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The phase stability, mechanical and in vitro bioactivity properties of hydroxyapatite/alumina composite with and without
yttria were investigated. Hydroxyapatite without additives decomposed at 1300 °C to beta- and alpha-tricalcium phosphate
and calcium oxide phases. Although alumina contributed to the mechanical properties of hydroxyapatite, it not only decreased
the decomposition temperature of hydroxyapatite from 1200 °C to 900 °C and it’s in vitro bioactivity property but also
increased the decomposition ratio of hydroxyapatite. An improvement in the properties of hydroxyapatite/alumina composite
was provided by yttria via inhibiting the solid-state reactions between hydroxyapatite and alumina via the formation of yttrium
aluminum oxide and calcium yttrium trialuminum oxide phases. The maximum fracture toughness of 2.178 £ 0.251 MPam'?,
microhardness of 4.947 + 0.191 GPa, a compressive strength of 227.75 + 27.87 MPa, and a three-point bending strength of
90.15 £ 6.93 MPa were achieved for hydroxyapatite/alumina composite containing 1.5 wt% yttria at the sintering temperature
of 1200 °C. The relative density of 92.94+0.11% was also attained. This ternary composite can potentially be used in the
human body for load-bearing applications because of its sufficient mechanical and in vitro bioactivity properties with a
decomposition ratio of 9.4%.
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Introduction (0-TCP), tetra tricalcium phosphate (TTCP) and calcium
oxide (CaO). Among them, B-TCP is only usable for
Hydroxyapatite (HA), is a calcium-phosphate-based temporary applications in the human body because it is
bioceramic having a similar composition to bones and resorbable. a-TCP is not suitable for the human body,
teeth. HA, which has exceptional biocompatibility, because its resorbable ratio is higher than the
osteoconductivity, and osteoinductivity, is extensively resorbable ratios of both HA and B-TCP. Moreover,
used in replacement of bones, tissue engineering, drug CaO is reported to be harmful when used as an implant
carriers, and biosensor applications [1]. Even so, usage of because of its high reactivity against water. Besides, the
HA is still limited due to its low strength and brittle existence of CaO could cause the decohesion of
characteristic [2]. To resolve this issue, different implant material, because the formation of Ca(OH),,
approaches have been adopted to improve the mechanical and related volume changes could result in internal
properties of HA, such as adding dopants, making stresses [9-15]. To eliminate these problems, Al,Os
composites with ceramics, and controlling microstructures should be added at low loading to HA. Another
via novel consolidation techniques [3]. approach is the addition of an extra material to inhibit
Alumina (Al,O;) is a typical engineering ceramic the decomposition of HA in HA-AL,O; composites
which has high hardness, low fiiction coefficient, and [16].
reduced wear. Al,Os is suitable for structural, automotive, Yttria (Y,0O3) has a high melting point of 2462 + 19°C,
aerospace, biomedical and ballistic applications as well as and it is satisfied in high-temperature applications [17].
for cutting tools [4,5]. Previous studies have shown that the Besides, Y,0; can be used as an additive material
mechanical properties of HA can be improved by the without deteriorating the bioactivity of HA because its

addition of AL,O; [6-8]. However, the addition of mechanical properties are higher than that of HA [18,19].
AlL,O5 at a high loading to HA not only decreased the To date, limited investigations on HA-Al,O3-Y,0;
decomposition temperature of HA but also facilitated ternary composites are reported. K.E. Oksiiz and A. Ozer
the formation of secondary phases, such as beta- studied on the microstructural properties of HA-Al,O;-
tricalcium phosphate (B-TCP), alpha-tricalcium phosphate Y,0; ternary composites, which consisted of HA-
50%Al1,0; composited with 0.5% and 1% Y,0;[20]. It
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reported on the mechanical and in vitro bioactivity
properties of HA-Al,Os-Y,0; ternary composites.

In the present study, the ternary composites of HA-
Al,03-Y,05 were prepared by adding Al,O; and Y,0;
at low loadings to avoid decomposition of HA. A
series of tests were used to examine the microstructures
as well as mechanical and bioactivity properties of HA-
Al,03-Y,05 composites.

Experimental Procedure

HA (Across Organics Company, Belgium), Al,O;
(Sigma Aldrich, Germany) and Y,O; (Sigma Aldrich,
Germany) powders were used as starting materials in
the present study. The starting materials were mixed at
180 rpm for 2 h in a zirconia-coated stainless steel with
the addition of ethanol and zirconia balls having a
diameter of 10 mm to prepare the composites as shown
in Table 1. Mixed powders were dried in an oven at
105 °C for 1 d. Subsequently, 1.810 g powders were
pressed into pellets under 350 MPa according to British
7253 standard [22]. Pelleted samples were sintered for
4 h at five temperatures ranging from 900 °C and
1300 °C. The ramp rate was 5 °Cmin". Phase analysis
using a Philips X’Pert X-ray diffraction (XRD,
Netherlands) device was performed to the powders
obtained from compression test samples which were
crushed in a ceramic mortar. Cu-Ko was used as the
radiation source at a scan speed of 0.6 ° min™' and a

Table 1. Chemical composition of HA powder used as matrix
material in the present study.

Base Type of ASTM F1185-88 HA
elements impurity (ppm) (ppm)
Ca (39.894)
P (18.498)
As 3 <2
Hg 5 <1
Pb 30 <5
Cd 5 <2
Total of heavy 50 <10
metals
Cl <1500
Cu <20
F <50
Fe <400
Mn <20
SO~ <5000

Table 2. The compositions of the samples

Group Composition (wt%)
1 HA (%100)
2 HA-5A1,04
3.1 HA-5A1,05-0.5Y,0;
3 32 HA-5AL,0;-1.5 Y,05
33 HA-5A1,0;-2.5 Y505
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step scan of 0.02 ° in the range of 28 values between
25° and 50° The decomposition ratio of sintered
samples was determined by Rietvield analysis based on
the results of the XRD analysis. The surface
morphology of the sintered samples was determined
using FEI Sirion XL30 scanning electron microscope
(SEM, USA) after gold sputtering. The variations in
the average grain size were determined by the lineal
intercept method.

Green densities of the pelleted samples were
calculated by dividing mass against volume. Apperant
densities and porosities of the sintered samples were
calculated using Archimedes method. Theoretical
densities of the samples were calculated as 3.156,
3.188, 3.194, 3.206, and 3.218 g.cm™ for monolithic
HA, HA-5A and HA-5A-05Y, 1.5Y and 2.5Y
composites, respectively, according to mixture rule.
Theoretical densities the raw materials were separately
taken as 3.156 g.cm™ for HA [23], 3.970 g.cm™ for
ALOj; [24] and 5.032 g.cm™ for Y,0; [25], respectively.
To calculate the shortening percentage of sintered
samples, the lengths of each sample before and after the
sintering process were compared using an electronic
caliper having a sensitivity of 1/1000. The samples were
firstly ground using 800, 1200, and 2500 mesh SiC
papers and then polished with 10, 5, 3, and 1pum
diamond pastes until mirror-like surfaces were achieved
for microhardness and fracture toughness measurements.
200g load for 20 s was applied for microhardness
measurements, and 300 g load for 10 s was used for
fracture toughness measurements. To calculate the
average values and standard deviations, 10 indentations
were taken from the surfaces of three samples for both
tests. Fracture toughness values were calculated using
Niihara equation [26]. Compression tests were carried
out on 10 samples using a universal testing machine
(Devotrans FU 50kN, Turkey) under a loading rate of 2
mm.min"'. Three-point bending strength (c1pg) strength
measurements were carried to 5 different performed on
five samples, which were prepared according to ASTM
C1161-94 standard [27] at a cross head speed of 1
mm.min~" until broken. The inner and outer support
rings had diameters of 10 and 20 mm, respectively. The
gap between inner spans was 20 mm. The sintered test
bars were ground (1200 grit) on both sides before
testing. The in vitro bioactivity properties of the
monolithic HA, HA-5A, and HA-5A-1.5Y ternary
composites were determined by simulated body fluid
(SBF) prepared according to Ref [28]. Before the in
vitro tests, four samples were sintered to temperatures
at which the highest compressive strength values were
attained for a size of @11 and 4 mm?. After this stage,
the samples were ground by 400, 600, 800, 1000, and
1200 mesh SiC papers before being dried in an oven at
105 °C for 1 d. The samples were immersed in sealed
test tubes containing 20 mL of SBF solutions for 3, 7,
15, and 30 d. The 20 mL SBF solutions used in the in
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vitro tests were changed every day. At a specified time,
the samples were taken from the SBF solutions without
damaging the apatite layers and cleaned using distilled
water. Finally, the samples were dried at 60 °C for 12 h.
The apatite layers on the surface of samples immersed
in SBF solutions were investigated by SEM.

Results and Discussion

Microstructural properties

Fig 1 and Fig 2 illustrate the SEM images and average
grain sizes of the starting materials, respectively. HA had
evidently agglomerated particulates were in irregular
shapes and an average grain size of 7.096 um. Al,Os
presented an alpha structure with irregular shapes and an
average grain size of 8.334 um. Y,0O; also possessed
irregular shapes and an average grain size of 7.408 um.

Fig. 1. SEM image of (a) HA, (b) AL,Os and (c¢) Y,O; powder.

These results indicate that three types of powders had
similar median particle sizes. Fig. 3 shows the XRD
patterns of starting materials. The HA powder used in
the present study consisted of HA peaks compatible
with XRD card number of 98-008-0526. According to
the chemical composition (Table 1) given by Across
Organics Company, HA can be used in biomedical
applications because it agreed with ASTM F1185-88
standard [21].

Fig 4 shows the XRD patterns of HA without
additives sintered at specified temperatures. Monolithic
HA consisted of HA peaks until the sintering
temperature reached to 1100 °C. Sintering at 1200 °C
caused the decomposition of HA, which was
determined by the presence of B-TCP (an XRD card
number of 98-007-6896) in addition to HA peaks. At
1300 °C, decomposition was still observed because o-
TCP (an XRD card number of 98-007-8499) and CaO
(an XRD card number of 98-003-4977) phases were
detected in addition to the HA and B-TCP. The
decomposition of pure HA at the sintering temperature
of 1300 °C can be explained by Reaction 3.1 [29].
(Ca3(PO4), is B-TCP, and Ca;P,0giss a-TCP)

Calo(PO4)6(OH)2—) 2C3.3(PO4)2 + Ca3P208 +
Ca0 + H,0 (.1)

Although HA decomposed at temperatures which
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Fig. 2. Particulate size of (a) HA, (b) A,Os; and (¢) Y,O; powder.
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were higher than 1100 °C, the main phase was still HA
at all sintering temperatures. HA-Al,O; composite
included the peaks of 0-Al,O; and calcium aluminates
such as Ca;Al,O4, CaAl;O7, and CaAl,O, in addition to
HA, B-TCP, and o-TCP as shown in Fig 5. It was
determined that a-Al,O; phase was found at all sintering
temperatures. The Ca;Al,O¢ and CaAl,O; phases
remained up to 1100°C and 1200 °C, respectively.
CaAl,O, appeared at the sintering temperatures of
1200 °C and 1300 °C. As stated in previous reports [30-
32], these calcium aluminates have positive effects on the
improvement of bioactivity of some materials used in the
human body. Calcium aluminates are formed due to the
solid-state reactions between HA and Al,O; powders
[33]. Fig. 5 also revealed that the addition of Al,O; to
HA reduced the decomposition temperature of HA
from 1200 °C to 900 °C. Solid-state reactions in ionic
materials occur by the diffusion of ions across the
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Fig. 3. XRD analysis of starting powders at room temperature.
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interface. In the present case, for the formation of
calcium aluminates, Ca®’" and AI’* are important
species. The reaction can take place in two ways, i.e.,
A" can diffuse into HA, or Ca*" can diffuse from the
HA into Al,Os [16]. Fig. 6 shows the XRD analysis of
Y,0; added composites. Y-containing phases, such as
yttrium aluminum oxide (AlIYOj3;, XRD card number of
98-000-1802), calcium yttrium trialuminum oxide
(CaAl;YO,;, XRD card number of 98-001-6827), and
Y,0; (XRD card number of 98-003-4446), were
detected in addition to HA, B-TCP, a-TCP, and calcium
aluminate phases. While AIYO; and Y,O; were
detected to HA-5A-Y composites at all sintering
temperatures, CaAl;Y,; phase was only observed for
HA-5A-2.5Y at all sintering temperatures. The CaO
phase was not detected for pure HA. This was because
of the usage of Al,O; at low loadings and formation of
AIYO; and CaAl;YO; phases, which could inhibit the
reaction between HA and Al,O;. The AIYO; has an
orthorhombic crystal lattice structure with a=5.330 A,
b=7.375A and ¢ =5.180 A as well as with a =90 °, B
=90° and y=a=90° [34], which occurs at the
interface of Al,O; and Y,O; powders as reported in
previous reports [35,36] according to Reaction 3.2.
Y203 + A1203—) 2A1YO3 (32)
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Fig 4 XRD analysis of HA without additives depending sintering
temperatures.
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Fig. 5. XRD analysis of HA-5A binary composites depending on
the sintering temperatures.
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Table 3. Rietvield analysis of monolithic HA.
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Fig. 6. XRD analysis of (a) HA-5A-0.5Y, (b) HA-5A-1.5Y and (¢
HA-5A-2.5Y ternary composites depending on sintering
temperatures (¢: HA, : B-TCP, o: a-TCP, 1: a-Al,0Os, 2: CaAl,O,
3: Ca3A1205, 6: CaA1204, . AIYO3, . CaAl3YO7, -U . Y203)

CaAl;YO; has a tetragonal crystal lattice structure
with lattice parameters of a=7.676 A, b=7.676 A and
c=5.040 A as well as with a=90°, B=90°, y=90"°.
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Fig. 7. Relative amount of HA decomposed to TCP in HA with
additives depending on the sintering temperatures.

Morever, it has been also detected in the CaO-Al,Os-
Y,05 ternary phase diagram as reported by Ref [37].
The formation of Y*'-containing phases is not only
related to the ion radius of Y*" (0.93 A [38]), A"
(0.51 A [39]), and Ca*" (0.99 A [40]) but also related to
the close distance between Y-O (2.366 A [41]) and Ca-
0 (2.380 A [42)).

Table 3 shows the Rietvield analysis of pure HA. The
amount of secondary phases in pure HA was less than
5%, and the main phase was HA at all sintering
temperatures. Fig. 7 shows the Rietvield analysis of HA-
5A binary composite with and without Y,0;. The amount
of HA% in HA-5A binary composite decreased from
90.4% to 68.2% by increasing sintering temperatures.
The decomposition rate of HA-5A composite agreed
with a previous report [43]. Fig. 7(a) reveals that the
amount of HA% in HA-5A composites can be
increased by Y,0; additive at all sintering
temperatures. The HA% in HA-5A-0.5Y, HA-5A-1.5Y,
and HA-5A-2.5Y composites decreased from 91% to
77.4%, from 89% to 77.2%, and from 88.5% to 76%,
respectively. The amount of B-TCP was about 18% for
HA-5A composite at elevated temperatures. Via
compositing with 1.5% Y,0;, the reduction was about
50%-60% at the amount of -TCP in HA-5A composite,
when sintering had performed at the temperatures of
1200°C and 1300 °C, respectively. Although the
additions of Y,0; at 0.5% and 2.5% reduced the B-TCP
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Fig. 8. SEM microstructure images of monolithic HA and HA-5A samples, depending on the sintering temperatures.

ratios of HA-5A composite, the highest reduction rates
were achieved by adding 1.5% Y,0;. o-TCP appeared
only at sintering temperature of 1300 °C, in the present
study. The ratio of a-TCP of the HA-5A binary
composite at this temperature increased only in the
ternary composite of HA-5A-0.5Y at a negligible level,
but it was in low rates to the others.

As far as the decomposition rates of the HA-5A-Y
ternary composites were concerned, it was determined
that the HA-5A-1.5Y ternary composite decomposed at
lower rates than the others. The ternary composites

formed by adding Y,O; in this study had a high
stability at elevated temperatures, compared to previous
studies [44-47]. Such a result is related to the low
reactivity characteristics of the added powders to HA.
Fig. 8 and Fig. 9 show the SEM images of HA with
and without additives. The following results can be
revealed: i) Sintered samples between 900 °C and
1100 °C were porous. ii) An excessive grain growth
occurred in monolithic HA at elevated temperatures,
which could be minimized by additives. iii) Microcracks
were observed on the surface of samples after sintering
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Fig. 9. SEM microstructure images of Y,0; added samples depending on sintering temperatures.

at elevated temperatures. iv) Addition of Y,O; to the
HA-5A composite contributed to the formation of
homogenous microstructures. Porous structures are
related to the insufficient sinterability of samples. Grain
growth of HA at elevated temperatures could be
decreased by additives because their thermal expansion
coefficient (TEC) was lower than that of HA. The TEC
values of HA, ALO;, and Y,O; are 13.6 x 107°[48], 8 x
10°° [49] and 8.9x 10 ° [50] as stated in previous
literatures. The low TEC of additive materials contribute
the improvement of the mechanical properties of
monolithic HA as declerated by Ref [51]. It has been
well established that a decrease in grain size increased
the mechanical properties according to the Hall-Petch
equation (o = o, + kd™?) [52]. Microcracks observed at
elevated temperatures are related to the presence of [3-
and o-TCP phases. It has been well described in
previous studies that f- and o-TCP phases have the
different TEC values than that of HA [53]. Microcracks,

which was imaged on the surface of monolithic HA
sintered at elevated temperatures, had a transgranular
morphology as in HA-5A and HA-5A-Y composites,
but they presented bigger sizes compared to samples
composited with Al,O; and Y,0;. This could be
explained by the average grain sizes of the sintered
samples, as shown in Fig. 10. The average grain sizes
of pure HA were determined to be 0.162+ 0.019 um at
900 °C, 0.186 + 0.020 pum at 1000 °C, 0.473 + 0.035 um
at 1100°C, 7.955+1.166 ym at 1200°C and 17.167 +
2.156 um at 1300 °C. The grain sizes of HA-5A composite
were 0.109+0.014, 0.199+0.019, 0.427 +0.033,
0.812+0.110, and 10.171 £3.157 um. The average
grain size of HA-5A composite sintered at 1200 °C and
1300 °C were about 88% and 40% of pure HA. The
samples composited with Y,O; had 90% and 50%
average grain sizes of pure HA. As shown in these
values, addition of Y,0s enabled us to prevent excessive
grain growth of pure HA as well as HA-5A composite,
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which can be related to the presence of AIYO; and
CaAl;YO; phases. Low grain sizes led to a high barrier
for the progression of microcracks. Via the formation of
AlYOj; and CaAl;YO; phases, the amount of B- and o-
TCP phases could be minimized. In the other words,
decomposition was successfully hindered because of
the inhibition of the solid-state reactions between HA
and Al,O3; powders as shown in Fig. 11.

Fig. 12 shows the activation energy for grain growth
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of samples. The activation energy value of pure HA was
determined to be 178.83 kJ mol™" (42.56 kcal mol™). As
stated by P. Layrolle [54], the activation energy of HA
ranges from 120 to 240 kJ mol™ (28.6- 57.3 kcal mol ™).
The activation energy of HA-5A composite was found
to be 173.95kJ mol' (41.40kcal mol™"). HA-5A
composite has lower activation energy than that of HA
because of the inhibition of the growth of HA grains
due to the presence of calcium aluminate phases, which
were detected by XRD analysis. The activation
energies of HA-5A-0.5Y, HA-5A-1.5Y, and HA-5A-2.5Y
composites were calculated as 169.60, 164.23, and 163.68
kJ mol ™", respectively. These values indicated that the
activation energies of samples composited with Y,0; were
lower than that of monolithic HA, which is about 7%. As
stated by Ref [55, 56] that a high level of activation
energy needed to reach large grain sizes.

Physical and mechanical properties

Fig. 13 illustrates the physical properties of sintered
samples. With increasing sintering temperature, the
shrinkage and density increased, and the porosity
decreased as expected. The maximum shrinkage (18.20
+(0.62%) was obtained for pure HA at the sintering
temperature of 1300 °C. At this maximum shrinkage,
the pure HA reached a density of 3.064 + 0.024 g cm™
and a relative density of 98.353+0.176%. with a
porosity of 2.912 + 0.769%.

The shrinkage rate as well as other properties of
composites were generally lower than that of pure HA.
Without Y,0;, the maximum shrinkage of the HA-5A
composite was 17.263 £0.751%, which could be
improved by adding Y,0O; at about 2%. Although the
addition of Y,0; increased the shortening rate of HA-
5A composite, the other physical properties of HA-5A-
Y ternary composites were lower than that of both HA-
5A and pure HA. The same situation was also observed
for HA-based bioceramics which included two
different oxide ceramics as an additive material, such
as ZrO,-La,0; [57] and MgO-ZrO, [58]. The sintered
density of the composites were lower than that of pure
HA for two reasons: First, the decrease in average
grain size by additives, which led to the formation of
porous structures. Second, the amount of - and a-TCP
of the composites, which have lower theoretical density
values compared to HA, were higher than that of HA
(HA: 3.156 g cm™, B-TCP: 3.07 g cm™ [59], and -
TCP: 2.86 g cm™ [60]). As could be seen from the
SEM images, porous structures had generated because
of low levels of neck formation among grains for
sintered samples up to 1100°C. After sintering at
1200 °C, the densification rates of the samples increased
sharply and reached the maximum values, which varied
between 90% and 92% for HA with additives. At those
densification rates, the mechanical properties of the
composites also presented the maximum values as
shown in Fig. 14. Densification at around 90% is
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Fig. 13. Physical properties of sintered samples.

desirable because of the presence of a certain degree of
porosity as well as of reabsorbable phases (a- and B-
TCP) contributing to bone intergrowth and a subsequent
implant-bone interfacial adhesion [61]. It has been
successfully achieved in the present study. Fig. 14 shows
the mechanical properties of the samples. Except
microhardness, the mechanical properties of monolithic
HA reached the maximum values just before densification
was completed. The mechanical strength values of pure
HA were 0.96 + 0.05 MPam'? for Kic, 130 + 6.22 MPa for
Geompressives 00.27£9.93 MPa for orpp, and 4.87+ 0.15
GPa for microhardness. Even though microhardness
increased with increasing densification, the reduction in
mechanical properties just before densification of pure
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Fig. 14. Mechanical properties of the sintered samples.

HA was also observed previously [62,63]. The increase
in density of ceramic materials improved the mechanical
properties, however; HA which was sintered at
temperatures of 1250-1300 °C decomposed and formed
inhomogeneous grains with low mechanical properties
[64—66]. Increment in microhardness value was related
to the fact that the B-TCP phase increased the hardness
of monolithic HA ceramics as stated by a previous
report [67]. The highest microhardness value was 4.62
+ (.48 GPa for the HA-5A composite, and it was 4.40
+0.56, 4.95+0.19, and 4.27 + 0.15 GPa for HA-5A-Y
ternary composites. Although the amount of B-TCP in
HA with additives was higher than that of pure HA,
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their microhardness was generally lower than that of
HA because of porous structures. Low fracture
toughness of HA restricts its load-bearing applications
in the human body. Fracture toughness of HA varies
nonmonotonically with grain size. It reaches a peak
value at a grain size of about 0.4 pm [68], and changes
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between 0.8 and 1.2 MPam'"? [69]. In the present study,
the K,. of pure HA reached the peak value of 0.96 +
0.05 MPam'? at an average grain size of 0.473 = 0.035
pum with a c/a ratio of 1.37+0.05. However, it
drastically decreased when the average grain sizes were
796+ 1.17 um at 1200°C and 17.17+2.16 um at
1300 °C. At those temperatures, the reduction rates in
K, values were 5% and 27%, and the c/a ratios were
about 2.94+0.39 and 3.06 £ 0.44, respectively. The
size of the microindentation cracks increased as shown
in Fig. 15 because of the increased grain size [70]. Low
fracture toughness of HA can be improved by increasing
the number of grain boundaries via decreasing the
growth rate of HA grains, which causes the growth of
intergranular cracks instead of the transgranular ones
[71].

With increasing temperature, K,. of HA-5A composites
increased to the maximum value of 1.95+ 0.10 MPam'?,
which is approximately two times higher than the peak
K, value of pure HA. Moreover, the c/a ratio of the HA-
5A (1.49 £ 0.10) composite at 1300 °C was about 51%
of pure HA (c/a=3.06 = 0.44). The calcium aluminate
phases formed by the addition of Al,O5 resulted in the
alteration and bridging of cracks occurring during the
decomposition of HA, which strengthened the matrix
against the formation of large cracks [72]. Therefore,
the fracture toughness values of Al,O;-reinforced
samples were higher than that of pure HA. Although
the K. value of the HA-5A composite was compatible
with a previous study on HA-AL,O3; composite [73], it
was lower than that of the Kic value of human cortical
bone (2-6 MPam'?) [74]. It was related to two main
reasons: First, the cortical bone is a composite material
with an advanced structure consisting of collagen fiber-
HAp crystallite networks (epitaxy) at the molecular
level, a lamellar structure at the microstructural level,
and aligned cylindrical units at the macrostructural
level [75]. Second, the fracture toughness and energy
of AlLOj; are not too high compared to other oxide
ceramics such as ZrO, [76]. The K. values of HA-5A-
Y ternary composites increased with increasing Y,Oj5 at
900 °C and 1000 °C. The highest K. values of 1.359 +
0.156, 2.178+0.251, and 2.002+0.227 MPam'?
belonged to HA-5A-1.5Y ternary composites between
the sintering temperatures of 1100 °C and 1300 °C. The
K, values of HA-5A-0.5Y and HA-5A-2.5Y composites
increased at 1300 °C as in HA-5A binary composite and
reached 1.832+0.334 and 1951+ 0.360 MPam'?
respectively. The highest K,. value of 2.178 + 0.251
MPam'? for HA-5A-1.5Y composite sintered at
1200 °C was obtained at an average grain size of 0.815
+0.149 with a c/a ratio of 1.415+0.09. At that
temperature, although the c/a value of the HA-5A-1.5Y
composite was lower than that of pure HA at about
51.87%, the maximum K, value was approximately
2.28 times higher than that of pure HA. Moreover, it
can be used in the human body for load-bearing
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Fig. 16. SEM images of the samples immersed into SBF solution.

applications because the maximum K, value of 2.178 +
0.251 MPam'? was in the range of K, values of the
cortical bone.

Although Gcompressive Of pure HA reached the maximum
value of 130+ 6.22 MPa at the sintering temperature of
1100 °C, Geompressive  Of the composites presented the
maximum values at 1200°C. At temperatures above
1100 °C, Gcompressive Values of pure HA were calculated as
101.8+5.01 and 65.6 + 5.59 MPa, respectively. The sample
with 5 wt% ALO; possessed Geompressive Of 214+ 32.50
MPa, which was higher than the maximum Geompressive Of
pure HA. This maximum Gempressive Of HA-5A was
comparable with a previous study in which HA was
doped by 15 wt% AlLO; [77].

However, Geompressive Of the HA-5A sample sintered at
1300 °C (149.7 + 32.8 MPa) was 69% of HA-5A sintered
at 1200 °C. Such a reduction could be attributed to the -
TCP and CaAl,O,4 phases. A decrease in Geompressive Values
was also observed for Y,0; added samples which had
sintered at the temperature of 1300 °C. As reported by

HA-SA-15Y
o 1‘»?’

Ref [78, 79] that CaAl,O, is a phase formed in HA-
AlLOs system, which accelerate the decomposition of
HA into o-TCP phase. TCP is available in two forms
of B-TCP and a-TCP. B-TCP has a hexagonal crystal
lattice structure of type R3CH and unit cell dimensions
of a=b=10.439 A and ¢ =37.375 A as well as with a
=B=90° and y=120° [80], and its compressive
strength is about 120 MPa [81]. o-TCP has a
monoclinic crystal lattice structure of P21/a type and
has unit cell dimensions of a =12.859 A, b=27.354 A,
and ¢=15222 A, and o= 90°, p=126.35° and y=
90 °. Its compressive strength is about 10 to 30 MPa
[82, 83]. Gcompressive Of the samples sintered at 1300 °C
decreased not only because of microcracking arising
from the combined expansions associated with p-to-a
TCP transformation but also because of the lower
mechanical properties of a-TCP compared to $-TCP.
In samples composited with Y,0;, the maximum
Geompressive Values of 258 +37.95, 227.75+27.87, and
221.5 +28.04 MPa were obtained with increasing Y,O;
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before B-to-a. TCP transformation. These high Geompressive
values for samples composited with Y,0O; were related
to the fact that the amount of TCP phases was hindered
by Y,0; additives, which contributed to the formation
of homogenous grains as well as high mechanical
properties. As stated by Ref. [84], the ultimate Geompressive
of human cortical bone ranges from 100 to 230 MPa. As
can be seen from these values, although the HA-5A-
0.5Y ternary composite had a higher Gcompressive Value
compared to the human cortical bone, the others were
in the range of Gompressive Values of the human cortical
bone.

The orpp. of pure HA changes between 33.9 and 112
MPa depending on the porosity ratio [85, 86]. The
orpp. of pure HA used as a matrix material in the
present study increased with increasing temperature
and reached the maximum value of 60.27 = 9.93 MPa
at 1100 °C. The maximum orpp, of pure HA decreased
with increasing sintering temperatures as in the
measurements of fracture toughness and compressive
strength. The orpp of the HA-5A composite without
Y,0j; additive presented the maximum value of 75.70 +
2.40 MPa at a temperature of 1200 °C. An increment
ratio of 25.6% was achieved compared to pure HA.
With increasing sintering temperatures, as in the HA-
5A composite, the orpp. values of Y,03-added samples
at amounts of 0.5 and 2.5 increased from 23.97 + 5.11
MPa to 82.22 + 8.45 MPa and from 31.05 + 7.54 MPa
to 84.87 + 11.71 MPa, respectively. For HA-5A-1.5Y
ternary composite, the orpp value increased from
3342+ 747 MPa to 90.15+6.93 MPa until the
sintering temperature of 1200 °C but decreased to 83.97
+11.89 MPa at 1300°C. It was also found that the
orps. of HA-5A (37.07+10.62 MPa) sintered at
1300 °C could be increased by Y,0; additives at about
21.78%, 26.50%, and 28.92%. These values agreed
with the orpp, value of the cortical bone which ranged
from 50 to 150 MPa [87].

In vitro bioactivity properties

Due to it is necessary long period times, efforts, and
high cost for in vivo testing [88], the in vitro test has
been used to investigate the bioactivity property of a
biomaterial, which will be placed in to human body. By
in vitro testing, some properties of a biomaterial such
as osteoclast activity and osteoblast activity can be
analyzed using SEM [89, 90]. HA is a material that it
has the more bioactivity compared to polymeric and
metallic biomaterials. Moreover, there are also some
problems about the utilization of polymeric and
metallic materials in human body as following.

The resorbability rate of some polymeric materials
are not compatible with the regeneration time of
damaged tissues.

Polymeric materials may have toxic effects due to
their low molecular weight as well as their non-
polymerizable monomers, the materials required to
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start polymerization, various additives and catalysts.

In the case of corrosion and/or wear of a metallic
biomaterial such as cobalt-chromium alloys or titanium
alloys, they can be caused the lung diseases, painful
muscle spasms, shortness of breath, failure to perform
motor tasks, failure to perform cognitive functions,
memory loss, severe headache, and loss of appetite
[91, 92].

In the present study, the in vitro bioactivity tests were
performed to the samples exhibiting the highest
mechanical properties, during immersion times of 3, 7,
15, and 30 d. Fig. 16 shows the surface morphologies
of pure HA sintered at 1100 °C, as well as HA-5A and
HA-5A-1.5Y composites sintered at 1200 °C, respectively.
Apatite crystals on the surface of the samples started to
form at the end of a short immersion period like 3 d. The
amount of apatite crystals, however, was higher than that
of the composites. Moreover, compared with the HA-5A
binary composite, the Y,O; additive increased the
amount of apatite layers. The addition of Y,O; also
caused a similar effect as reported previously [93].
After 7 d of immersing into the SBF solution, apatite
crystals began to grow in a dendritic form instead of a
cubic shape for pure HA. However, it continued to
grow in cubic shapes for the composites. Large parts of
the surface of the samples were covered by apatite
layers after immersion time of 15 d. The apatites on the
surface of pure HA and HA-5A-1.5Y composite,
however, were thicker than that of HA-5A composite.
All of the surfaces of the sintered samples immersed
into the SBF solutions were covered by apatite layers
after 30 d. It was determined that both morphologies
and the amount of apatite layers deposited on the
surface of the samples were different depending on the
immersion time and compositions of the samples.
These differences are due to the differences in porosity
rates of the samples, the bioactivity properties of
additive powders, and the type of interphases that
occurred during sintering. The amount and proportion
of the apatite layers formed on the surfaces of the
samples held in the SBF solution increased as the
porosity ratio increased [94]. The porosity ratios of the
samples before immersing to the SBF solution were
26%, 3.32%, and 4.21% for monolithic HA, HA-5A,
and HA-5A-1.5Y, respectively. Apatite formation
followed the order of pure HA > HA-5A-1.5Y > HA-
5A. Although Al,O;5 has higher mechanical properties
compared to the HA, it is well known that Al,Os is a
bioinert ceramic, so the addition of Al,O; to HA
reduces the bioactivity property of HA. Therefore, the
in vitro bioactivity of HA-5A composite was lower than
that of monolithic HA and HA-5A-1.5Y composite. It
can be also said that HA-5A-1.5Y composite sintered at
1200 °C can be used as a bone grafting material in human
femur bone due to it has enough physical and mechanical
strength values and invitro bioactivity property.
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Conclusions

The mechanical properties of the sintered samples
reached the maximum values just before densification
was completed. At the maximum shrinkage rate of
18%, the densification rates of about 90% were
obtained for HA samples with additives, and it was
above 90% for monolithic HA. Although monolithic
HA was stable until 1200 °C, additives of Al,O; and
Y,0;3 reduced the decomposition temperature from
1200 °C to 900 °C. The decomposition rate of Al,Os-
added samples without Y,O; was higher than those of
monolithic HA and HA-5A-Y ternary composites. It
can be hindered by the addition of the Y,03; powder at
almost all sintering temperatures. Monolithic HA
sintered at 1200 °C and 1300 °C exhibited an excessive
grain growth and also microcracks which were
minimized by the additives. The highest mechanical
properties of monolithic HA could be improved by the
additives. Although the addition of Al,O; reduced the
in vitro bioactivity of HA, the addition of Y,Oj; to the
HA-A composite improved the bioactivity. The
optimum results in the HA-5A-Y ternary composite
were obtained by adding 1.5% of Y,0; powder. Because
of the sufficient mechanical and in vitro bioactivity
properties, the HA-5A-1.5Y composite sintered at
1200 °C can be potentially used in the human body.
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