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The aim of this study was the compare the properties of hydroxyapatite as a function of two di�erent methods
(chemical and biomimetic precipitation). Powder products were called as chemical hydroxyapatite for chemical
method and biomimetic hydroxyapatite for biomimetic method. Precipitated powders with both methods were
characterized by Fourier transform infrared, X-ray di�raction, X-ray �uorescence and measurements of hardness and
density. Chemical analysis results showed that dried-biomimetic hydroxyapatite sample consists of hydroxyapatite
[Ca10PO4)6(OH)2] as main phase and beta-tricalcium phosphate (β-TCP) as secondary phase and dried-chemical
hydroxyapatite sample also includes pure hydroxyapatite phase. Chemical hydroxyapatite and biomimetic hydroxy-
apatite powders were sintered using by spark plasma sintering method. Vickers hardness values of sintered disk
samples were measured. Furthermore chemical structure of the �nal products was analyzed. Also density values of
chemical hydroxyapatite and biomimetic hydroxyapatite disks were measured. Finally it is concluded that di�erent
precipitation methods a�ect hydroxyapatite properties and this can be an advantage for biomedical applications.
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1. Introduction

Materials for all-ceramic restorations continue to re-
ceive growing interest in the dental research. Various
novel ceramic materials and techniques have been intro-
duced in the past decades [1]. Especially hydroxyapatite
(HA) is a very attractive ceramic material for dental and
biomedical applications since it is a main component of
hard tissues such as bones and teeth. In order to improve
critical mechanical properties of sintered HA, the proper-
ties of starting materials have been studied by controlling
important parameters such as particle size and shape,
particle distribution and agglomeration [2]. These prop-
erties of HA has been a�ected by synthesizing methods.
In literature, hydroxyapatite can be synthesized us-

ing many di�erent methods such as sol�gel, microemul-
sion, hydrothermal, precipitation methods such as chem-
ical and biomimetic. Among these methods, chemical
and biomimetic precipitation are the common methods
which provide pure product, useful and economic pro-
cess [3]. Also it will be possible to obtain more bio-
compatible powders under the biological conditions. An-
other critical factor is the sintering behavior of HA and
the densi�cation properties which may be achieved by
pressureless sintering, microwave sintering, hot-pressing
and spark plasma sintering [2]. Fracture toughness (Klc)
of pure and dense HA ceramics is in the range of 0.8�
1.2 MPa. Bending strength, compressive strength and
tensile strength of dense HA ceramics are 38�250 MPa,
120�900 MPa and 38�300 MPa, respectively. Young's
modulus (E) of dense HA ceramics is changed in the
range of 35�320 GPa. Young's modulus measured in
bending test is between 44 GPa and 88 GPa. The Vick-
ers hardness (HV) of dense HA is between 3.0 GPa and

7.0 GPa. Moreover porosity is an important feature for
hydroxyapatite based ceramics because porosity is de-
creasing bending strength, compressive strength and ten-
sile strength in the ranges of 2�11 MPa, 2�100 MPa and
3 MPa, respectively [4, 5].
The purpose of this study is to investigate and compare

the Vickers hardness of hydroxyapatite which has been
synthesized by chemical and biomimetic methods.

2. Materials and methods

Hydroxyapatite was prepared by using chemical and
biomimetic co-precipitation. In the chemical precip-
itation method, Ca(CH3COO)2 and NH4H2PO4 ma-
terials were dissolved in deionized water separately.
Then NH4H2PO4 solution was added dropwise in
Ca(CH3COO)2 solution and pH of the mixture was ad-
justed to 10 by using NH4OH solution 25%. The mixture
was vigorously stirred at room temperature for about 1 h.
After that, milky solution was aged for 24 h at room tem-
perature and then dried at 80 ◦C in air atmosphere. Dried
samples were grinded by using mortar. This method
and synthesized samples were called chemical precipita-
tion method and chemical hydroxyapatite (CHA), respec-
tively.
In the biomimetic precipitation method

Ca(CH3COO)2 and NH4H2PO4 were dissolved in sim-
ulated body �uids (SBF) separately. Then NH4H2PO4

solution was added dropwise in Ca(CH3COO)2 solution
and pH of the mixture was adjusted to 8 by using
SBF:NH4OH (2:1) solution 25%. The mixture was
vigorously stirred at 37 ◦C for about 1 h. After that
milky solution was aged for a 24 h at 37 ◦C, dried at
80 ◦C in air atmosphere and dried samples were grinded.
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This method and synthesized samples were called
as biomimetic precipitation method and biomimetic
hydroxyapatite (BHA), respectively. SBF was prepared
according to Tas's method [6].
BHA and CHA powders were sintered on spark plasma

sintering (SPS-FCT GmbH FAST). HA powders were
loaded in a graphite die and punch unit and graphite
die were covered with graphite blanket to minimize the
heat loss. Sintering was carried out at 900 ◦C and 50 MPa
during 3 min.
Chemical structures of synthesized powders have been

examined by the Fourier transform infrared (FTIR-
-Perkin�Elmer Spectrum-100) and X-ray di�raction
(XRD-Philips, PW1710). Also the Ca/P ratio of the
samples was determined using X-ray �uorescence (XRF-
-Rigaku, ZSX Primus). Vicker's hardness test (EMCO-
-TEST M1C010) has been applied with the test load of
1000 g with a holding time 5. The Archimedes method
was used to measure the density of sintered powders.

3. Results and discussion

FTIR analyses were carried out in the transmission
mode in the mid-infrared range (600�4000 cm−1) at the
resolution of 4 cm−1. Figure 1 shows the FTIR spectrum
of CHA and BHA. The characteristic absorption peaks
of samples CHA and BHA powders in the broad bands
at 3432 and 1642 cm−1 were attributed to adsorbed wa-
ter, while weak peak at 3571 cm−1 was attributed to
the stretching vibration of the lattice OH− ions and the
medium sharp peak at 633 cm−1 was assigned to the
O�H deformation. The characteristic bands for PO3−

4

appear at 964, 1041, and 1093 cm−1. Spark plasma sin-
tered powders (CHA-S and BHA-S) are performed in the
conditions of pressurized and heated environment which
cause the release of water and decomposition from the
materials. Moreover, decomposition of CHA-S powder
has been more signi�cant to compare with BHA-S. The
characteristic PO3−

4 absorption bands of β-TCP were
observed between the ranges of 900�1200 cm−1. Ab-
sence of 3571 cm−1 bands prove that the dehydroxylation
of HA structure to the β-tricalcium phosphate [β-TCP;
Ca3(PO4)2]. However BHA-S powder includes apatite
[Ca10(PO4)6Cl2] as main phase in the structure [7, 8].

Fig. 1. FTIR spectrum of dried and sintered BHA
and CHA.

Figure 2 shows the XRD patterns of CHA and BHA
powders. HA peaks occurred at 2θ of 28◦ and 32◦, which
are consistent with the standard XRD peaks for HA. The
XRD patterns of the dried CHA and BHA samples indi-
cate that the main phase is HA and also there is β-TCP
as secondary phase in the BHA structure. Even if in
literature was said that HA could be synthesized with
some impurities at initial pH values higher than 10, our
previous study [7] has proved that HA can be synthe-
sized at low pH to compare with the literature [8]. Also
XRD patterns of synthesized amorphous HA structure
could be turned to crystalline phase when it was sintered
at higher temperature. However the high sintering tem-
peratures can be decomposed of HA structure as seen
in Fig. 2. Sintered BHA and CHA samples are com-
pletely transformed to apatite [Ca5(PO4)3Cl] and β-TCP
[Ca3(PO4)2], respectively. This observation showed that
di�erent precursors [9] and precipitation methods could
be a�ected by the �nal properties of synthesized HA at
high temperature.

Fig. 2. XRD spectrum of dried and sintered BHA and
CHA powders.

The Ca:P ratio and essential elements detected by
X-ray �uorescence (XRF) are outlined in Table I. Liter-
ature reports Ca:P ratio in the range of 1.5�1.8 in com-
mercially available HA for di�erent synthesizing meth-
ods [10]. According to XRF analysis Ca:P ratio was
found higher than theoretical value of 1.67, indicating
either the presence of excess CaO phase impurity, or
phosphate de�ciency in the powder specimens. CHA-S
structure consisting of β-TCP is the main phase which
is supported by FTIR and XRD results. Mg is the es-
sential element in the structure. Moreover BHA-S sam-
ple contained Na, Mg, K and Cl as essential elements in
addition to SO3 group. Presence of Cl element in the
BHA-S structure supported the decomposition of apatite
structure. Also existing of SO3 group proves phosphate
de�ciency in the BHA-S structure.

TABLE I

XRF results of sintered (at 900 ◦C) CHA and BHA powders.

[wt%] CaO P2O5 Ca:P Na2O MgO K2O SO3 Cl

CHA 52.5 38.9 1.71 � 0.2 � � �

BHA 53.4 35.3 1.92 6.2 0.8 0.3 0.2 3.0

The Vickers hardness and density values of the pow-
ders are given in Table II and images of hardness inden-
tation were shown in Fig. 3. According to the images
of the Vickers hardness indentation on the CHA-S disks,
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it can be said that CHA-S has homogeneous geometri-
cal view to compare with BHA-S disk. For this reason
CHA-S disk has higher hardness value than BHA-S sam-
ple. Literature has reported that hardness (HV) value
of dense HA is between 3.0 GPa and 7.0 GPa [11]. The
hardness of ceramics depends on grain size and porosity,
however some researchers reported that increase of the
surface area changes hardness values of ceramic materi-
als. For example, a 10-times increase in surface area pro-
duces ≈ 70% decrease in the Vickers hardness, HV. Also
the hardness of HA is relatively insensitive to changes of
secondary phases. This result explains that decomposi-
tion of the CHA and BHA during the SPS does not a�ect
the hardness and density values of the powders. However
higher surface area of the BHA powder cause a decrease
in the Vickers hardness value.

Fig. 3. Images of Vockers hafdness indentation on the
(a) BHA-S and (b) CHA-S.

TABLE II

Vickers hardness and Archimedes density
of CHA and BHA powders.

Vickers hardness
HV1 [MPa]

Archimedes
density

CHA 3.81± 0.15 2.86

BHA 2.90± 0.08 2.89

4. Conclusion

This study showed that XRD results of dried CHA and
BHA powders include HA phase. However BHA powder
consists of β-TCP as secondary phase. After the SPS
process, composition of the BHA-D and CHA structures
was transformed to β-TCP and apatite [Ca10(PO4)6Cl2],

respectively. Moreover, sintered-BHA and CHA samples
presented the same density values. BHA and CHA sam-
ples exhibited 3.81 and 2.90 MPa hardness values, respec-
tively. SPS process changes the composition and hard-
ness value of CHA and BHA samples but also does not
change density values of the powders. Ca:P ratio of BHA
has been higher than CHA, 1.97 and 1.71, respectively.
If the Ca/P molar ratio of HA is lower than 1.67, β-
or α-tricalcium phosphate (TCP) forms in the structure.
Decomposition process has a negative e�ect on the den-
si�cation of the HA ceramics due to formation of a new
phase and evaporation of water and consequently it de-
creases the strength of materials.
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