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Abstract

Pure hydroxyapatite (HA), HA and partially stabilized zirconia composites (PSZ) with YF; and HA-PSZ composite containing 5 wt% PSZ
without YF; were sintered in air at 900 °C, 1100 °C and 1300 °C for 1 h. The reactions and transformation of the phases in the composites were
determined by X-ray diffraction. All the composites with or without YF; showed desirable thermal stability below 1300 °C and besides various
amounts of CaZrOj3, any amount of tri-calcium phosphate (TCP) was not observed. Above 1100 °C, composites with YF; showed higher thermal
stability than the composites without YF;. On the other hand, pure HA started to decompose and TCP was observed at 1300 °C. Composites with
YF; showed improved thermal stability than the composite containing 5 wt% PSZ without YF; and pure HA at lower sintering temperatures such
as 900 °C and 1100 °C. However, it was observed that the increasing amount of YF3 addition caused negative effect on the thermal stability of

the composites. 5SZHA composites with YF; showed the highest relative density among all of the composites with or without YF;.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Hydroxyapatite (Ca;o(PO4)s(OH),, HA) is a biocompatible
and bioactive ceramic [1-4]. HA has an efficient influence on
repairing damaged bone because of its similarity to inorganic
part of bone [5-7]. However, there are several restrictions for
the usage of HA due to its poor mechanical properties [8—13].

Various methods [7,10,12-17] were used to improve the
mechanical properties of HA. Among these methods, reinfor-
cing of HA with another ceramic [14-16,18-20] such as
zirconia (ZrO,) which has high strength and fracture tough-
ness, is a promising method [2,3,5,6,8-10,17,21-25]. How-
ever, there are some restrictions for reinforcing HA with ZrO,.
One of them could be the polymorphic transformation of ZrO,
from tetragonal to monoclinic phase during the cooling process
of sintered HA-ZrO, composites. This phase transformation
mechanism introduces large volume change into composite
matrix. This change is sufficient to exceed elastic and fracture
limits, and consequently to cause cracking of the ceramics
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[17]. Therefore, additives such as CaO, MgO and Y,O; can be
dissolved in ZrO, to minimize this phase transformation that
can cause large volume change. When 8% Y,03 was added to
Zr0,, fully stabilized zirconia was obtained instead of mono-
clinic phase at room temperature (RT). However, when the
lower amount of Y,0; exists in ZrO,, partially stabilized
zirconia (PSZ) occurs at RT. In contrast, small degree of this
volume expansion provides higher fracture toughness, which is
called transformation toughening mechanism [2]. According to
previous works, it was found that the excellent mechanical
properties were obtained for approximately 3% addition of
Y,0; into ZrO, [26].

HA decomposes to f-TCP approximately at 1200 °C and
o-TCP at ~ 1300 °C as seen in Reaction 1 [27-30]:

Ca;o(PO4)s(OH)2(1 —) — 3Ca3(PO4),+CaO+(1-x)H,0 (D

Decomposition of HA seen in Reaction 1 takes place well
below 1300 °C and HA starts to decompose to p-TCP in the
range of 1100-1150 °C and o-TCP in the range of 1150—
1250 °C in the presence of ZrO, [12,31,32]. When bioinert
ZrO, is added to HA as a reinforcing compound, it can

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.03.048


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.03.048
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ceramint.2013.03.048&domain=pdf
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.03.048
dx.doi.org/10.1016/j.ceramint.2013.03.048
dx.doi.org/10.1016/j.ceramint.2013.03.048
mailto:ustam@gyte.edu.tr

7870 A. Aykul et al. / Ceramics International 39 (2013) 7869-7877

diminish the biocompatibility and bioactivity of HA [27-30].
Moreover, HA reacts with ZrO, as seen in Reaction 2 [2]:

Ca9(POy4)s(OH)>+7Z1r0, — 3Ca3(PO,4),+CaZrO3;+H,0 2)

During this reaction, HA decomposes into p/a-TCP and a
second phase of CaZrO; in the HA-ZrO, composites. Hence,
decomposition rate of HA to p/a-TCP increases as the amount
of ZrO, increases in the composites. HA-ZrO, composite
decomposition reaction is at ~ 1300 °C.

Although several studies have characterized the HA-PSZ
composites and the effect of YF; on hot-pressed HA and
monoclinic zirconia composites [21], effect of YF; on the
phase stability and sinterability of HA-PSZ composites were
investigated in this study for the first time. In the present work,
pure HA, HA-PSZ composites with or without YF; were
prepared and sintered at 900 °C, 1100 °C, and 1300 °C for 1 h.
Composites were characterized by density, X-ray diffraction
(XRD) and scanning electron microscopy (SEM) in order to
determine the effect of YF; as a sintering agent on the phase
formation and sinterability of HA-PSZ composites.

2. Materials and methods

The materials used in this research were composites of HA—
PSZ with the addition of YF;. 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 (Ca(NOj3),-4H,0) and di-ammonium hydrogen phos-
phate ((NH4),HPO,) solutions in the alkaline pH region
[27,32]. 0.6 M Ca(NO3), - 4H,0 and 0.3 M (NH,4),HPO, were
separately dissolved in distilled water to obtain a Ca/P ratio of
1.67. Then, ammonia was added into the solutions to bring
their pH level to a level of 11-12. Then, Ca(NOs),-4H,O
solution was added into the (NH,4),HPO, solution in a drop

Table 1
Abbreviation and composition of the samples.

Name Abbreviation Composition
Hydroxyapatite and HA %100HA
partially stabilized zirconia 5ZHA %5SPSZ+%95HA
composites 5ZHAO0.5F %SPSZ+%94. SHA+%
0.5YF;
SZHAIF %SPSZ+%94HA+%1 YF;
SZHA2.5F 9%5SPSZA+%92.5HA+%2.5
YF;
10ZHAO.5F  %10PSZ+%89.5HA+%0.5
YF;
10ZHA1.F 9%10PSZ+%89HA+%1
YF;
10ZHA2.5F  %10PSZ+%87.5HA+%2.5
YF;
20ZHAO.5F  %20PSZ+%79.5HA+%0.5
YF;
20ZHAIF 9%20PSZ+%T9HA+%1
YF;
20ZHA2.5F  %20PSZ+%77.5HA+%2.5
YF;

wise manner and pH of the final mixture was kept at 11-12.
Following the stirring of the mixture for 24 h, the mixture was
left to aging for 2-days. Then, it was filtered with a fine filter
paper and a wet cake was obtained. The wet cake was dried in
the furnace at 200 °C overnight to remove the excess water.
The powders of the PSZ (3% Y,03-97% ZrO,) (Zirconia Sales
Inc.) were then mixed with HA and reagent grade of YF;
powders. To accomplish this, the dried HA particles were
ground to 75 pum size (—200 mesh) powders using an agate
mortar and pestle. They were then calcined at 900 °C for 1 h
and mixed with PSZ and YF; powders by ball milling. Mixed
powders were sintered in air at 900 °C, 1100 °C, and 1300 °C
for 1 h in a high temperature box furnace. They were heated at
rate of 20 °C/min and hold for 1 h at the sintering temperatures
and then cooled to RT at rate of 3 °C/min in the furnace.

The bulk density of the sintered samples was determined by
measuring the weight and volume of the sintered composites.
The theoretical density (p,) of the composites (components a,
b, and c¢) was calculated from the known weights, W and
densities, p by the following formula [33]:

pig/em®) = (mv)vf (Vg’)iw(w_c ) )

Pa Po Pc

where component “a” is PSZ, component “b” is HA and/or
TCP and component “c” is YF3. Density of HA and TCP were
assumed to be the same for the simplicity of composite density
calculation. Theoretical densities of the PSZ, HA, and YF;
were used as 6.04, 3.156, and 4.01 g/cm3, respectively.

All the samples were pulverized using an agate mortar and
pestle before the XRD characterization. After the pulverizing,
they were pressed onto a dimpled quartz glass. Then, they were
characterized by a BRUKER-ADVANCE D8 XRD diffract-
ometer with a Cu-Ka radiation at 40 kV/40 mA at 1.54178 A.
Each sample was scanned from 20 to 70° in 26 with a step size
of 0.02° and scanning rate of 3° min~'. The hexagonal lattice
parameters of HA were calculated by successive approximations
according to standard procedures [34]. The volume of the each
unit cell was calculated by the following formula V=2.589a%
[35]. To determine the phases present in the samples, XRD peak
positions were compared with the Joint Committee on Powder
Diffraction Standards (JCPDS) PDF files [36].

To determine the decomposition of HA into TCP, the
relative amounts of phases (wt%) were determined from the
most intense XRD peaks of the HA and a-/p-TCP [34,37]. 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 f-TCP was
determined for mixtures 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 R
did not depend on the relative amounts of HA and TCP; the
values of Rp found were 1.755 for Ro=Iy/ly and Ro=Iy/l,=
2.217, where Iy, I and I, are the XRD peak heights for HA, f-
and a-TCP, respectively in mixtures of known concentrations.
Then, according to sintering temperatures (900 °C, 1100 °C,
and 1300 °C), %HA decomposed to o and B-TCP in the
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composites was calculated by the following formula:
Wn/Wp =R/Ro (4)

where Wy and W are the weight fractions of HA and B-TCP,
respectively. A similar formula for mixtures of HA and o-TCP,
with W, substituted for Wj, was used. Moreover, hexagonal
lattice parameters and unit cell volume change of HA in the
HA-PSZ composites were calculated by successive approx-
imations according to standard procedures [34].

Sample surfaces were examined by a JEOL JSM-840A SEM
at 7-15kV to determine the grain size of the composites.
Samples were coated with gold by a POLARON-SC7610
Sputtering vacuum before the 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 [38].

Gae =L/NM (5)
where G,,. 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.
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3. Results

The relative densities of HA and all of the composites
sintered at 900 °C, 1100 °C and 1300 °C for 1 h are shown in
Fig. 1(a,b,c,d). In Fig. 1a, pure HA samples showed the intense
increase of relative density value with increasing the sintering
temperature up to 1100 °C and then slowly increasing the
temperature up to 1300 °C.

The relative densities of the SZHA composite samples with
or without YF; are shown in Fig. 1b. According to Fig. 1b,
5ZHAQ.5F, 5ZHAI1F, 5ZHA2.5F showed similar relative
densities at 1100 °C and their relative densities increased with
increasing the temperature up to 1100 °C. SZHA composite
without YF5 did not have the density as high as the other three
composites had at 1100 °C. This relative density difference
between 5ZHA composites with and without YF; can be
denoted as thermal stability effect of YF; on the thermal
sinterability of 5ZHA composites. Even though, significant
differences were not observed for 5ZHA composites with YF;
as a sintering agent, SZHA2.5F composite showed the highest
relative densities at higher sintering temperatures such as
1300 °C among the SZHA composites with YF5 addition.
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Fig. 1. Effect of various sintering temperatures on relative densities of the samples: (a) HA; (b) SZHA composites; (c) 10ZHA composites; (d) 20ZHA composites.
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10ZHA composites with YF; showed similar sinterability as
57ZHA composites with YF; addition according to Fig. lc.
The most prominent difference between Fig. 1b and c is that
the reduction for relative density value of 10ZHA2.5F compo-
site is lower than the reduction for relative density value
5ZHAZ2.5F at sintering temperature of 1300 °C.

According to comparison between Fig. lc and d, similar
densification behavior for 20ZHAO.5F and 10ZHAO.5F was
observed. Between 10ZHA and 20ZHA composites, highest
relative density values for 20ZHA composites were obtained
by increasing the sintering temperatures which showed sig-
nificant reduction compared to 10ZHA composites. Therefore,
increasing amount of PSZ content in the composites could be
the reason for this significant reduction of the highest
density value.

Intensity (Arbitrary units)

Angle (21)

Fig. 2. XRD patterns of (a) pure HA sintered at 900 °C for 1 h; (b) pure HA
sintered at 1100 °C for 1 h; (c) pure HA sintered at 1300 °C for 1 h. (Phases: 1:
HA; 2: CaO; 3: a-TCP).
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Fig. 3. XRD patterns of (a) SZHA sintered at 900 °C for 1h; (b) SZHA
sintered at 1100 °C for 1h; (c) 5ZHA sintered at 1300 °C for 1h; (d)
5ZHAO0.5F sintered at 900 °C for 1 h; (e) 5ZHAO.5F sintered at 1100 °C for
1 h; (f) SZHAO.5F sintered at 1300 °C for 1 h. (Phases: 1: HA; 2: t-ZrOy; 3:
CaZrOg3; 4: a-TCP).

XRD patterns of all the samples sintered at 900 °C, 1100 °C
and 1300 °C for 1 h are presented in Figs. 2-6. XRD patterns
of the samples were compared with JCPDS files for HA
(JCPDS #9-432), B-TCP (JCPDS #9-169); a-TCP (JCPDS #9-
348), CaO (JCPDS #48-1467), CaZrO; (JCPDS #35-0790),
and t-ZrO, (JCPDS #50-1089).

In general, it was observed that the decomposition of HA to
o-TCP and B-TCP was accelerated by increasing the sintering
temperature (especially at 1300 °C). Furthermore, increasing
percentage of PSZ in all the composites degraded thermal
stability of pure HA and HA-PSZ composites and the
composites containing 20 wt% PSZ showed the thermal

1
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Fig. 4. XRD patterns of (a) SZHAIF sintered at 900 °C for 1 h; (b) SZHAIF
sintered at 1100 °C for 1 h; (¢) 5ZHAIF sintered at 1300 °C for 1h; (d)
5ZHA?2.5F sintered at 900 °C for 1 h; (e) SZHA2.5F sintered at 1100 °C for
1 h; (f) 5ZHA2.5F sintered at 1300 °C for 1 h. (Phases: 1: HA; 2: t-ZrO,; 3:
CaZrOs; 4: o-TCP).
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Fig. 5. XRD patterns of (a) 10ZHAO.5F sintered at 900 °C for 1h; (b)
10ZHAO.5F sintered at 1100 °C for 1 h; (c) 10ZHAO.5F sintered at 1300 °C
for 1h; (d) 10ZHAIF sintered at 900 °C for 1h; (¢) 10ZHAIF sintered at
1100 °C for 1 h; (f) I0ZHAIF sintered at 1300 °C for 1 h; (g) 10ZHA2.5F
sintered at 900 °C for 1h; (h) 10ZHA2.5F sintered at 1100 °C for 1 h; (i)
10ZHAZ2.5F sintered at 1300 °C for 1 h. (Phases: 1: HA; 2: t-ZrO,; 3: CaZrOg;
4: B-TCP; 5: a-TCP).
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Fig. 6. XRD patterns of (a) 20ZHAOQ.5F sintered at 900 °C for 1h; (b)
20ZHAO.5F sintered at 1100 °C for 1 h; (¢) 20ZHAO.5F sintered at 1300 °C
for 1h; (d) 20ZHAIF sintered at 900 °C for 1h; (¢) 20ZHAIF sintered at
1100 °C for 1 h; (f) 20ZHAIF sintered at 1300 °C for 1 h; (g) 20ZHA2.5F
sintered at 900 °C for 1 h; (h) 20ZHA2.5F sintered at 1100 °C for 1 h; (i)
20ZHAZ2.5F sintered at 1300 °C for 1 h. (Phases: 1: HA; 2: t-ZrO,; 3: CaZrOs;
4: B-TCP; 5: a-TCP).

instability even if the amount of YF;3 content was increased
from 0.5 to 2.5 wt%, respectively. When the sintering of pure
HA, HA-PSZ composites with YF3 and 5ZHA was carried out
below 1300 °C, small amount of CaO was observed in pure
HA and small amount of CaZrO; was observed in HA-PSZ
composites. As the sintering temperature was increased to
1300 °C, HA started to decompose to second phases (e.g.
o-TCP). Hence, a-TCP was observed in almost all composites
with the smallest value for SZHAI1F sintered at 1300 °C and
B-TCP was observed in 20ZHAO0.5F, 20ZHAIF and
20ZHA2.5F sintered at 1300 °C. Moreover, highest thermal
stability for 5ZHAIF among others at higher sintering
temperature of 1300 °C was verified with decomposition
percentage of HA to TCP (Table 2). Percentage of HA
decomposed to o and B-TCP of the samples is shown in
Table 2. In addition, HA decomposed at high values to both
B- and a-TCP in 20ZHA composites at 1300 °C (Table 2). It
was observed that increasing the YF; amount in 20ZHA
composites increased the decomposition rate of HA to second
phases such as o and B-TCP at 1300 °C.

When sintering temperature was increased from 1100 to
1300 °C, composites with 2.5 wt.% YF; showed higher tendency
to decompose than the composites containing less amount of YF;
as well as accelerated F-OH ion substitution between HA and
YF;. 20ZHA composites containing 0.5 wt% YF; showed better
thermal stability than the composites containing 1 and 2.5 wt%
YF; at 1300 °C. Addition of YF; improved the thermal stability
of the HA-PSZ composites at low sintering temperatures such as
900°C and 1100 °C. However, when the excess amount of YF;
content exists in HA-PSZ composites, thermal stability of HA—
PSZ composites were negatively affected at higher sintering
temperatures. Consequently, it can be easily inferred from XRD
results that YF; content has two specific effect on HA-PSZ

Table 2
9%HA decomposed to TCP in pure HA and HA-ZrO, composites with or
without YFs.

Sample ID Sintering temperature (°C)

900 °C 1100 °C 1300 °C
HA 0 6.3 45.6
5ZHA 0 21.5 54.1
5ZHAO.5F 0 10.9 35.7
5ZHAIF 0 8.9 19.01
5ZHA2.5F 0 12.5 239
10ZHAO.5F 0 8.8 66.4
10ZHAI1F 0 55 48.6
10ZHA2.5F 0 9.6 55.8
20ZHAOQ.5F 0 0 63.1
20ZHAIF 0 0 65.4
20ZHA2.5F 0 13.7 69.6
Table 3

Hexagonal lattice parameters and unit cell volume change of pure HA and
HA-ZrO, composites.

Sample ID Sintering Lattice parameters (A) Unit cell
temperatures (°C) volume (A3)
a c
HA 900 9.4054 6.8708 1573.6
1100 9.408 6.8691 1574.1
1300 9.3463 6.8265 1543.9
SZHA 900 9.4074 6.8726 1574.7
1100 9.3934 6.8611 1567.4
1300 9.3598 6.8462 1552.8
5ZHAOQ.5F 900 9.3695 6.841 1554.8
1100 9.3966 6.8629 1568.8
1300 9.3441 6.8346 1544.9
SZHAIF 900 9.3774 6.854 1560.4
1100 9.3815 6.8625 1563.7
1300 9.3528 6.8344 1547.8
SZHA2.5F 900 9.3506 6.8382 1547.9
1100 9.3809 6.8648 1564.03
1300 9.3286 6.825 1537.7
10ZHAO.5F 900 9.3917 6.8603 1566.6
1100 9.3947 6.8635 1568.4
1300 9.3553 6.8504 1552.3
10ZHAIF 900 9.3988 6.8695 1571.1
1100 9.3818 6.8567 1562.5
1300 9.3826 6.8653 1564.7
10ZHA2.5F 900 9.3938 6.869 1569.3
1100 9.3647 6.85 1555.3
1300 9.3461 6.8368 1546.1
20ZHAO0.5F 900 9.3966 6.8654 1569.4
1100 9.3697 6.8463 1556.1
1300 - - -
20ZHAIF 900 9.4086 6.8811 1577.03
1100 9.3881 6.8644 1566.4
1300 - - -
20ZHA2.5F 900 9.4124 6.8966 1581.9
1100 9.3855 6.8638 1565.3

1300 - - -
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composites. The first effect of YF; on HA-PSZ composites is
YF; deficiency. When YF; deficiency occurs, the optimal F-OH
ion substitution between HA and YF; cannot occur. Second effect
is the addition of excess YF; to HA-PSZ composites. In this case,
decomposition of HA is accelerated and the amount of water,
which is given away by the chemical reaction (2) between HA
and YF;, increases. According to XRD results of HA-ZrO,
composites, it was found out that the optimum amount percentage
of YF; was 1 wt%.

Hexagonal lattice parameters and unit cell volume change
of HA in HA-PSZ composites are shown Table 3. Lattice
parameter (a and c) changes of pure HA, 5ZHA, and 5ZHA,
10ZHA, 20ZHA with different amount percentage of YF;
composites that occur during the pressureless air sintering at
different temperatures are presented, and also unit cell volume
changes of pure HA and HA-PSZ composites are presented in
Table 3. According to Table 3, when the unit cell volume

changes between HA and HA-PSZ composites is compared, it
is observed that the ion substitution of F- for OH™ between HA
and YF; during the sintering of HA-PSZ composites causes
lower unit cell volume. In addition, the ion substitution of
ZrO** for Ca®* between HA and PSZ during the sintering of
the composites causes higher unit cell volume. In general, it
could be easily inferred from both lattice parameter and unit
cell volume results that both of lattice parameter and unit cell
volume values decrease with increasing amount of YF;.
However, 20ZHA2.5F composite has higher lattice parameter
and higher unit cell volume among 20ZHA composites.

SEM micrographs of pure HA, 5SZHA, 5ZHAO0.5F, 5SZHA1F
and 5ZHA2.5F samples, sintered at 900 °C, 1100 °C and
1300 °C, respectively, are presented in Fig. 7. Average grain
sizes determined from the SEM micrographs showed changes
in grain size of the composites (Table 4). Especially, for
5ZHA2.5F, the grain size was increased from 135 to 1041 nm

Fig. 7. SEM micrographs of pure HA sintered for 1 h at (a) 900°C, (b) 1100 °C, (c) 1300 °C; SZHA sintered for 1 h at (d) 900 °C, (e) 1100 °C, (f) 1300 °C;
5ZHAOQ.5F sintered for 1 h at (g) 900 °C, (h) 1100 °C, (i) 1300 °C; SZHAIF sintered for 1 h at (j) 900 °C, (k) 1100 °C, (1) 1300 °C; 5ZHAZ2.5F sintered for 1 h at

(m) 900 °C, (n) 1100 °C, and (o) 1300 °C.
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Table 4
Average grain sizes of the pure HA, 5ZHA, 5ZHAO.5F, 5ZHAI1F, SZHA2.5F
sintered at 900 °C, 1100 °C, 1300 °C for 1 h.

Sintering Average grain size (nm)
temperature (°C)
HA S5ZHA 5ZHAO0.5F 5ZHAIF 5ZHA2.5F
900 148 130 132 122 135
1100 195 178 271 142 189
1300 328 260 328 183 1041

when sintering temperature was increased from 900°C to
1300 °C. In particular, there was more grain growth in the
composites after sintering between 1100 °C and 1300 °C.
Similar results were seen for the other HA and HA-PSZ
composites (data not shown). SZHAIF samples had smaller
grain sizes than the other 5SZHA samples (Fig. 7, Table 4) for
all of sintering temperatures (900 °C, 1100 °C, and 1300 °C).

Consequently; among 5ZHA and 5ZHAOQ.5F, 5ZHAIF,
5ZHA2.5F composites, it was observed that HA-PSZ compo-
sites with YF3 showed higher densification than the HA-PSZ
composite without YF3 at 900 °C, 1100 °C and 1300 °C. This
situation is determined as the basic influence of YF; on the
densification of HA-PSZ composites. Moreover, 5ZHA
showed lower densification than pure HA at 900 °C and
1300 °C. Therefore, increased proportion of porosity was
observed in 5ZHA microstructure at both 900 °C and
1300 °C, because ZrO- has a negative influence on densifica-
tion of HA. However, 5ZHA sintered at 1100 °C had higher
crystallinity than pure HA. On the other hand, according to
SEM micrograph of HA and 5ZHA, it can be inferred that the
growth of HA grains shows little reduction with the increasing
sintering temperatures.

All of the HA-PSZ composites with YF3; showed similar
densification characteristics at 900 °C, 1100 °C and 1300°C,
respectively. Although 5ZHAO.5F, 5SZHAI1F and 5ZHA2.5F
did not show enough densification, these composites still had
higher densification than that of pure HA at 900 °C. Otherwise,
5ZHAO.5F, 5ZHAIF and 5ZHA2.5F composites did not have
enough sinterability at low sintering temperatures such as
900 °C. It seems that the sintering temperature (900 °C) is not
sufficient to provide an adequate driving force for a higher
densification. Among these composites sintered at 900 °C,
5ZHA1F had the highest densification at this sintering
temperature. Grain growth was encountered in both 5ZHAOQ.5F
and 5ZHA2.5F as the sintering temperature was increased
from 900 °C to 1300 °C. In contrast, the grain growth was
minimized significantly in 5SZHAI1F with increasing sintering
temperatures. On the other hand, SZHA2.5F composite had the
best densification among the three composites at 1300°C.

4. Discussion

As seen in Fig. 1b, ¢, and d, highest densification behavior
was observed for 5ZHA with YF; among the composite
groups. Although % YF; addition has a great influence on
densification of HA-PSZ, it seems that also % ZrO, addition

takes an important role in densification of HA-PSZ by
accelerating the decomposition of HA as seen in reaction (1).
In addition, the increasing ZrO, addition reduced relative
density value for both 10ZHA and 20ZHA with YF; compo-
sites. Consequently, lowest relative density values were
obtained from 20ZHA with YF; composites. This situation
could be one of the possible reason why the SZHA with YF;
composite group, which includes the lowest % ZrO, content,
shows the highest densification. Chemical reaction (2) presents
interaction between HA and ZrO, [7,23,28]. CaZrOs is formed
when ZrO, is added to the HA structure, as seen in reaction
(2). This reaction could be the possible reason for reduction of
relative density of HA-ZrO, composite because of removing
of CaO from HA structure and giving away of H,O. Thus,
higher porosity is obtained in the presence of higher amount of
ZrO, and it leads to the lower relative density [6,29]. When
adequate amount of YF; was added to HA-PSZ composites,
more relative density values were achieved than that of 5ZHA
composite without YF;. Unlike 10ZHA and 20ZHA compo-
sites with YF;, 5SZHA composites with YF; showed slight
reduction of relative density values above 1100 °C. Moreover,
higher relative density value is acquired for 5ZHA1F compo-
site among 5ZHA composites with YF3. One of the possible
reason for this situation could be the influence of adequate
amount of YFj; for elimination of decomposition of HA. The
same densification behavior is also observed for 10ZHA
composites and the highest relative density is obtained for
10ZHAIF composite. However, the amount of YF; required
for the highest relative density increased from 1 wt% to 2.5 wt
%. It seems that the adequate amount of YF3 is 2.5 wt% in
order to eliminate decomposition of HA with 20 wt% ZrO,
addition.

The optimum level effect of YF; entirely depends on
relative amount of YF3 and t-ZrO,. The optimum level effect
of YF; can be well observed for 10ZHA composites. Because
both of YF3 and t-ZrO, amounts are sufficient to neutralize
their decomposition effects by interacting themselves chemi-
cally more than HA. According to XRD patterns; the least
decomposition of HA was observed for 5ZHA composites
which had YF; addition at all the sintering temperatures. Even
if 25wt% YF; was added to HA-PSZ composite, the
destructive effect of YF; did not take place because the
amount of HA was relatively greater than the YF; and as a
consequence in contrast to other composites (10ZHA2.5F,
20ZHA2.5F) only small amount of a-TCP was observed for
5ZHA2.5F composite at 1300 °C. However, when the relative
amount of both YF; and t-ZrO, is increased, YF; plays more
effective role in HA-ZrO, composite.

For 10ZHA composites; it was observed that 0.5 wt%
addition of YF; was insufficient to improve thermal stability
of HA-ZrO,, however, 2.5 wt% addition of YF; was far too
much than the needed amount. Hence, 10ZHA1F composite
showed the highest relative density (Fig. 1.c) value and
decomposition rate (Table 2) at 1300 °C among other
10ZHA composites. This situation can be associated with
literature [39] that excess amount of Y3 degrades the
sinterability and thermal stability of HA-ZrO, composites.
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The ion substitution of F~ for OH™ between HA and YF;
consists during the sintering of HA-ZrO, composites which
include YF; as a sintering agent. Moreover, this ion substitu-
tion provides higher thermal stability to HA-ZrO, composites
because F~ ions have smaller atomic radii than that of OH™
ions have. As a result, replacing OH™ ions with smaller one
enables to relieve unit cell's stress and makes HA more stable
at higher temperatures [7,11,31]. On the other hand, there are
some different ion substitutions that take place during the
sintering of HA-ZrO, composites. The ion substitution of
ZrO** for Ca®* could occur during the sintering process of
HA-ZrO, composites and unlike the ion substitution of F~ for
OH’, this ion substitution leads to higher lattice parameter and
higher unit cell volume, which causes to increase the unit cell's
stress [27]. However, the lattice parameter (a) and unit cell
volume results for I0ZHA1F composite had greater value than
both 10ZHAO.5F and 10ZHA2.5F composites at 1300 °C. The
amount of Ca®* for 10ZHAO.5F composite resulted from HA
decomposition at 1300 °C led to expansion in unit cell. That is
why higher both lattice parameter (a) and unit cell volume
value were resulted. 10ZHA2.5F composite had lower both
lattice parameter (a) and unit cell volume value than the
10ZHAIF as well. The possible reason for this is that YF3
mostly interacted with HA and resulted with increased
decomposition rate of 10ZHA2.5F composite as well as ion
substitution Y** for Ca®*, as seen supported in Fig. 5.

5. Conclusion

XRD patterns showed the decomposition mechanism of HA to
second phases affected by both t-ZrO, and YF; content ratio in two
different ways. t-ZrO, has a great impact on decomposition rate of
HA. Therefore, higher amount of t-ZrO, addition increases the
decomposition tendency of HA. In contrast to t-ZrO,, YF; could
be either beneficial or destructive. These characteristics mostly
depend on its addition amount to composites. In order to benefit
from YF; content, experimental works should be carried out either
under the optimum level of YF; or at the optimum level of YF;.
YF; interacts with both HA and t-ZrO,. When this interaction takes
place between HA and YF;, there could be two possible ion
substitution process. One of these ion substitution process is F~ for
OH™ while the other is Y>* for Ca®*. The second one could be
destructive for HA-ZrO, composites because of causing Ca**
deficiency, when the excess amount of YF; content exists in
composite structure. Optimum amount of YF; addition helps HA
to relieve its stress by replacing OH™ ions with the smaller one
(F) and makes it more stable at higher sintering temperatures. On
the other hand, when the optimum amount of YF; is exceeded, the
Ca®" deficiency occurs and HA become more prone to decompose
at higher sintering temperatures.
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