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bstract

n order to increase the understanding of the interaction of titanium (Ti) ions with hydroxylapatite (HA) structure, two different kinds of experiments
ere carried out. In the first, titanium ion containing HA was made via a precipitation method. Tetraethyl orthotitanate were added to precipitating
A to incorporate Ti ions into HA structure. The precipitates were dried and sintered in air at 500 ◦C, 700 ◦C, 900 ◦C, 1100 ◦C, and 1300 ◦C for 2 h.
-ray diffraction, Fourier transform infrared spectroscopy, and scanning electron microscopy analysis were used to characterize the samples. In the

econd, rather as the complementary experiments to the first set, powder mixtures of HA/CaTiO3, tri-calcium phosphate/CaTiO3 were sintered in
ir at 900 ◦C, 1100 ◦C, and 1300 ◦C for 2 h, and characterized with X-ray diffraction technique. Lattice parameters from X-ray diffraction spectra
howed that Ti incorporation into the apatite structure caused lattice shrinkage. The grain sizes of substituted HAs were smaller than those of pure
A. Increasing the amount of the Ti ions in HA caused the decomposition of HA associated with the formation of �-tricalcium phosphate and

aTiO3. This enhanced the porosity in titanium containing HA compared to pure HA. As also verified by the results of complementary experiments,
-tricalcium phosphate (TCP) and CaTiO3 reacted at 1300 ◦C in the expense of both phases in the presence of HA. No reaction products in the

orm of new phases could be identified. On the other hand, the same reaction was not observed in the samples that did not have stable HA phase.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Hydroxylapatite (HA, Ca10(PO4)6(OH)2) is a major mineral
omponent of the calcified tissues (i.e. bones and teeth). Syn-
hetic HA has a similar composition and structure to biological
patite. Therefore, it has been safely and extensively used as an
mplant material for bone substitute with its excellent osteocon-
uctive properties.1–6 Synthetic HA has been used for various
iomedical applications like matrices for drug release control,
one cements, tooth paste additive, monolithic implants or coat-
ngs on metallic implants, such as Ti alloys, CoCrMo alloys or
tainless steels, etc.5–8 Non-medical applications of HA include
acking media for column chromatography, gas sensors, catal-
sis and host materials for lasers.9 Recently, much attention
as been focused on nano-crystalline HA as an adsorbent for

emoving pathogenic proteins from blood for blood purification
herapy10–14 since HA has good blood compatibility as well as a
uperior ability for selective protein adsorption. The major fac-
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ors affecting the performance of HA on these applications are
rystal morphology, density, porosity, pore size and distribution,
hemical composition, and surface structure. These applications
timulate to develop new methods to synthesize HA.

Non-stoichometric HA has a hexagonal space group P63/m
ith a = 0.943 nm and c = 0.688 nm. The unit cell of crystalline
A has 10 cation sites arranged in two non-equivalent posi-

ions. Four of them, called Ca(I) sites, are aligned in the column
nd each surrounded by nine oxygen atoms. Six of them, called
a(II) sites, are arranged at the apexes of staggered equilateral

riangles and each surrounded by seven oxygen atoms. Its struc-
ure is characterized by ordering within OH− ion columns to
orm a sequence; –OH–OH–OH–OH–. Its (0 0 1) plane consists
f columns of skewed 3 Ca(II)–O trigonal prisms around the 63
xes. As a distinct feature of its structure, P and O form PO4
etrahedras. These tetrahedras do not share the oxygen atoms
etween themselves and they are rather held together just by
he Ca(I) atoms.15,16 The binding energy of OH− ions in HA is

he lowest. As a result, OH− ions can escape from HA lattices
rst if they obtain enough energy in the form of heats or elastic
nergy due to high lattice strains.17 Thus HA becomes unsta-
le at high temperatures, caused by dehydration as correlative

mailto:ergunce@itu.edu.tr
dx.doi.org/10.1016/j.jeurceramsoc.2008.03.007
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ith the feature of its crystal structure. After the creation of
acancies by the lost of two hydroxyl ions, calcium ions become
ore weakly bound and can displace which will lead to the fur-

her decomposition of HA phase into a more stable calcium
hosphate phase.18

With its lattice arrangement, HA can be considered a loosely
acked hexagonal structure.19 As provided by the high flexibility
f the apatite structure a great variety of cationic and anionic
pecies can be substituted into HA structure which is specifically
onsidered as an effective method to modify the properties of
A. By this way, the volume of the apatite lattice can easily

xpand and contract, as demonstrated by the formation of many
ther apatite compounds.6,20 If the general formula for apatites
s X10(TO4)5Z2, X can be Ca, Sr, Pb, Cd, and Ba; T can be P,
s, and V; Z can be OH, F, and Cl. All these compounds have

he same hexagonal structure. Many other divalent cations can
ubstitute for calcium ions in the structure of HA; larger ions than
alcium cause an expansion of the structure and smaller ions a
ontraction.21 Moreover, rare-earth ions can also substitute in
he apatite structure, leading to changes in its refractive index
nd lattice parameters of the apatite crystals.22

HA in composites can be made more resistant to high temper-
ture decomposition by substituting small amounts of impurities
n the HA phase, such as, Na+/(CO3)2−, Mg2+/(CO3)2−, CaO+,
−.23–29 The low amount of Ag+, Cu2+, Zn2+ substitution into
A structure has a potential of minimizing the risk of bacte-

ial contamination, without compromising the bioactivity, and
s expected to display greater biological efficacy in terms of
sseointegration.30–32 Si substitution increased the chemical
tability and bioactivity of hydroxylapatite.33,34 Carbonated-
A had a high blood compatibility and selective adsorption
f pathogenic proteins, such as b2-microglobulin (b2-MG).12

ubstituting the Zn2+ ions for the Ca2+ ions in HA resulted
n selective adsorption of physiologically active components in
lood.35 Finally, enhanced osteoblast adhesion was observed on
3+-doped HA.36 There have been also many other studies on
As substituted with various ions such as Cr3+, Fe3+, Al3+, La3+,
u2+, Ce2+ to document their various materials proprieties.37–41

Interaction of HA with titanium ions was indirectly per-
ormed at the HA–Ti interface of the HA coatings on the Ti
ubstrates. Mutual diffusion of elemental Ti and the ions in HA
cross the interface was observed which might be considered
s an evidence for the incorporation of Ti into HA structure.42

s one of a few studies focusing directly on Ti incorporation
nto HA, Wakamura et al. reported that hydroxylapatite modi-
ed with Ti4+ ions exhibited very good photocatalytic activity

n oxidation and decomposition of acetaldehyde.43 This effect
akes possible to use them in untibacterial applications.44,45

ibeiro et al. made structural examination on the Ti substituted
A. They reported that Ti ions incorporated into Ca sites in the
A lattice.46 In another study, osteoblast adhesion on Ti sub-

tituted HA showed an appreciable increase when compared to
ure HA.47
Not much studies have been found in the literature on the
ffect of Ti ions on the structure of HA and its structural
tability during processing at high temperatures. The objec-
ive of the current study is to develop a better understanding
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n the structure and behavior of the Ti incorporated HA. In
rder to do this, two sets of samples were synthesized and
haracterized. In the first, Ti-doped HA was made by a precipi-
ation method, and sintered in air between 500 ◦C and 1300 ◦C.
ubsequently, the materials were characterized by X-ray diffrac-

ion (XRD), Fourier transform-infrared spectroscopy (FT-IR),
canning electron microscopy (SEM) equipped with EDS, and
ensity measurements. In the second, the HA/CaTiO3 and tri-
alcium phosphate (TCP)/CaTiO3 composites were prepared
nd sintered in air between 900 ◦C and 1300 ◦C. Then they were
haracterized with X-ray diffraction method.

. Materials and methods

.1. Synthesis of titanium-substituted apatites

Pure HA, TCP-whitlocite, and Ti-doped HA were syn-
hesized with precipitation method.21 Briefly, for pure HA
ynthesis, solutions of 1 M Ca(NO3)2·4H2O and 0.6 M
NH4)HPO4 were separately brought to pH 11–12 with con-
entrated NH4OH. The calcium nitrate solution was stirred
igorously at room temperature (RT), and the ammonium phos-
hate solution was added dropwise into this calcium nitrate
olution to produce a gelatinous precipitate. The precipitated
olution was stirred for 24 h at RT to form nano-grained HA.
or pure TCP synthesis, first, the 1.5 M Ca(NO3)2·4H2O (Fisher
cientific, 99% pure) and 1 M (NH4)HPO4 (Fisher Scientific,
8% pure) were separately brought to pH 11–12 with concen-
rated NH4OH. The same steps as those used for HA synthesis
ere applied to get nano-grained powder. Then, a heat treatment

t 1100 ◦C for 1 h was carried out to transform the precipitate
owders into TCP.

Reagent grade tetraethyl orthotitanate (C8H20O4Ti) (Fulka,
0% Ti) was added into the calcium nitrate solution to synthesis
he Ti substituted HA. Ti molar incorporation ratios for Ca or

ions were chosen as 2 mol% or 5 mol%. The stoichometric
alue of 1.67 for (Ca + Ti)/P or Ca/(P + Ti) ratio was aimed to
chieve in the HA after incorporation of Ti ions into Ca or P
ites. Therefore, molar ratios of Ca or P ions deliberately added
mol% or 5 mol% less than that of required for pure HA into the
recursor solutions in order to compensate the difference with Ti
ons. In other words, for 2 mol% or 5 mol% Ti substitution into
a positions, solutions of 0.98 M or 0.95 M Ca(NO3)2·4H2O,

espectively, were used, while (NH4)HPO4 solution was 0.6 M.
or 2 mol% or 5 mol% Ti substitution into P positions, solu-

ions of 0.58 M or 0.55 M (NH4)HPO4, respectively, were used,
hile Ca(NO3)2·4H2O solution was 1 M. The reaction mixture
as centrifuged and washed repeatedly to remove the unreacted

mmonia. Next, the sludge was filtered using a 0.2-�m filter
aper to form a sticky cake, which was then dried for at least
8 h at 60 ◦C. Dried cakes were crushed and passed through a
00-mesh screen to obtain a powder with particle sizes <75 �m
n diameter.
Reagent grade CaTiO3 powders were purchased from a
ommercial supplier (Alfa Aesar, 99% pure). The synthesized
owders of HA and TCP were mixed with CaTiO3 to obtain the
esired weight ratios. The description and the composition of
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Table 1
Abbreviation and composition of the compacts tested in the present study

Compact Abbreviation Composition

Hydroxylapatite HA Pure
Tricalcium phosphate TCP Pure

Hydroxyapatite doped with Ti

C2

Refer to Table 2
C5
P2
P5

Calcium titanate (CaTiO3) CT 100%
Hydroxyapatite:calcium

titanate composites
HC 70 wt.% HA + 30 wt.% CaTiO3

Tricalcium TC 70 wt.% TCP + 30 wt.% CaTiO3
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phosphate:calcium
titanate composites

he samples are shown in Table 1. For homogeneous mixing,
he powders were blended by ball milling (Retsch PM100) in
n ethyl alcohol medium. The milled powder was then quickly
ltered through a 0.2-�m Millipore filter to prevent segregation
ue to density differences between the two types of powders.
he filtered cakes were kept at 200 ◦C overnight. The cakes
ere then crushed and further mixed using a pestle and mor-
ar.
The powders of pure and substituted apatites and composites

ontaining CaTiO3 were cold-pressed into cylindrical pellets
nder 150 MPa pressure. Resulting pellets were about 1 cm in

ig. 1. XRD patterns of air-sintered HA samples: (a) as precipitated; and sintered
or 2 h at: (b) 500 ◦C; (c) 700 ◦C; (d) 900 ◦C; (e) 1100 ◦C; (f) 1300 ◦C. (� )
ydroxylapatite; (�) �-tricalcium phosphate). Y-axis, arbitrary units.

Fig. 2. XRD patterns of air-sintered C2 samples: (a) as precipitated; and sin-
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ered for 2 h at: (b) 500 ◦C; (c) 700 ◦C; (d) 900 ◦C; (e) 1100 ◦C; (f) 1300 ◦C.
�) Hydroxylapatite; (�) �-tricalcium phosphate; (♦) calcium titanate. Y-axis,
rbitrary units.

iameter and 3 mm in thickness. Subsequently, the pellets were
intered in air at 500 ◦C, 700 ◦C, 900 ◦C, 1100 ◦C, and 1300 ◦C
or 2 h depending on the experimental protocol.

After sintering, one surface of each pellet was polished with
iC paper and then with diamond powder. The surfaces were
nished with a 0–1-�m diamond solution.

.2. Materials characterization

Lattice parameters (a and c) and phases present in the HA
ere determined with X-ray diffraction (using a Philips type
W2273/20 diffractometer). The structure of HA is usually con-
idered to be hexagonal, with space group P63/m. However,
here is evidence for a variant HA structure that is monoclinic,
ith atomic positions that are close to those of the hexagonal

tructure. For our present purpose, we will consider the structure
f HA to be hexagonal for lattice parameter measurements.

Cu K� radiation (λ = 1.5406 nm) produced at 40 kV and
5 mA scanned the diffraction angles (2θ) between 20◦ and 70◦
t every 0.02◦ for 20 s. Diffraction signal intensity throughout
he scan was monitored and processed with JADE software.
hanges were calculated by subtracting the values of lattice

arameters a and c of undoped from doped HA formulations.

FTIR spectra of sample powders were recorded at room
emperature on a PerkinElmer Fourier transform-infrared spec-
rometer using an ATR attachment. Grain size and porosity of
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Fig. 3. XRD patterns of air-sintered C5 samples: (a) as precipitated and sin-
t ◦ ◦ ◦ ◦ ◦
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XRD patterns of Ti substituted HAs (C2, C5, P2, and P5)
are given in Figs. 2–5. Similar to the pure HA, in all Ti sub-
stituted samples; the precipitated phase was HA with very
small crystallites and/or in disordered state. The precipitates
ered for 2 h at: (b) 500 C; (c) 700 C; (d) 900 C; (e) 1100 C; (f) 1300 C.
�) Hydroxylapatite; (�) �-tricalcium phosphate; (♦) calcium titanate. Y-axis,
rbitrary units.

he pure and substituted hydroxylapatite samples of this study
ere determined by SEM (Philips/FEI XL30FEG SEM Elec-

ron Microscope system). For the examination of the HA under
EM, it was etched in a 0.1-M lactic acid (Sigma) and coated
ith gold at RT. Samples were examined at 20 kV. Linear inter-

ept method was used to determine the average grain size.48,49

hemical analyses were performed on the samples sintered at
100 ◦C for 2 h with the same SEM system in conjunction with
he energy dispersive spectrometer.

The relative concentrations of the different phases were deter-
ined by the following equation50:

Ci = I(h k l)i∑
I(h k l)i

(1)

here i, RCi, and I(h k l)i refer to the phase in interest, relative
oncentration of the corresponding phase, and intensity of the
haracteristic peaks of the corresponding phase, respectively,
n the XRD patterns. Peaks belonging to (2 1 1) plane for HA,
1 7 0) plane for �-TCP, (1 2 1) plane for CT were used as charac-
eristic peaks. ΣI(h k l)i is the total intensity of the characteristic
eaks of the phases appeared in the XRD patterns. Relative

oncentration is not an absolute value of the concentration of
he respected phase that appeared in the materials. However,
t is a useful tool to make qualitative evaluation of the phase
nteractions and reactions occurring during the processes.

F
f
H

mic Society 28 (2008) 2137–2149

The volume (V) of a hexagonal unit cell was determined for
ach HA from the formula V = 2.589a2c.

The densities of cylindrical samples were calculated from
heir measured dimensions and mass. A parameter defined as
ensification factor was used to monitor the density changes of
he Ti substituted samples during sintering at different temper-
tures. This factor was calculated with the following equation:

ensification factor = D − Dg

Dg
× 100 (2)

here D is the density of the sintered compact and Dg is the
ensity of the green compact.

. Results

XRD patterns of pure HAs are presented in Fig. 1. X-ray
eaks of as precipitated phase matches to the JCPDS standard
eaks of pure hydroxylapatite. The wide peaks should be due to
ery small size of the precipitates and/or partial disorderness in
he precipitates. This phase became fully crystallized in between
00 ◦C and 900 ◦C indicated with the sharp HA peaks. Slight
ecomposition of the HA to TCP was observed at 1100 ◦C. The
mount of TCP slightly increased at 1300 ◦C.
ig. 4. XRD patterns of air-sintered P2 samples: (a) as precipitated; and sintered
or 2 h at: (b) 500 ◦C; (c) 700 ◦C; (d) 900 ◦C; (e) 1100 ◦C; (f) 1300 ◦C. (�)
ydroxylapatite and (�) �-tricalcium phosphate. Y-axis, arbitrary units.
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peared between 1100 ◦C and 1300 ◦C, �-TCP became the only
stable calcium phosphate phase associated with CaTiO3 (Fig. 7).
The phase distributions in P2 and P5 throughout sintering up to
ig. 5. XRD patterns of air-sintered P5 samples: (a) as precipitated; and sintered
or 2 h at: (b) 500 ◦C; (c) 700 ◦C; (d) 900 ◦C; (e) 1100 ◦C; (f) 1300 ◦C. (�)
ydroxylapatite and (�) �-tricalcium phosphate. Y-axis, arbitrary units.

ere fully crystallized after sintering in between 700 ◦C and
00 ◦C.

In C2 (Fig. 2), the dominant phase was HA in all sinter-
ng conditions. However, �-Ca3(PO4)2 (�-TCP) and CaTiO3
hases started to appear at 1100 ◦C and then �-TCP consid-
rably decreased at 1300 ◦C, while CaTiO3 phase completely
isappeared. In C5 (Fig. 3), HA was not stable at above 900 ◦C.
t was mainly transformed to �-TCP at 1100 ◦C. It completely
isappeared at 1300 ◦C, while �-TCP became the only stable
alcium phosphate phase. CaTiO3 stayed stable at both 1100 ◦C
nd 1300 ◦C.

In P2 and P5 (Figs. 4 and 5, respectively) as similar to C2, the
ajor phase was HA with small amounts of �-TCP and CaTiO3

t 1100 ◦C. However the amount of both �-TCP and CaTiO3
hases considerable decreased at 1300 ◦C and the HA remained
s the major phase.

The relative XRD peak heights are plotted as a function of
intering temperatures in Figs. 6–9 to compare the phases in the
i containing samples; C2, C5, P2, and P5. The relative peak
eights showed the changes in the amounts of a particular phase
ut they were not normalized to give absolute concentrations.

In all samples, the precipitated phase (HA with small crystal
◦
ize), as the starting material, was stable up to 700 C and began

o transform to other phases in between 700 ◦C and 900 ◦C. In
2 in Fig. 6, the precipitates formed well-crystallized HA and
-TCP phases at 900 ◦C. CaTiO3 became apparent at 1100 ◦C.

F
d

ig. 6. The change in the relative concentrations of the HA, TCP, and CT in C2
uring sintering.

nterestingly, �-TCP phase showed a decrease at 1300 ◦C while
aTiO3 phase completely disappeared, suggesting a possible

eaction between these two phases. In C5, HA totally disap-
ig. 7. The change in the relative concentrations of the HA, TCP, and CT in C5
uring sintering.
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ig. 8. The change in the relative concentrations of the HA, TCP, and CT in P2
uring sintering.

300 ◦C were very similar to C2 as presented in Figs. 8 and 9,
espectively.

As given in Table 2, Ti concentration was the highest in C5

nd it was followed by P2, C2 and P5, respectively. However,
he amount of �-TCP in the samples sintered at 1300 ◦C was
he highest in C5 and the lowest in P5. Although it is almost

ig. 9. The change in the relative concentrations of the HA, TCP, and CT in P5
uring sintering.
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ig. 10. FTIR spectra of the C2 sintered at: (a) 500 ◦C; (b) 700 ◦C; (c) 900 ◦C;
d) 1100 ◦C; (e) 1300 ◦C.

ompletely disappeared in P2, slight amount of �-TCP was
emained in C2. These results showed a correlation between
nhancement in the stability of �-TCP phase and increasing Ti
on concentration.

The FT-IR spectrum of C2 presented in Fig. 10 showed
hat as the sintering temperature increased, the O–H stretch-
ng band45,46 observed at 628 cm−1 showed an increase up
o 700 ◦C, which may be due to the increase in crystallinity.
owever, this band showed a progressive decrease with fur-

her increasing the sintering temperature, which may be due to
he incorporation of Ti ions into maturing HA crystal structure
nd/or the dehydration of the structural water. The broad band
ith low intensity at 1631 cm−1 is due to the presence of lattice
ater in HA structure.45,46

The bands at 1090 cm−1, 1041 cm−1, 599 cm−1, 960 cm−1,
nd 560 cm−1 were assigned to PO4

3− stretching.45,46 There
as a broadening of the band at 1041 cm−1 with increasing sin-
ering temperature. Moreover, the band at 960 first increased
heir intensity up to 900 ◦C, which may be due to the increas-
ng crystallinity. Subsequently, this peak showed a progressive
ecrease that may be associated with a decrease in crystallinity

able 2
omposition of pure and doped samples in atomic percentage

ample reference Ca P O Ti

2 42.37 22.95 33.51 1.17
5 34.48 21.06 41.42 3.04
2 39.15 23.04 36.57 1.24
5 30.38 20.52 48.21 0.89
A 31.22 18.42 50.27 0
CP 27.88 19.34 52.78 0
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F 2; (c)
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ig. 11. SEM photographs of Ti-doped HAs sintered at 1100 ◦C: (a) HA; (b) C
bars = 10 �m).

ue to a decrease in crystallite size and increase in lattice imper-
ection or a combination of these effects in a similar manner
bserved in O–H band at 628 cm−1. A shoulder at 540 cm−1,

hich is the characteristic band of TCP, started to appear at
100 ◦C, corresponding closely with XRD results given in Fig. 2.

The band at 660 cm−1 was observed in all sintering condi-
ions, which is not a characteristic band of pure HA. The intensity

e

fi
a

C5; (d) P2; (e) P5 (arrows show the pores formed during dehydration of HA)

f this peak showed a progressive increase up to 1300 ◦C. New
ands at 790 cm−1, 885 cm−1, and 2300 cm−1 also became
pparent at 1300 ◦C, which should also associate with the pres-

nce of Ti ions in HA structure.

Results of SEM studies showed that HA was highly densi-
ed (99.5%) when sintered at 1100 ◦C for 2 h (Fig. 11(a)). The
verage grain size of HA was 480 nm. The average grain sizes of
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Fig. 12. Densification factor of C2, C5, P2, and P5.
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2, C5, P2 and P5 were 355 nm, 1600 nm, 403 nm, and 330 nm,
espectively, after sintering at 1100 ◦C for 2 h. In contrast, Ti-
oped HA samples had significant porosity (Fig. 11(b)–(e)).
pecifically, C5 had the highest (52%) amount of porosity fol-

owed by C2 (33%) and P2 (18%) with the next highest porosity.
5 (4%) had the lowest amount of porosity among the HA doped
ith Ti formulations.
The densification factor of the samples calculated with Eq.

1) is given in Fig. 12. In a general trend, density of the sam-
les showed a decrease up to 700 ◦C most probably due to the
ost structural water from the dissociating HA. It subsequently
howed a continuous increase with increasing temperature most
robably because of the volume shrinkage during sintering. The
ensity was always smallest in C5 while P5 had the highest den-
ity which was followed by those of P2 and C2, respectively.
he porosity levels were also in this order.

XRD patterns of HC samples demonstrated a small amount of
-TCP (�-Ca3(PO4)2) formation at 1100 ◦C most probably due

o the slight dissociation of HA (Fig. 13). However, this phase
isappeared upon sintering at 1300 ◦C, corroborating the results
bserved in C2, P2 and, P5. On the other hand, the XRD patterns
or TC composites showed that �-TCP and CaTiO3 phases did
ot react and stayed stable at 1100 ◦C in the absence of HA phase
Fig. 14).

. Discussion

The results of X-ray analysis of pure and Ti-doped samples
howed that the precipitating phase was always HA with very
mall grain size. However, as the sintering temperature increased
bove 900 ◦C, increased crystallization and/or phase transfor-
ation in the precipitates were observed. In C2, P2, and P5,
aTiO3 formation and stabilization of �-TCP were monitored
t 1100 ◦C. These results suggested that increasing Ti ion addi-
ion beyond a certain solubility limit of the HA structure leads
o CaTiO3 formation and stabilization of �-TCP in Ti-doped
amples. According to the Ribeiro et al. this solubility limit
f Ti ions in the HA lattice is less than 200 ppm.46 Sintering
n between 1100 ◦C and 1300 ◦C seemed to cause a reaction
nvolving CaTiO3 and �-TCP in the expense of both phases.

On the other hand, although the precipitated phase formed
rystallized HA with small amount of �-TCP phase at 900 ◦C
n C5 as similar to other doped samples, HA was not stable at
igher temperatures. The amount of HA considerably decreased
t 1100 ◦C and entirely transformed to �-TCP at 1300 ◦C. Unlike
o C2, P2 or P5, CaTiO3 did not react with �-TCP phase in C5.
ased on these results, Ti ion can be considered as an �-TCP

tabilizing agent in HA.
Careful inspection of the XRD data of C2, P2, and P5 samples

intered above 900 ◦C revealed that there were two different
uperimposed XRD patterns of two different kinds of apatitic
tructures. The superimposed XRD patterns for P5 sintered at
100 ◦C and 1300 ◦C are given in Fig. 15. These may be due

o the two different precipitation mechanisms. The pattern with
igher intensity may belong to a Ti ion substituted HA lattice
hile the other one with lower intensity may belong to a kind of
i dominant apatitic structure. The hexagonal lattice parameters

Fig. 13. XRD patterns of HC sintered at: (a) 900 ◦C; (b) 1100 ◦C; (c) 1300 ◦C.
(�) �-TCP (�-Ca3(PO4)6; (�) HA; (♦) CT. Y-axis, arbitrary units.
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Fig. 14. XRD patterns of TC sintered at: (a) 900 ◦C; (b) 1100 ◦C; (c) 1300 ◦C.
(*) �-TCP (�-Ca3(PO4)6; (�) �-TCP (�-Ca3(PO4)6); (♦) CT. Y-axis, arbitrary
units.

Fig. 15. X-ray diffraction patterns of P5 sintered at 1100 ◦C and 1300 ◦C. Y-axis,
arbitrary units.
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ere calculated based on these two superimposed XRD patterns
Table 3).

In all substituted apatites, both lattice parameters a and c in
exagonal structures for both superimposed data were smaller
han in pure HA as shown in Table 3. This implies that the HA
tructure shrank in volume with increasing the amount of Ti.
ince the ionic radii of Ti is smaller than that of all components
f HA: Ca, O, and P, it is plausible to admit that the substitution
f Ti resulted in a shrinkage of the apatite lattice volume. This
nding is in agreement with the result reported by Riberio et al.46

hey also reported that the lattice parameters a and c decreased
ith increasing the Ti concentration. This suggests that more Ti

ons substituted in HA lattice in C2 than P2 and P5.
The FT-IR results in Fig. 10 shows a clear evidence for the

trong structural changes in HA lattice upon substituting with
i ions. A typical structure of HA is characterized by differ-
nt vibration modes of the phosphate (PO4)3− and hydroxyl
OH)− groups. The phosphate group itself has a Td symme-
ry; resulting in four internal modes (symmetric stretch ν1,
58 cm−1; asymmetric stretch ν2, 430–460 cm−1; bending ν4,
041–1090 cm−1; bending ν5, 575–610 cm−1). The bands at
090 cm−1, 1041 cm−1, 960 cm−1, 599 cm−1, and 560 cm−1

ere therefore assigned to PO4
3− stretching.

On the other hand, hydroxyl group with C∞ν has vibra-
ion modes at frequencies of 3570 cm−1 and 628 cm−1. Since
he hydroxyl group is located slightly above or below the mir-
or plane, reducing the molecular symmetry, all four (PO4)3−
bsorptions become FTIR active.51,52 Especially the band
bserved at 628 cm−1 due to O–H stretching was found to be
ensitive to substitution in the apatite structure.46 The strength
f this band also shows the degree of crystallinity.

As observed in Fig. 10, an increase in the O–H stretching band
t 628 cm−1 up to 700 ◦C seems to be due to the increase in crys-
allinity. However, the following progressive decrease its relative
eight associated with a broadening in the PO4

3− stretching
and at 1041 cm−1 with increasing sintering temperature seems
o be due to the incorporation of Ti ions into maturing HA crystal
tructure thus increasing the disorderness and/or the contribution
f dehydration of the structural water.45,46

The bands at 660 cm−1, 790 cm−1, and 885 cm−1 are not
haracteristic bands of pure HA. Therefore it is supposed that
hese bands should associate with the presence of Ti ions in HA
tructure based on the results provided by Chernorukov et al.
ho observed similar strong bands at around 725–800 cm−1.
herefore these bands were attributed to Ti–O vibrations in
Ti–O–Ti–O– chains.53 Ribeiro et al. also observed very similar
ands in the same range46 and assigned the band at 790 cm−1

o the presence of Ti–O bonds. However, they attained the band
t 875 cm−1 to a possible pyrophosphate group vibrations.54,55

he bands at 2300 cm−1 may be due to the reaction observed
etween 1100 ◦C and 1300 ◦C.

There are different proposal in the literature for possible
i substitution mechanisms in HA structure. Among them,

nmin et al. reported that the divalent Ca2+ (rCa2+ = 0.075 nm)

ations should be substituted by quadrivalent ions Ti4+ (rTi4+ =
.064 nm) in Ti modified HA structure and therefore the lat-
ice parameters and thus cell volume decreased. Consequently,
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Table 3
Lattice parameters and lattice volumes of HA and Ti-doped HA structures

Sample Temperature Hexagonal lattice parameters a and c and differences �a and �c

a �a ab �ab c �c cb �cb

HA HA 9.427 0 – – 6.888 0 – –

C2
900 9.411 −0.016 9.411 −0.016 6.878 −0.013 6.875 −0.013
1100 9.419 −0.008 9.383 −0.044 6.889 −0.010 6.863 −0.025
1300 9.411 −0.016 9.386 −0.041 6.882 −0.001 6.872 −0.016

C5 Not determined due to XRD dataa

P2
900 9.411 −0.016 9.411 −0.016 6.882 −0.006 6.882 −0.006
1100 9.425 −0.002 9.400 −0.027 6.881 −0.007 6.868 −0.020
1300 9.408 −0.019 9.381 −0.046 6.883 −0.005 6.864 −0.024

P5
900 9.419 −0.008 9.419 −0.008 6.860 −0.028 6.860 −0.028
1100 9.425 −0.002 9.386 −0.041 6.881 −0.007 6.855 −0.033
1300 9.422 −0.005 9.389 −0.038 6.886 −0.002 6.870 −0.018

Sample Temperature Unit cell volumes (V) and differences (�V)

V �V Vb �Vb

HA HA 612.13 0 – –

C2
900 608.89 −3.22 608.89 −3.22
1100 610.19 −1.92 604.22 −7.90
1300 610.13 −1.98 605.40 −6.72

C5 Not determined due to XRD dataa

P2
900 609.51 −2.60 609.51 −2.60
1100 611.24 −0.88 606.85 −5.26
1300 609.21 −2.90 604.05 −8.07

P5
900 608.60 −3.52 608.60 −3.52
1100 611.24 −0.88 603.90 −8.22
1300 611.29 −0.82 605.61 −6.51

f HA
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a The lattice parameters of C5 were not determined due to the high amount o
b Calculated from lower intensity pattern in superimposed XRD data.

attice disorder increased with the increasing of Ti content. The
nduced lattice disorder may provoke microscopic stresses in
A matrix which can lower the required energy for the dehy-
ration and respected decomposition of its structure. Therefore,
he sinterability of HA compacts decreased with increasing the
i concentration in its structure. It may be this lattice disor-
er greatly inhibiting the crystallization and making difficult to
btain high crystallinity in HA modified with Ti4+.43

On the other hand, Wakamura et al. suggested that Ti ions
ay be substituted into Ca2+ positions in the form of divalent

on complexes, such as [Ti(OH)2]2+ or [Ti(HPO4)]2+, to provide
charge balance in HA lattice.44 However, they did not make

ny structural analysis on sintered materials to evaluate the sta-
ility of these divalent ion groups with increasing temperature.
s the FT-IR results in Fig. 10 shows, the crystallinity of C2
ecreased above 900 ◦C. This may be associated with the lost of
H− group in [Ti(OH)2]2+ if this ion complex had substituted

o Ca2+ positions during precipitation. However, the sizes of the
roposed Ti-based ion complexes seem to be considerably larger

han the site available for Ca ions. Obviously more researches
re needed to understand the substitution mechanisms.

It is also plausible that a titanate group can substitute into
he location of phosphate group as proposed by Ribeiro et al.

s
p
t
H

decomposition from XRD data.

ubstitution mechanism was described by the following model
atisfying appropriate charge balance46:

Ca10(PO4)6(OH)2 (solid) + xTiO4
4− (aq.)

⇒ Ca10(PO4)6−x(TiO4)x(OH)2−x (aq.)

+ xPO4
3−x (aq.) + xOH− (aq.) (3)

They also suggested a possible reaction for the formation of
n apatitic structure with a dissolution and precipitation mecha-
ism and they proposed the following chemical formula for this
patitic structure:

6H2PO4
− (aq.) + 5Ti4+ (aq.) + 2H2O

⇒ 3Ti5(PO4)6(OH)2 (solid) + 14H+ (aq.) (4)

Although reaction kinetics between HA and CaTiO3 or
etween TCP and CaTiO3 powders can be mainly affected by
he homogeneity of the powder mixture, grain size of the com-
onents influencing the diffusion distance between atomic/ionic

pecies, the results obtained from Ti doped samples and com-
osites were quite parallel. For instance, as the XRD patterns of
he HC showed similar results to C2, P2 and P5, some amount of
A dissociated to �-TCP at 1100 ◦C; and this phase completely
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isappeared at 1300 ◦C. On the other hand, TC composite
howed no reaction between TCP and CaTiO3 at 1100 ◦C and
300 ◦C, other than a partial transformation of the �-TCP to
-TCP at 1300 ◦C. In this manner, TC behaved similar to C5.

However, no new peak could be identified in XRD results,
hich can be assigned to a possible reaction byproduct. As evi-
ence, a new FT-IR band appeared at 2300 cm−1 upon sintering
he C2 at 1300 ◦C (Fig. 10) may be considered as an indication
or the structural changes caused by this reaction in between
100 ◦C and 1300 ◦C. To the best of our knowledge, this reac-
ion observed in this study has not been demonstrated by other
uthors.

Two possible mechanisms may be proposed to explain this
eaction; (a) the present HA may have provided a surface for
ucleation and growth of new apatitic structure formed with the
eaction of �-TCP and CaTiO3. Due to its apatitic nature, its
RD peaks may be hindered behind the hydroxylapatite peaks;

b) the reaction product is rather amorphous and therefore, does
ot have observable XRD peaks.

In the first, TCP and CaTiO3 may react and form a kind
f apatitic structure on the HA surface. Keeping in mind that
ccording to our results, the reaction temperature was in between
100 ◦C and 1300 ◦C, structural water for apatite formula is less
ikely to be provided from air at these temperature levels. There-
ore, the following model, for the first time, may be proposed
or the formation of a possible apatitic structure on the surface
rovided with the existing HA phase:

aTiO3 ⇒ Ca2+ + TiO3
2−

Ca3(PO4)2 + CaTiO3 ⇒ Ca10(PO4)6(TiO3) (5)

Obviously, in order for TiO3
2− ion to substitute into OH sites,

he space left by OH ions should be suitable as well as charge
eutrality should be maintained. Taking into account that the
istance between Ca(II) and O in OH is about 0.238 nm; the
istance between Ca(II) and H in OH is about 0.269 nm.15 So
he radius of a minimum spherical space in O column of a loosely
acked HA can be considered as 0.238 nm. On the other hand, if
he length of Ti–O bond is considered as 0.18 nm, the top angle
f O–Ti–O trigonal as about 90◦,56 the radius of Ti4+ as 0.064 nm
nd the radius of O2− as 0.14 nm, then the minimum radius of
he spherical space that would be filled by TiO3

2− ion can be
onsidered roughly as 0.16 nm. So, it seems to be plausible that
iO3

2− group could squeeze in an OH site. Another possibility
ould be the TiO2

1− ion instead of TiO3
2−, which has one net

egative charge if its Ti species is in three-valent state.
In the second, HA and CaTiO3 may react with each other in

he expense of both phases. The following model, also for the
rst time, can be proposed for the respected reaction:

Ca10(PO4)6(OH)2 (solid) + CaTiO3 + xO2

⇒ Ca10(PO4)5(TiO4)(OH)2 + Ca2P4O9 (6)
Since the melting temperature of calcium pyrophosphate is
bout 1230 ◦C, this phase might have melted during sintering.57

fter solidification, this phase might have not crystallized again
nd therefore formed a glassy phase, similar to the reaction pro-

R

mic Society 28 (2008) 2137–2149 2147

osed in HA/LaPO4 systems.58 This may be the reason why it
ould not be detected in X-ray diffraction results. This model can
lso explain why �-TCP and CaTiO3 did not react in the absence
f HA in C5 and TC composite, however, it cannot explain how
-TCP disappeared.

SEM analyses revealed that for each of the Ti substituted
A, except C5, sub-micrometer grain sizes were measured. So

t can be inferred that Ti incorporation into HA structure yielded
decrease in the grain size. As previously demonstrated, the Ti
oncentration increased in the compacts of interest, �-TCP and
aTiO3 phases became more stable up to 1100 ◦C. However,
s the concentration of these phases increased, so did poros-
ty. Therefore it may also be accepted that the existence of Ti
n the structure promoted the dehydration of HA phase which

ay be responsible for diminishing the densification behavior.
he formation of pores in the compacts with increased amount
f Ti may be due to the dehydration of hydroxyl-groups (and
ssociated saturated water) from HA leading to the formation of
-TCP as observed in C5 with the following proposed reaction:

a10(PO4)6(OH)2 + Ti4+ ⇒ 3Ca3(PO4)2 + CaTiO3 + H2O

(7)

. Conclusion

This study demonstrated that during the synthesis of Ti sub-
tituted HA, two different apatitic structures formed in the
recipitating medium. These phases crystallized above 900 ◦C,
nd became observable in XRD analysis. The one with the higher
ntensity may belong to Ti ion substituted HA lattice. However
he one with the lower intensity may belong to one in which Ti
ons dominated in its crystal formulation. The incorporation of
he Ti ions into the HA led to the shrinkage of the unit lattice
olume.

Ti incorporation caused a decrease in grain size of HA. How-
ver, Ti ions beyond certain limit promoted the decomposition
f HA phase and formation of porosity. Thus �-Ca3(PO4)2 and
aTiO3 phases became stable.

A reaction involving HA, �-Ca3(PO4)2 and CaTiO3 was
bserved, for the first time, in Ti substituted samples and
A/CaTiO3 composites upon sintering between 1100 ◦C and
300 ◦C. In the absence of HA or below some critical volume
atio, this reaction was not observed and both �-Ca3(PO4)2 and
aTiO3 phases stayed stable.
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