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Abstract This study is related to the effect of sintering on a
commercially synthetic hydroxyapatite powder (CSHAp)
uniaxially pelleted and sintered at various temperatures. A
series of thermal analysis methods and tests were used to
evaluate both phase changes that occurred during sintering
and physical and mechanical properties of sintered samples.
Bioactivity property of CSHA was investigated in SBF solu-
tion during 3, 7, 15, and 30 days. The results show that chang-
es in colors occur in sintered samples at 1200 and 1300 °C.
Phase changes occur in HA (-TCP at 1200 °C and HA f3-
TCP, o-TCP, and CaO phases at 1300 °C at less than 5% of
each phases. The hardness and density values attain to maxi-
mum value of 4.87 + 0.15 GPa and 3.06 + 0.02 g/cm® with
98.35 + 0.17% relative density at 1300 °C, respectively.
However, its compressive and flexural strengths increase by
increasing sintering temperature until 1100 °C
(130.20 + 6.22 MPa for Ocompressive and 60.27 = 9.93 MPa
for ogexurar) and then drastically decrease at elevated temper-
atures. Its fracture toughness and average grain size values
change between 0.68 + 0.05 and 0.96 + 0.05 MPam'”? and
0.162 £0.019 and 17.167 = 2.156 um. Apatite crystals occur
on the surface of CSHAp as needle at 3 days and they grow by
ascending dwelling time.
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Introduction

The replacement or restoration of troubled, damaged, or lost
bone is a major clinical problem worldwide. Present healing
methods to treat bone loss or damage include use of bone
grafts such as autograft and allograft [1]. Autograft sources
show an excellent osteoinductivity, but they are not available
in unlimited amounts, which leads to some anatomical and
structural problems, inadequate resorption rate during
healing, and also require an additional surgery. In the case
of allografts or xenografts, there are concerns about a possi-
ble contaminations with infectious material (e.g., HIV, hep-
atitis, or BSE), a potential immune response, and they may
induce the loss of osteoinduction [2, 3]. In order to overcome
these problems, artificial materials which can repair the bony
defects are needed [4]. Metallic and polymeric materials are
used in healthcare industry, but there are shortcomings of
these materials. Metallic materials such as stainless steel,
Co-based alloys, and Ti and Ti-alloys are commonly used
forbiomedical applications, though having good mechanical
strength, but one of the major problems is about metals that
are often prone to corrosion in the body environment [5].
Polymers have lower hard tissue compatibility and they re-
lease acidic degradation products which lead to inflammato-
ry responses [6]. On the other hand, ceramic materials such as
hydroxyapatite do not exhibit any cytotoxic effects, and it
shows excellent biocompatibility with hard tissues and also
with skin and muscle tissues, which is the most appropriate
ceramic material for hard tissue replacement [7]. HA has
been synthesized using several methods including wet-
chemical method in aqueous solutions, sol-gel method, hy-
drothermal method, thermal deposition, conversion of coast-
al corals, and continuous precipitation [8], or it is commer-
cially available from some companies such as Merck, Sigma
Aldrich, and etc. There have been numerous publications on
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the determination of sinterability and bioactivity properties
of CSHA powders in literature [9—18].

In the present study, not only thermal behavior but also
physical and mechanical properties of a commercially synthet-
ic HA obtained from Across Organics Company were inves-
tigated by a series of analysis methods and tests. The results
showed that decomposition at elevated temperatures leads to
reduction in mechanical properties before it attained higher
densification. Samples with higher compressive strength were
also tested to evaluate their in vitro bioactivity in a simulated
body fluid. SBF test shows that it has in vitro bioactivity

property.

Experimental procedure
Sample preparation

As said by M. Knepper et al. [19], bioactive synthetic HAp is
commercially available in different forms depending on the
material application, e.g., as fine powder (particle size
<20 pm) or as spray-dried agglomerates (particle size up to
165 pum). In the present study, a commercially synthetic hy-
droxyapatite was purchased from Across Organics Company
(CAS Number: 1306-06-5), and it was used in SEM image of
CSHA powder showing that it has a broad size distribution as
shown in Fig. 1.

The composition of HA powder is listed in Table 1. As
shown in Table 1, it can be used for biomedical applications
due to the rates of impurities containing Hap that are compat-
ible with ASTM F1185-88 standard [20]. The data which is
determined by supply company show that Ca/P weight ratio of
2.156 and molar ratio of 1.667, respectively, are the same as
stoichometric HAp [21].

CSHA powders were not calcinated before sintering treat-
ments as calcination treatment leads to formation of hard ag-
glomerates, and it has negative effect on sinterability of HA
powders as indicated by Yeong K.C.B. et al. [22]. The sam-
ples were uniaxially pressed at 350 MPa according to our
previous study [23]. For lubrication, the interior surface of
the die was coated with a suspension of stearic acid in ethylene
alcohol. Before sintering treatments, the green bodies were
dried at 105 °C for 1 day. The compacted samples were
sintered in air condition at temperatures ranging from 900 to
1300 °C, at furnace ramp rate of 5 °C, and soaking time of 4 h
and then cooled to room temperature ramp rate of 5 °C at air
atmosphere.

Characterization of sintered bodies
The X-ray diffraction (XRD) patterns were obtained at room

temperature in an X’Pert MPD Philips diffractometer using
Cu—Ko« radiation at 40 kV and 30 mA. Intensity data were
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collected by step counting method (step 0.02° and a time per
step of 0.6 s) in the range of 20 (between 10° and 90°). The
microstructures of the samples were determined by scanning
electron microscope (SEM, JOEL Ltd., JISM-5910 LV),
equipped with energy dispersive spectroscopy (EDS, Oxford
Industries INCAx-Sight 7274, 133-Ev resolution 5.9 keV) for
elemental analysis after gold coating. Differential thermal
analysis (DTA) was carried out at the heating rate of 5 °C/
min between room temperature and 1300 °C (Perkin Elmer
PE-7 Series, USA). «-Alumina was used as a reference mate-
rial. Thermogravimetric analyzer (TGA) was used in order to
find the weight loss during heating at the same device. The
average grain size of sintered samples was evaluated using the
mean linear intercept method from scanning electron micro-
graphs [24].

Determination of physical and mechanical properties

The shrinkage rates of samples were calculated by the com-
parison of the lengths of green bodies and sintered bodies
using a digital caliper as shown in Eq. 1.

%Shrinkage = ((Ll-Lz)/Ll) % 100 (1)

where L; and L, are the lengths before and after drying or
sintering process, respectively [25]. The green densities were
measured from the weight and size of the samples as shown in
Eq. 2.

2
Green density = m / 7t h (2)

where m is the weight (gr), r is the radius (mm), and h is the
height (mm) of the pelleted samples [25]. The bulk densities
and apperant porosity rates of sintered samples were deter-
mined by Archimedes method using the Egs. 3-5.

Bulk density = D / (W-S) (3)
Apparent porosity = (W-D) / (W-S) (4)
Volume fraction of porosity

=1- (Bulk density / theoreticaldensity) (5)

where D is the dry weight of the samples, W is the wet weight
of the samples, and S is the wet weight suspended in the water
of the samples [26]. Relative density of green bodies and
sintered samples were calculated by dividing the green and
sintered densities by the theoretical density of HAp (3.156 g/
cm’). Hardness of the sintered samples was measured using
Shimadzu HM V2 microindentor at a load of 1.962 N for 20 s.
Prior to indentation, the surface of samples was polished to
3 wm surface finish. Average hardness and standard deviation
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Fig. 1 a SEM image of b particle
size distribution of CSHA powder
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values were taken from 20 indents. For fracture toughness
measurements, the samples were polished by 10, 5, 3, and
1 um diamond paste until obtaining of mirror like surface after
grinding with 800, 1200, and 2500 mesh SiC papers. Nithara
equation [27] was used for fracture toughness measurements
as shown in Eq. 6. At least ten indentations were taken using
300 g load for 10 s.

K, = 0.203(c/a)"(Hv)(a)"’ (6)

where Hv is the Vickers hardness, a the half diagonal of the
indentation, ¢ the radial crack dimension measured from the
center of the indent impression, i.e., ¢ = L + a, and L is the
crack length. Compressive strength of sintered samples
were measured using Devotrans universal testing device
(Istanbul-Turkey) at speed of 2 mm/min. The bending
strength was determined by 3-point bending method ac-
cording to ASTM C1161-94 standard [28] on a universal
testing machine (Zwick) which applied force with cross
head speed of 1 mm/min to the specimens until failure and
recorded the strength as shown in Eq. 7. The inner ring had a
diameter of 10 mm and the outer support ring had a diameter
of 20 mm. The sintered test bars with dimensions
40 x 4 x 4 mm® were ground (1200 grit) on both sides before
testing. The distance between inner spans was 20 mm. Four
specimens were tested for a single point.

O'three point bending™ 3PL/2bh2 (7)

where P is the break load (N), L is the distance between inner
spans (mm), b is the specimen width (mm), and h is the spec-
imen thickness (mm).

Table 1  Chemical composition of CSHA powder
Base elements %w/ Type of ASTM CSHA
w impurity F1185-88 (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, 2 <5000
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Table 2 Ion concentrations of the

SBF and human blood plasma Sample Na* K* Ca™ Mg*? HCO5~ cr HPO,> 80,7
(mmol/L)
Blood plasma 142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5
SBF 142.0 5.0 2.5 1.5 4.2 147.8 1.0 0.5

In vitro bioactivity test

In vitro bioactivity test was only performed for having higher
compressive strength sample. Before in vitro test, totally, four
samples were pelleted at 350 MPa with a size of J11 and
4 mm®. Sintering treatment was carried out at 1100 °C with
same sintering regime. The samples were grind by sand paper
up to 1200 mesh and then they were dried in an oven at 105 °C
for 1 day. Simulated body fluid (SBF) solution was prepared
according to Kokuba’s formulation [29] as follows. The solu-
tion was prepared by dissolving reagent grade sodium chlo-
ride (NaCl), potassium chloride (KCI), calcium chloride
dihydrate (CaCl,-2H,0), magnesium chloride hexahydrate
(MgCl,°6H,0), sodium hydrogen carbonate (NaHCO;),
dipotassium hydrogen phosphate trihydrate (K;HPOy-
3H,0), sodium sulfate (Na,SO,) in deionized water. Then,
the solution was buffered to physiological pH 7.4 at 37.5 °C
by both hydrochloric acid (HCI) and tris (hydroxymethyl)-
aminomethane ((CH,OH)3CNH,). The ion concentration of
the SBF is shown in Table 2. The sintered samples were

immersed in sealed test tubes containing 20 ml of SBF for 3,
7, 15, and 30 days. The experiment was performed in a labo-
ratory water bath that was maintained at a constant tempera-
ture of 36.5 °C. The solution was agitated daily to help main-
tain uniform ion concentrations. After immersion in SBF for
various periods, the sintered samples were taken out, gently
rinsed with distilled water, and dried at room temperature.
Apatite formations were analyzed by SEM analysis after im-
mersed samples were coated by gold.

Results and discussion
Microstructural properties

The structural properties of unsintered CSHAp was deter-
mined by XRD analysis and it is shown in Fig. 2. The XRD
peaks are found at 26 of 25,9 (002), 28,9 (120), 31,7 (121),
32,1(112),32,9(030), 34,0 (022), 39,7 (130), 46,6 (222), 48,0
(132),49,4 (123),50,4 (231), 51,2 (140), 52,0 (042), and 53,2

Fig. 2 XRD result of HA at RT 1501
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(004) which agree well with the JCPDS card number of 98-
004-0618 of X Pert Philips Software, and it has the hexagonal
space group of P6/3 mwitha=b=9.415 and ¢ = 6.879. It also
does not include any other calcium phosphates such as 3 and/
or -TCP and CaO. As indicated in literature, lattice parame-
ters of HA change as a = 9.432-9.418 and ¢ = 6.881-6.884
[30]. The lattice parameter values of CSHAp used in this study
are noted to be compatible with stoichometric HA.

The DTA thermograms and TGA curve are shown in
Fig. 3. A relative weight loss was determined between 25
and 100 °C and is attributed to adsorbed water [31], and the
second weight loss that occurred between 200 and 400 °C is
due to the removal of lattice water [32]. Further weight loss at
high temperatures (800—1100 °C) can be due to partial dehy-
droxylation of hydroxyapatite [33]. A total of 11.8% loss in
weight from room temperature to 1300 °C is also seen.

The results of phase analysis by XRD of the sintered sam-
ples are presented in Fig. 4. The XRD patterns of the sintered

Fig. 4 XRD analysis of sintered
CSHA samples

Temp Cel

samples below 1100 °C include only HA peaks at same 20
angles for pure CSHAp, but their intensities and sharpness
increase by increasing sintering temperatures. However, 3-
TCP peaks were detected at 20 of 27.784, 31.013, and
34.348 which are compatible with the JCPDS card number
of 98-007-6896 when samples were sintered at 1200 °C, in
addition to the HA. This means that HA starts to decompose at
this temperature. The highest 3-TCP peak was detected at 26
of 31.013. Moreover, at 1300 °C, «-TCP and CaO phases
were detected in addition to HA and (3-TCP. The «-TCP peaks
were detected at 20 of 30.699, 30.705, and 30.711 which are
compatible with the JCPDS card number of 98-007-8499.
CaO phases were detected at 20 of 32.242, 37.401, and
53.928 which are compatible with the JCPDS card number
0f 98-003-4977.

Quantitative values of occurred phases during sintering de-
termined by Rietvield analysis are given in Fig. 5. As shown
in Fig. 5, § or «-TCP and CaO begin to form at elevated

Detected

Phases

+ B-TCP
* «-TCP
a CaO
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Fig. 5 Phase compositions of sintered samples at various temperatures

temperatures less than 5%, but major phase is HA at each
sintering temperatures. Monolithic HA transformed to biphas-
ic calcium phosphate (BCP) at elevated temperatures. BCP

Microcrack

eV

i .

can be used as scaffolding material in some biomedical appli-
cations [34] due to the fact that BCPs easily react with human
bone, but free calcium oxide constitutes a very undesirable
impurity of the HA ceramics, and in general, it excludes the
possibility to use such material in biological applications due
to its high reactivity against water as indicated by Slosarczyk
A. et al. and Evis Z. et al. [35, 36]. Dehydroxylation and
decomposition of CSHA can be explained as shown in
Eqgs. 8 and 9 below, respectively.

Cal0(PO4)6(OH)2 < Cal0(PO4)6(OH)2(1-x) + xH20gas (8)
Cal0(PO4)6(OH)2(1-x) = 3Ca3(P0O4)2 + CaO + (1-x)H20 (9)

Sintering of hydroxyapatite is complicated by the fact that
HAUp is hydrated phase that decomposes to anyhdrous calcium

4— Microcrack ,

10 pm

e ——

Fig. 6 SEM images of sintered CSHA samples at a 900 °C, b 1000 °C, ¢ 1100 °C, d 1200 °C, and e 1300 °C
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phosphates such as TCP at approximately 1200-1450°C.
Decomposition results from dehydroxylation beyond a critical
point. For temperatures below the critical point, the HAp crys-
tal structure is retained despite dehydroxylation and the HAp
rehydrates on cooling. If the critical point is exceeded, com-
plete and irreversible dehydroxylation occurs, resulting in col-
lapse of the HAp structure and decomposition [37]. In litera-
ture, the initial decomposition temperature is variously speci-
fied at 1323 [38], 1573 [39], or even 1750 K [40]. In the
present study, it is seen that CSHAp starts to decompose at
1473 K (1200 °C). This may be related to impurities in
CSHADp, history of manufacturing process, and also water
vapor pressure in the furnace atmosphere [41].

As shown in Fig. 6, the necks are formed at lower rate
between interconnected set of rounded HA particulates with
average grain size of 0.162 + 0.019 wm and high degree of
porosity sintered sample at 900 °C. Increment in sintering
temperatures contributed to the increase in not only average
grain size but also length of necks between CSHA particulates
and the formation of denser microstructures. The average
grain size was determined to be 0.186 + 0.020 and
0.473 £ 0.035 um for sintered samples at 1000 and 1100 °C,
respectively. For sintered samples both at 1200 and 1300 °C,
formation of microcracks was observed with increase in aver-
age grain size of 7.955 + 1.616 and 17.167 + 2.156 um. It is
seen that transgranular microcracks occurred at these temper-
atures, but the rate and also length of microcracks are higher
for sintered samples at 1300 °C. This situation is related to the
formation of second (3-TCP), third («-TCP), and fourth
(CaO) phases as we detailed in XRD analyis and their differ-
ence in thermal shock behaviors and also thermal expansion
coefficient compared to HA [42].

Physical and mechanical properties of CSHA

The measured shrinkage rates% of the sintered samples with a
photograph showing the changes in color depending on the
sintering temperatures between 900 and 1300 °C are given in
Fig. 7. Itis seen that the shrinkage rates of the sintered samples
increase from 5.33 + 0.57 to 18.20 + 0.62% with an increment
rate of 241.3% by increasing sintering temperatures and they
become light blue and then dark blue in color at 1200 and
1300 °C, respectively. Change in color is due to the presence
of Mn>* or MnO,” ions at the PO’ sites in the apatite crystal
structure reported by G. De With et al. and Yubao et al.
Especially explained by Yubao et al., sintering at high temper-
ature not only increases the intensity of oxidation in the oxi-
dizing atmosphere, but also provides enough energy for the
oxidized manganese ion (Mn* to Mn>*) to migrate within the
crystal lattice [43, 44]. It is also determined that shrinkage
rates% in height of CSHAp are compatible with a review
which has been prepared by Champion E. [45] and his referred
studies.

(a)
o et w e P

20 RE\ 1820l (b)

Shrinkage rates of samples (%)

900 1000 1100 1200 1300
Sintering temperature (°C)

Fig.7 a Colors and b %shrinkage rates of sintered samples between 900
and 1300 °C

Maximum open porosity rate of 36.99 + 0.50% is obtained
for CSHA sintered at 900 °C. Increment in sintering temper-
ature leads to the decrease of open porosity content, and it
attains the lowest value of 2.91 + 0.76% at 1300 °C as shown
in Fig. 8a. On the other hand, sintered and also relative density
of the samples increase by increasing sintering temperatures.
Sintered density was 1.95 + 0.01 g/cm’ with a relative density
of 61.9 + 0.37 for sintered samples at 900 °C. These values
increase linearly until 1100 °C as 2.31 + 0.02 g/cm® with a
relative density of 75.3 + 0.28%. After this temperature,
sintered density increase by a factor of 130% and the density
of sintered samples at 1200 °C attained 3.02+0.01 g/cm’ with
a relative density of 97.81 + 0.46%. However, at 1300 °C, a
negligible increment in density was observed compared to
sintered samples at 1200 °C. This means that densification
has finished at approximately 1200 °C. As indicated by
Ruys. A.J. et al., the sigmoidal behavior shows the density
of HA ceramics and it plateaus at elevated temperatures as
limiting densification is related to the grain growth in lower
rate [37]. It is also seen that relative density of green bodies
can be improved to maximum value of 98.35 + 0.17% for
pelleted samples at 350 MPa via sintering treatment.
However, the relative density of sintered samples is higher
than the other studies in which British 7253 standard had used
[46—48]. This can be related to average grain size and mor-
phology of HA powder.

It can be seen in Fig. 9 that the lowest microhardness value
of 0.76 £ 0.01 GPa was observed for sintered samples at
900 °C. A slight increase in microhardness was observed until
1100 °C, and it started to increase sharply between 1100 and
1200°C and then attained the maximum value of
4.87+0.15 GPaat 1300 °C. The relatively low microhardness
values for sintered samples <1200 °C are related to lower
sintered densities of CSHA.
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As shown in Fig. 10, compressive strength of sintered sam-
ples increases by increasing temperature until 1100 °C, but
CSHA samples containing second and/or third phases ({3- or
«-TCp and CaO) showed poor compressive strength.
Figure 10 also clearly reveals that the maximum compressive
strength did not correspond to the maximum sintered density.

[487]
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w
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Fig. 9 Microhardness values of CSHA
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Fig. 10 Compressive strengths of CSHA with sintering temperature

As indicated by H. Zhou and J. Lee, for conventional
sintering, a higher temperature is necessary to attain high-
density parts with superior mechanical properties. However,
HA tends to transform to tricalcium phosphate (TCP,
Ca3(POy),) and/or CaO phases, which is named as decompo-
sition of HA, during sintering, particularly at 1200 °C and
above [49]. It is worth mentioning that decomposition of
HA suppresses densification and will be accompanied by a
decrease in mechanical properties and also effect biological
properties [50].

The CSHAp sintered at 1100 °C shows a maximum three
point bending strength value 0of 60.27 +9.93 MPa, and at higher
sintering temperatures, the value decreases as shown in Fig. 11.
For specimens sintered above 1100 °C, the flexural strength
drops slightly because of considerable grain growth [51].

Figure 12 shows the Vickers indentations for the mea-
surements of fracture toughness obtained on the surface of
sintered samples with an optical microscopy photograph.
As shown in optical microscopy photographs, the cracks
emanating from the four vertices and diagonals of indenta-
tions are longer for sintered samples at 1200 and 1300 °C
than the others. This is due to lower densifications of sintered
samples <1200 °C. It is also seen that Kic values of sintered

80
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60 55.98
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4791

40 42.02

Three Point Bending (MPa)

30
@
27.70
20
900 1000 1100 1200 1300
Sintering temperature (°C)

Fig. 11 Three point bending strength of the sintered CSHAp with
sintering temperature
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samples increase by increasing sintering temperature until
1100 °C (0.96 + 0.05 MPam'?) and then drastically decrease at
elevated temperatures as seen from the results of compressive
and flexural strength measurements. A decrease of Kjc with
increasing grain size is usually observed in ceramics where frac-
ture mechanism is transgranular because the major contribution
to crack resistance is related to the crossing of the grain

Fig. 13 Surface morphology of
SBF tested samples with
immersion time ofa 3, b 7, ¢ 15,
and d 30 days

boundaries [52]. The fracture toughness of HAp is less than
1 MPam"?, which is well known to be one of the biggest obsta-
cles for wider application of this material [53]. The results on Kic
measurements in the present study are the same as others com-
mercially, biologically, or synthetically prepared HAp.

In vitro bioactivity of HAp

To determine the in vitro bioactivity of CSHA by owning only
higher compressive strength sample, it was immersed in sim-
ulated body fluid for 3, 7, 15, and 30 days. As shown in
Fig. 13a, the plurality of apatite crystals formed in cubic shape
after 3 days of immersion. In the case of 7 days, a change
occurred in shapes of apatite crystals formed on the surface
of sample from cubic to dendritic structure. The size and thick-
ness of calcium phosphate layers increased with increasing
SBF immersion time. After 30 days of immersion, the surface
of'the samples showed highly dense calcium phosphate layers.

The essential requirement for an artificial material to
bond with a living bone is the formation of this calcium
phosphate layer on the surfaces. This layer is similar to the
bone mineral in composition and structure; hence, the bone-
producing cell is called as osteoblast, which can proliferate
preferentially on this surface [54-56]. The presence of apa-
tites shows that CSHA powder used in this study has bioac-
tivity property.
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Conclusion:

In the present study, the effect of sintering temperature on the
microstructural, mechanical, and in vitro bioactivity properties
of'a commercially available HA was investigated. The follow-
ing conclusions can be drawn from the present study:

1-
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This study showed that compressive and three point bend-
ing strength and also fracture toughness of CSHA attained
maximum values just before the occurrence of higher
densifications of 98.35%. While the maximum compres-
sive and three point bending strength is 130.20 & 6.22 and
60.27 = 9.93 MPa, the fracture toughness is
0.96 + 0.05 MPam'?, respectively.
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