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1 1. INTRODUCTION

Hydroxyapatite HA [Ca10(PO4)6(OH)2] is a major
mineralized phase of natural bone and teeth. Synthetic
HA has been widely used in biomedical applications
because of its bioactivity and biocompatibility [1, 2].
Synthetic HA has low fracture toughness which
restricts its applications in load bearing implants [3].
Pure synthetic HA has problem of long term stability
due to its high rate of bioresorption which results in
loosening and failure of HA implants [3, 4]. Fluori�
dated hydroxyapatite F�HA has been used as a prom�
ising material in biomedical applications [5, 6]. It is
found that the incorporation of fluoride ions into the
HA structure considerably increases the resistance of
HA against biodegradation and thermal decomposi�
tion [7]. In addition, fluoridated hydroxyapatite could
provide better protein adsorption [8]. Moreover, fluo�
ridated apatite shows better cell attachment than pure
HA [9].

Cooper et al. and Guo et al. have used titanium
copound with HA as durable bone implants [10, 11]
and aluminum induces bone formation as they have
mentioned [12]. Morover titanium oxide, titanium
phosphate and aluminum phosphate have been used in
other fields rather than orthopedics [13].

Fluorides study provides clear evidences that fluo�
ride activates osteoblasts and improves the rate of min�
erals deposition in the body. Fluoride which exists in

1 The article is published in the original.

animal teeth and bones serves as essential element
against dissolution [12]. So fluoridation and fluori�
dated hydroxyapatite (F�HA) has attracted many
researchers attention as a promising material because
F�HA shows significant resistance than pure HA
against dissolution [14, 15]. Their work [14, 15] shows
importance of fluoridation, densification and enhanc�
ing the mechanical properties. The use of TiF4 with
aluminumisoproxide and apatite is new research work.
The aim of current research work is fluoridation, den�
sification and developing the mechanical properties of
hydroxyapatite composite material.

2. RAW MATERIALS 
AND EXPERIMENTAL PROCEDURES

Raw material was consisting of apatite, aluminu�
misopropoxide and TiF4. Table 1 shows the various
wt % of all five samples for clear understandings.

Five samples solution A, B, C, D and E were pre�
pared in aqueous solution by using sol–gel technique.
The sample solutions were stirred vigorously on mag�
netic stirrer at 70°C. After stirring sample solutions for
4 h, the solutions were aged for 12 h. Then suspension
was filtered, washed with distilled water and ethyl alco�
hol for several times. Then powder was dried at 100°C
for 12 h. Then obtained dry powder was designed into
pellets, 20 mm in diameter. The pellets were sintered at
1250°C in gas tube furnace by using N2 gas. The aim of
using inert gas was to prevent the atmosphere oxygen to
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react with sintering compounds. From room tempera�
ture to 900°C, the heating rate was 3°C/min and from
900°C to onward temperature, the heating rate was
fixed 5°C/min. Each sample was sintered for holding
time 1 h. The apparent porosity was fond by immersion
the sintered pellets in distilled water. Bulk density of the
sintered specimens was found by Archimedes rule. The
phase composition of sintered samples was investigated
by using X�ray diffraction (Rigaku Ultima II with CuKα
irradiation, Japan). To determine the chemical compo�
sition, the specimens were characterized by Energy
Dispersive X�ray Spectroscopy EDX (Thermo Noran
VANTAG�ESI). The sintered and polished specimens
were cemented on copper stubs using graphite paint.
Randomly various areas were chosen, observed and
analyzed. Microstructures of sintered sample were

observed by using Scanning Electron Microscopy SEM
(Hitachi S�4800, Japan). For bending strength, the
specimens were designed to bar shape of dimensions
3 × 4 × 25 mm. The bending strength was measured in
testing Centre of Wuhan University of Technology. The
specimens were ground and polished for Vickers hard�
ness. Hardness of the specimen was measured with
Vickers indenter at load of 1 kg.

3. COMPOSITION 
AND PHASE TRANSFORMATIONS

The phase composition of sintered sample was
studied by X�ray diffraction as shown in Fig. 1. The
sintered samples were scanned at the scanning rate of
10°C/min at 2θ in the range from 10° to 80°. The
resulted peaks were observed by their respective PDF
cards numbers. Crystalline phases of compounds with
their card numbers 75�2100–CaTiO3, 76�0665–
(CaO)11(Al2O3)6, 77�0120–Ca5(PO4)3F, 87�2492–
(CaO)11(Al2O3)7CaF2 were identified. Major stronger
peaks showing fluoridated apatite Ca5(PO4)3F was
observed at 32°.

4. MICROSTRUCTURES

The SEM images of sintered samples are shown in
Fig. 2. Grains size and grains boundaries are not very
clear. It needs more research work. The effects of var�
ious sintering temperature on grains size will be stud�
ied in future research work. Micrograph of sample A

Table 1. Concentrations of compounds to prepare samples
(in wt %)

Sample C9H21AlO3 Apatite TiF4

A 4 91 5

B 4 87 9

C 4 83 13

D 4 80 16

E 4 77 19

8555 8050403020 3525 45 60 65 70 75
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(CaO)11(Al2O3)7CaF2

Fig. 1. X�ray diffraction pattern of samples A–E sintered at 1250°C for 1 h. (�) 75�2100–CaTiO3, (�) 76�0665–
(CaO)11(Al2O3)6, (�) 77�0120–Ca5(PO4)3F, (�) 87�2492–(CaO)11(Al2O3)7CaF2.
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Fig. 2. Scanning electron microscopy SEM images of samples, A–E, sintered at 1250°C for 1 h.

485

388

291

194

97

0
5.503.501.50 2.500.50 4.50

(a)
c:\cdax32\genesis\genmaps.spc 11�Jul�2013 15:17:38

LSecs: 83

Ti

O

F

Al

P Ca

Ti

Energy, keV

514

411

308

205

102

0
3.501.50 2.500.50 4.50

(b)
c:\cdax32\genesis\genmaps.spc 11�Jul�2013 15:40:10

LSecs: 81

Ti

O

F Al

P Ca

Ti

Energy, keV

2.1

1.7

1.3

0.8

0.4

0
3.501.50 2.500.50 4.50

(c)
c:\cdax32\genesis\genmaps.spc 11�Jul�2013 15:52:12

LSecs: 82

Ti
O

F Al

P Ca

Ti

Energy, keV

915

732

549

366

183

0
5.503.501.50 2.500.50 4.50

(d)
c:\cdax32\genesis\genmaps.spc 11�Jul�2013 15:28:55

LSecs: 81

Ti
O

F Al

P Ca
Ti

Energy, keV

Ca

KCnt

Ca

Ca

Fig. 3. EDS analysis of the samples A–E, sintered at 1250°C for 1 h.

shows the porosity and less densification. The sintered
sample A has more pores and gaps among the particles
while sample B has fewer pores. The sintered sample C
and D have least porosity. Sample E has greatly densi�
fied as compare to sample C and D. Theses densities
were calculated and confirmed by Archimedes rule.

5. ELEMENTAL ANALYSIS

Figure 3 shows a diffractogram of the samples
sintered at 1250°C. Elements of sintered samples
were analyzed by means of energy dispersive X�rays
(EDAX). The various areas were observed randomly
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on surface of sintered samples. The obtained peaks
were labeled with their respective elements. The ele�
ments calcium, phosphorous, oxygen, aluminum,
titanium and fluorine were identified in each sam�
ple. Phase composition XRD analysis has also con�
firmed that these elements are found in the sintered
samples.

6. MECHANICAL PROPERTIES vs. wt % OF TiF4

Figure 4 shows the relationship between density
and various wt % of TiF4. The graphical line shows that
increasing the wt % of titanium fluoride TiF4 density
of samples has been increased. With addition of
19 wt %�TiF4 the highest density of sintered sample E
was found to be 96.4 %. Ramesh. et al. prepared apa�
tite by various ways and sintered at maximum temper�
ature 1400°C [16]. The relative density of our sintered
apatite composite material has been found very close
to their purely sintered apatite [16].

The changes in densification behavior and micro�
structure evolution greatly effects on mechanical
properties of HA composites material. When the
mechanical properties were studied, it was found that
by increasing the wt % of TiF4 Vickers hardness were
also increased as has been explained in Fig. 5. The
highest value of Vickers hardness of sample E was
found to be 1.62 GPa. Increase in Vickers hardness are
the functions of gradually increasing the addition of
wt % of TiF4 to the HA.

Figure 6 shows the relationship between bending
strength and various wt % of TiF4 added to the sam�
ples A–E. As graphical line shows that by increasing
the wt % of TiF4 the bending strength has been also
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Fig. 4. Relationship of density vs. wt %�TiF4 of samples A–E
sintered at 1250°C.
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samples A–E sintered at 1250°C.

Table 2. Weight concentrations of C9H21AlO3 and TiF4 with their bending strength (in wt %), Vickers hardness, and relative
densities

Sample C9H21AlO3, wt % TiF4, wt % Bending
strength, MPa

Vickers
hardness, GPa

Relative
density, %

A 4 5 13.39 1.22 86.26

B 4 9 21.73 1.24 86.88

C 4 13 22.18 1.31 88.16

D 4 16 27.05 1.49 90.55

E 4 19 35.88 1.62 96.42
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samples A–E sintered at 1250°C.
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increased. The maximum bending strength of sample
E with addition of 19 wt % of TiF4 was found to be
35.88 MPa. Monmaturapoj, et al. [17] studied the
effect of sintering on microstructure and properties of
hydroxyapatite produced by different synthesizing

methods sintering at 1250°C. The bending strength of
our fluoridated apatite composite material sintered at
same temperature has been found greater than bend�
ing strength of apatite that was reported by Monmat�
urapoj et al.

7. CHEMICAL REACTIONS PROCESS

Expected chemical reactions are following

xCa10(PO4)6(OH)2 + x[TiF4] + xH2O → xCa10 F2 + x[TiF3]

Tarasevich et al. [18] studied the modification of
hydroxyapatite by substituting transition elements.
This modification and change in composition is possi�
ble because there are three sites of apatite that can be
substituted by other elements, i.e., Zn, F, Sr, Mg, etc.,
as they have reported also [19, 20]. These sites of apa�

tite are Ca2+,  and OH–.

Fluoride ion is more electronegative than hydrox�
ide ion and the size of the fluoride ion 1.32 Å is smaller
than the size of hydroxide ion 1.68 Å. Fluoride ions
can easily displace hydroxyl group of apatite.

In this work titanium fluoride has provided fluoride
to apatite. As a result of sintering fluoridated
hydroxyapatite has been obtained. Aluminumisopro�
poxide has decomposed into carbon dioxide and alu�
minum oxide. Aluminum oxide has reacted with cal�
cium oxide and formed complex compound of cal�
cium oxide and aluminum oxide. Titanium has
reacted with calcium oxide and developed into cal�
cium titanium oxide. Chemical equations have been
explained on the basis of XRD results.

8. CONCLUSIONS

The addition of different wt % TiF4 and C9H21AlO3
to HA has improved mechanical properties. From the
obtained results it has revealed that after sintering,
bending strength and Vickers hardness have been
improved with improving the densification. With addi�
tion of 19 wt % TiF4, after sintering the sample, the
highest Vickers hardness and bending strength has
been found to be 35.88 Mpa and 1.62 GPa. While the
highest vales of relative density of sintered sample has
been found to be 96.42 %. As a result of sintering fluo�
ridated hydroxyapatite composite materials has
obtained.
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