% MgF,
40ZHAF 40 wt% PSZ + 55 wt%

HA + 5 wt% MgF,

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

2.2. Characterization methods

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

L

Gaye = W ey

where Gyye is the average grain size, L the circumference of
the circle (20 cm), N the number of intersections along 20 cm
circumference line and M is the magnification.

The bulk density of the sintered samples was determined by
measuring the weight and volume of the sintered composites.
The theoretical density of the composites (components a and b)
was calculated from the known weights, W and densities, p by
the following formula:
density (g/cm3) = Wa+ W 2)

(Wa/pa) + (Wo/pp)
where component “a” is PSZ and component “b” is HA and/or
TCP. Density of HA and TCP was assumed to be the same for
the simplicity of composite density calculation.

Samples were cut perpendicular to their cross-sections using
a diamond saw and polished for the micro-hardness measure-
ments. After samples were mounted into a 20-mm diameter
epoxy, they were polished from 75 wm surface roughness to
below 100nm surface roughness. The micro-hardness of the
samples were measured by an Instron Wolpert Microhardness
tester 2100 series equipped with a Vickers diamond indenter
with a load of 500 g. For each sample, 20 measurements were
performed.

All the samples were pulverized using an agate mortar and
pestle before the XRD characterization of them. After the pulver-
izing, they were pressed onto a dimpled quartz glass. Then, they
were characterized by a Rigaku Dmax 2200 XRD diffractome-
ter with Cu Ko radiation at 40 kV/40 mA atlambda = 1.54178 A.
Each sample was scanned from 5° to 70° in 26 with a step size
of 0.02° and scanning rate of 1° min~!. The hexagonal lattice
parameters of HA were calculated by successive approximations
according to standard procedures.?® The volume of the each unit
cell was calculated by the following formula V=2.589a%c. To
determine the phases present, XRD peak positions were com-
pared with the International Centre for Diffraction Data (ICDD)
files.

To determine the decomposition of HA into TCP, the rela-
tive amounts of phases were determined from the most intense
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XRD peaks of the HA and a-/B-TCP.2?° It is assumed that the
concentrations (wt%) of HA and TCP phases are proportional to
their peak heights in the mixtures. First the ratio Rp of the peak
heights of HA to that of a- or 3-TCP was determined for mix-
tures of known concentrations of HA and a- or B-TCP. Lower
limit of detection was about 1 wt% of the known mixture of HA
and TCP. It was found that the ratio Ro did not depend on the
relative amounts of HA and TCP; the values of Rg found were
1.755 for Ro = In/lg and Ro = In/l =2.217, where Iy, Ig and I
are the XRD peak heights for HA, 3- and a-TCP, respectively
in mixtures of known concentrations. Then for mixtures of HA
and 3-TCP:

Wa R

Wy = R 3)

where Wy and Wp are the weight fractions of HA and 3-TCP,
respectively. A similar formula for mixtures of HA and a-TCP,
with W, substituted for Wg, was used.

3. Results

The average grain sizes of 10ZHAO and 10ZHAF composited
sintered at 1100 °C determined from the SEM micrographs is
presented in Fig. 1. In addition to images in Fig. 1, grain size
changes of the composites with respect to sintering temperature

Fig. 1. SEM images of 10ZHAO (a) and 10ZHAF (b) composites sintered at
1100°C. Scale bars =2 pm.
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Fig. 2. Average grain sizes of the I0ZHAO and 10ZHAF composites sintered
between 1000 °C and 1300 °C for 1 h.

between 1000 °C and 1300 °C are seen in Fig. 2. Specifically, for
10ZHAF, the grain size increased from 226 nm to 942 nm when
sintering was increased from 1000 °C to 1300 °C. In particular,
there was more grain growth in the composites after sintering
between 1200 °C and 1300 °C. Similar results were seen for the
other HA and PSZ composites. 10ZHAF samples had smaller
grain sizes than the 10ZHAO samples (Figs. 1 and 2) at all of
the sintering temperatures.

The relative densities of the composites are shown in
Figs. 3 and 4. Increasing the sintering temperature from 1000 °C
to 1300 °C and reducing the zirconia content from 40 wt% to
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Fig. 3. Density/theoretical density as a function of the amount of partially stabi-
lized zirconia in the composites with 5 wt% MgO sintered at 1000 °C, 1100 °C,
1200 °C, and 1300 °C for 1 h. Theoretical density was calculated by Eq. (1).
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Fig. 4. Density/theoretical density as a function of the amount of partially stabi-
lized zirconia in the composites with 5 wt% MgF, sintered at 1000 °C, 1100 °C,
1200 °C, and 1300 °C for 1 h. Theoretical density was calculated by Eq. (1).

10 wt% in the composites improved the density. The compos-
ites containing 5 wt% MgF, (Fig. 4) had better densification than
the composites with 5 wt% MgO (Fig. 3). The maximum relative
density (91%) was found for the composite 10ZHAF sintered at
1300°C for 1 h.

Hardness measurements for 10ZHAO and 10ZHAF showed
that 10ZHAF had higher hardness values than 10ZHAO for all
of the sintering temperatures (Fig. 5).
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Fig. 5. Microhardness results of 10ZHAO and 10ZHAF composites.
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Fig. 6. X-ray diffraction patterns of (a) pure HA (ICDD #9-432) and (b) syn-
thetic HA sintered in air at 1100 °C for 1 h. All peaks correspond to HA.

When the synthetic HA made by precipitation method was
sintered at 1100°C for 1h, all the XRD peaks were cor-
responding to pure HA as seen in Fig. 6. XRD patterns
of 10ZHAO, 25ZHAO, and 40ZHAO composites sintered at
1000°C, 1100°C, 1200°C and 1300°C for 1h are presented
in Figs. 7-9. As the sintering temperature increased, the PSZ
began to transform to c-ZrO,. HA started to decompose to a
mixture of a- and B-TCP at 1000 °C; at 1300 °C this decompo-
sition was nearly complete, and the TCP was entirely a phase.
When the amount of the zirconia increased in the composites,
HA decomposed faster at higher sintering temperatures. More-
over, HA was decomposed much faster in the composites with
MgO. This was verified by the changes in the hexagonal lattice
parameters of HA left in the composites (Table 2). Hexagonal
lattice volumes of HA left in 10ZHAO were greater than that of
pure HA (Table 2). This showed that HA in 10ZHAO was Ca>*

Table 2
Hexagonal lattice parameters of HA present in the 10ZHAO and 10ZHAF
composites after the sintering between 1000 °C and 1300 °C

Sample ID Sintering Lattice parameters Volume Avol.

temp. (°C) A (A3) (A3
a c

HA 1100 9.4264 6.8884 1584.7
1000 9.4402 6.8957 1591.0 6.3
1100 9.4418 6.9018 1593.0 8.3

10ZHAO 1200 94215  6.8877 15829  —18
1300 9.4231 6.8967 1585.5 0.8
1000 9.3814 6.8884 1569.6 —15.1

0ZHAF 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
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Fig. 7. X-ray diffraction spectra of the air sintered composites: (a) HA (ICDD
#9-432); (b) B-TCP (ICDD #9-169); (c) a-TCP (ICDD #9-348); (d) t-ZrO,
(ICDD #17-923); (e) 10ZHAO, 1000 °C, 1h; (f) I0ZHAO, 1100°C, 1h; (g)
10ZHAO, 1200°C, 1 h; (h) 10ZHAO, 1300°C, 1h.
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Fig. 8. X-ray diffraction spectra of the air sintered composites: (a) HA (ICDD
#9-432); (b) B-TCP (ICDD #9-169); (c) a-TCP (ICDD #9-348); (d) t-ZrO»
(ICDD #17-923); () 25ZHAO, 1000°C, 1h; (f) 25ZHAO, 1100°C, 1h; (g)
25ZHAO, 1200°C, 1h; (h) 25ZHAO, 1300°C, 1h.
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Fig. 9. X-ray diffraction spectra of the air sintered composites: (a) HA (ICDD
#9-432); (b) B-TCP (ICDD #9-169); (c) a-TCP (ICDD #9-348); (d) t-ZrO,
(ICDD #17-923); (e) 40ZHAO, 1000°C, 1h; (f) 40ZHAO, 1100°C, 1h; (g)
40ZHAO, 1200 °C, 1 h; (h) 40ZHAO, 1300°C, 1h.

and OH™ deficient. HA in 10ZHAO slightly started to decom-
pose to second phases at 1000 °C. Moreover, HA in 25ZHAO
and 40ZHAO started to transform to 3-TCP at 1000 °C. Percent-
age of HA transformed into second phases (e.g. TCP, calcium
zirconate) in the composites containing 5 wt% MgO is shown
in Table 3. Transformation of HA into TCP was calculated by
Eq. (3). When wt% of zirconia and sintering temperature were
increased, more HA decomposed into second phases.

XRD patterns of 10ZHAF, 25ZHAF, and 40ZHAF compos-
ites sintered at 1000 °C, 1100°C, 1200 °C, and 1300°C for 1h
are presented in Figs. 10—12. Tetragonal zirconia in these com-
posites was stable after the sintering at 1000 °C and 1100 °C.
Moreover, this t-ZrO, was converted to c-ZrO; after the sintering
at 1200 °C and 1300 °C. HA in all of the composites containing
5 wt% MgF, was stable after all the sinterings between 1000 °C
and 1300 °C. This was verified by the change in the hexagonal
lattice parameters of HA left in the composites (Table 2). Hexag-
onal lattice volumes of HA left in 10ZHAF were smaller than

Table 3
%HA decomposed to TCP in the HA—zirconia composites containing 5 wt%
MgO

Sample ID Sintering temp. (°C)

1000 1100 1200 1300
10ZHAO 12 19 31 52
25ZHAO 15 27 61 78
40ZHAO 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) B-TCP (ICDD #9-169); (c) a-TCP (ICDD #9-348); (d) t-ZrO,
(ICDD #17-923); (e) 10ZHAF, 1000°C, 1h; (f) 10ZHAF, 1100°C, 1h; (g)
10ZHAF, 1200 °C, 1 h; (h) 10ZHAF, 1300°C, 1h.
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Fig. 11. X-ray diffraction spectra of the air sintered composites: (a) HA (ICDD
#9-432); (b) B-TCP (ICDD #9-169); (c) a-TCP (ICDD #9-348); (d) t-ZrO,
(ICDD #17-923); (e) 25ZHAF, 1000°C, 1h; (f) 25ZHAF, 1100°C, 1h; (g)
25ZHAF, 1200 °C, 1 h; (h) 25ZHAF, 1300°C, 1h.

(h) Ll . |

(®) A J JALL 3

. gl wa

Intensity (Arbitrary Units)

L

Bolow vo wtt une ol vue biy L
T

a)l. ; .".l .|I|II T~ .I'l."".' Ll
5 10 15 20 25 30 35 40 45 50 55 60 65 70
Angle (26)

Fig. 12. X-ray diffraction spectra of the air sintered composites: (a) HA (ICDD
#9-432); (b) B-TCP (ICDD #9-169); (c) a-TCP (ICDD #9-348); (d) t-ZrO,
(ICDD #17-923); (e) 40ZHAF, 1000°C, 1h; (f) 40ZHAF, 1100°C, 1h; (g)
40ZHAF, 1200 °C, 1 h; (h) 40ZHAF, 1300°C, 1h.

that of pure HA (Table 2). This showed that HA in 10ZHAF was
doped with F~.

4. Discussion

The highest relative density (91%) was found after sintering
the 10ZHAF composite at 1300 °C (Fig. 4). Sintering at lower
temperatures or higher ZrO, with 5 wt% MgO contents caused
higher porosity. This was due to the production of water during
the sintering in the composites with MgO. This resulted in higher
hardness values for I0ZHAF composites than that of 10ZHAO
composites. In the HA and zirconia composites with MgO, HA
decomposes faster into TCP, CaO and water.

The decrease in the decomposition of the HA by addition
of 5wt% MgF; to the sintering powders of HA and partially
stabilized composites (10ZHAF, 25ZHAF, and 40ZHAF led to
lower porosity in the sintered composites with MgF, than the
composites with MgO because of the less water produced dur-
ing sintering. This reduced porosity led to higher densification
and more phase stability of the sintered composites with 5 wt%
MgPF,.

When the starting zirconia powder contains 3 mol% Y,03,
it is in the tetragonal structure, with no m-ZrO; phase present
(Figs. 7-12). This powder is more reactive with MgO after all
of the sintering temperatures, leading to more decomposition
of HA in the composites of 10ZHAO, 25ZHAOQO, and 40ZHAO.
Perhaps the reason for this more reactivity is that the diffusion
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of MgO into ZrO, and HA react with them to produce second
phases. The decomposition reaction of HA into second phases
is

Ca9(PO4)6(OH); = 3Ca3(POy4); + CaO + HyO “4)

The CaO formed by the decomposition of HA (reaction (4)) can
react with zirconia to form CaZrOj3:

CaO + ZrO, = CaZrO;3 5)

This reaction appears to take place only at 1200 °C or above,
from Figs. 7-9. Moreover, MgO present in the HA—zirconia
composite also reacts with t-ZrO; to transform it to c-ZrO»:

MgO + t-ZrO; = MgO-doped c-ZrO; 6)

HA begins to decompose by the reaction (4) at sinter-
ing temperatures above about 1150 °C in ambient atmosphere.
Tetragonal-zirconia and MgO in the HA composites without
added fluoride accelerates this decomposition of HA. One rea-
son for this more reaction is that the CaO formed in reaction (4)
can react with the t-ZrQO; to form CaZrO3 (reaction (5)).

Formation of CaZrOj in the sintered 10ZHAO, 25ZHAOQO, and
40ZHAO composites was confirmed by XRD. Removal of the
CaO in reaction (5) than drives Eq. (4) to further decomposition
of the HA. Moreover, MgO plays also an important role in this
decomposition. It also accelerates this decomposition.

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

Ca0 + t-ZrOy = c¢-ZrO, @)

The original t-ZrO; (PSZ) transforms to the cubic phase as
CaO dissolves in it; the tetragonal phase in PSZ has a distorted
fluorite structure, in which oxides such as CaO, MgO, and Y,03
show considerable solid solubility. X-ray results showed that
some of the tetragonal-zirconia transformed to the cubic phase
after sintering of the composites with MgO.

The addition of 5wt% MgF; to the tetragonal-zirconia
and HA mixtures (10ZHAF, 25ZHAF, and 40ZHAF) strongly
reduced the tendency of the HA to decompose during sintering.
We propose that this reduced tendency of the HA is because
of partial substitution F~ ions for OH™ ions in the apatite
structure.303* This substitution of F~ ions for OH™ ions can
be written as

Ca0(PO4)s(OH), + MgF;
— Cajo(PO4)sF2 +MgO + H,0 (®)

This substitution (reaction (8)) takes place prior to sinter-
ing, even at temperatures below 1000°C.3! The water formed
in reaction (8) devolatilizes the powder mixture. Devolatiliza-
tion reactions in principle are equilibrium phenomena. However,
as the volatile component (H>O in reaction (8)) is allowed
to escape, equilibrium can never be attained and as a result,
only the right side of the reaction equation is favoured. As a
result, this devolatilization promotes to completion of reaction
(8) from left to the right, resulting in formation of fluorapatite
(Caio(PO4)6F2).”

The OH™ ions in the pure HA are positioned in openings
parallel to the c-axis.?>=33 Tonic radius of OH™ ions is greater
than that of the fluoride ions. Therefore, doping of F~ ions in
HA for OH™ ions leads to a shrinkage of the unit cell volume of
the HA 3933 Consistent with this shrinkage we found a decrease
in the hexagonal lattice volume of HA in the composites with
5 wt% MgF; addition, as seen in Table 2.

F-doped HA (Caj9(PO4)gF>) is more resistant to decompo-
sition than the pure HA after the sintering at high temperatures,
consistent with the reduced decomposition of HA after the incor-
poration of some fluoride ions (from MgF,) for hydroxyl ions.

5. Conclusions

Porosities of sintered HA and PSZ composites were reduced
by the addition of 5% MgF, to the green powder mixture. PSZ
with MgO increased the high temperature decomposition of HA,
leading to higher porosity; and the substitution of F~ ions from
the MgF, for OH™ ions in the HA structure suppressed the
decomposition of HA, resulting in lower porosity of the sintered
composites, improved micro-hardness and higher phase stabil-
ity. Substitution of F~ ions for OH™ ions in HA was verified by
the shrinkage of the lattice volume of the doped HAs. HA and
PSZ composites with MgF, had promising results with respect
to its densification, hardness and phase stability. More studies
should be done about the composites with MgF, to investigate
their response to bone cells and their biocompatibility. In vitro
cell attachment studies of the composites of HAP and PSZ with
5 wt% MgF, should be studied. If this gives promising results,
these composites can be tested as an implant in vivo under load
bearing areas.
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