
Turkish J. Eng. Env. Sci.
27 (2003) , 423 – 429.
c© TÜBİTAK
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Abstract

The aim of the current study is to investigate the reaction of hydroxylapatite with both metallic titanium
and titanium oxide, and to examine the effect of atmosphere on these reactions. For this purpose, hydroxy-
lapatite composites with both metallic titanium powder and titanium oxide were prepared and sintered at
1100 ◦C for 2 h under 2 different conditions: in air and in evacuated glass tubes with hot isostatic pressing at
120MPa. The reaction was monitored with XRD and thermal analysis. No significant reaction was identified
between hydroxylapatite and metallic titanium in the vacuum environment. However, a reaction occurred
between hydroxylapatite and titanium oxide, which formed CaTiO3 with a perovskite structure, Ca3(PO4)2

(whitlockite) and water. The presence of air in the sintering environment promoted this reaction.
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Introduction

Metallic biomaterials such as Ti and its alloys,
stainless steel, and CoCrMo alloys are widely
used in many load-bearing biomedical applications
(Ducheyne et al., 1988; Hemmerle et al., 1997).
However, the biocompatibility of these metallic ma-
terials has always been an important concern in these
applications, in terms of metallic ion release from
their surface to the body, and adverse reactions with
the surrounding tissue (Ducheyne et al., 1988), etc.
Bioceramic materials have been introduced in the
biomaterial industry as a solution to this dilemma
(Hench et al., 1972; Ducheyne, 1987; Doremus,
1992). Among these bioceramics, calcium phosphate
materials have received recognition in this field. Es-
pecially hydroxylapatite (HA) among these materi-
als has excellent biocompatibility and direct bond

formation with the adjacent hard tissue (Tracy et
al., 1984), but its mechanical properties are gener-
ally inadequate for many load-carrying applications.
Therefore, HA as well as other calcium phosphates
are commonly used as a coating material on metallic
prostheses; this is perhaps the most salient appli-
cation of HA currently used (DeGroot et al., 1987;
Hemmerle et al., 1997). In this way, hydroxylap-
atite coatings can also act as a barrier between the
body and the metallic implant, and provide a sur-
face on which bone can easily grow, generating me-
chanical interlocking and chemical bonding at the
bone/implant interface (Fujita et al., 1992).

However, the interface between HA and a metal-
lic implant has been another matter of concern in
terms of the mechanical properties and biocompat-
ibility of the implant. In order for the HA coat-
ing to be effective and reliable, it must be strongly
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bonded to the metallic surface. For this reason,
chemical bonding derived from the reaction/diffusion
at the HA-metal interface could develop a highly re-
liable interface in response to this requirement (De-
Groot et al., 1987). While the presence of reac-
tion/diffusion bonding at the interface may increase
the bond strength between HA and the metal, since
this new interface material has a different composi-
tion from HA or the metal, it may cause toxic reac-
tions in the body. Thus knowledge of the interface
phenomena including the reaction kinetics and the
properties of byproducts will certainly help to eval-
uate the overall interface behavior, leading to the
design of better implants.

There have been some attempts to understand
the interface between HA and metallic substrates, es-
pecially titanium. One study documented CaTi2O5

and tricalcium phosphate formation at the HA/Ti
interface as a reaction product in samples prepared
with plasma spraying (Ji et al., 1992). Other studies,
however, showed CaTiO3 and tricalcium phosphate
formation (Geesink et al., 1988; Ji et al., 1992; Er-
gun et al., 2003). These different reaction products
could be due to differences in the sample preparation
methods. The aim of the present study is to develop
a better understanding of the interface reaction be-
tween HA and titanium.

Materials and Methods

Two sets of samples containing hydroxylap-
atite/metallic Ti powder (HA/Ti) composites in a
3:1 weight ratio and 2 sets of hydroxylapatite/titania
(HA/TiO2) composites also in a 3:1 weight ratio were
used to investigate the reaction formation between
hydroxylapatite and titanium. The first set of com-
posites was sintered in air to react hydroxylapatite
with Ti or TiO2; the second set was prepared with
hot isostatic pressing inside evacuated borosilicate
glass tubes. In this case, oxidation was limited. The
sample preparations and experimental methods are
discussed below.

Preparation of Hydroxylapatite

HA was produced by precipitation (Ergun et al.,
2002). First, ammonium phosphate and calcium ni-
trate solutions were brought to a pH level between 11
and 12, by adding concentrated ammonium hydrox-
ide. These 2 solutions were then covered and stored
at room temperature overnight. Next, the calcium
nitrate solution was added dropwise to a continu-
ally stirred ammonium phosphate solution for 5 to
10 min. The amounts of the 2 solutions were ad-
justed so that the Ca/P molar ratio in the mixture
was 1.67. When all the calcium nitrate solution was
exhausted, the slurry was stirred for 3 days. The
slurry of the calcium nitrate and ammonium phos-
phate mixture was then allowed to settle overnight.
Following this, the excess liquid was sucked up with
a vacuum pump and the settled slurry was filtered
using 0.2 µm Millipore filter paper. The wet cakes
were dried on plastic film at 60 ◦C for several days.
The dried cakes were first crushed with a mortar and
pestle to a particle size below 3 mm, and then further
ground to below 200-mesh size.

Preparation of Hydroxylapatite Composites

Hydroxylapatite powder was calcined at 900 ◦C for
1 h prior to mixing with the other component of
the composite. The HA powder was mixed with the
powders of metallic titanium or titania so as to give
HA/Ti and HA/TiO2 weight ratios of 3/1. For ho-
mogeneous mixing, they were further blended with
ball milling in an ethyl alcohol medium. The milled
powder was then quickly filtered through a 0.2 µ
Millipore filter to prevent segregation due to density
differences between the 2 components. The filtered
cakes were kept at 200 ◦C overnight to remove the
rest of the the ethyl alcohol. Then the cakes were
crushed and further mixed in a mortar and pestle.

Later, the powder was cold-pressed at 120 MPa
to produce bar-shaped samples with a 5 mm x 10
mm cross-section and 50-mm length. These green
bodies were sintered in 2 different conditions: (a) air
sintering; and (b) hot isostatic pressing (HIP).

Table 1. Abbreviation and the composition of the samples.

Name Abbreviation Composition
Hydroxylapatite HA pure
Hydroxylapatite-metallic Titanium HA/Ti 75 wt.% HA + 25wt.% Ti
Powder Composite
Hydroxylapatite-Titania Composite HA/TiO2 75 wt.% HA + 25 wt.% TiO2
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The air sintering was performed at 1100 ◦C for 2
h. The green bodies prepared for HIP were coated
with a boron nitride aerosol spray and dried at 60
◦C overnight and were placed into borosilicate glass
tubes. The tubes were evacuated with a vacuum
pump and sealed with an oxyacetylene torch. The
tubes were placed into a graphite supporter and then
into the HIP chamber. The chamber was first evac-
uated to 100 millitorr and heated to 750 ◦C under
vacuum. At this temperature, the chamber pressure
was increased to about 20 Pa. Following this stage,
it was further heated to 850 ◦C. At 850 ◦C, the pres-
sure was increased to 120 MPa over a period of 30
min. Then the temperature and pressure were finally
adjusted to 1100 ◦C and 120 MPa. The samples were
HIPped for 2 h. Heating or cooling rates were a max-
imum of 600 ◦C/h.

1. Material Characterization

XRD analysis was performed on the pure hydroxyla-
patite sintered in air at 1100 ◦C for 2 h, pure TiO2

in air at 1100 ◦C for 2 h, commercially available pure
Ti powder, and HA/Ti and HA/TiO2 composites af-
ter each processing condition discussed above. The
XRD patterns of the pure HA, TiO2 and Ti were
used for comparison purposes to identify the reaction
formation and structural changes during processing.
An XRD test was run with 2 θ angles between 20
and 70 degrees with 0.02 degree/min scan speed at
40 kV and 30 mA in a Scintag Inc. XRD unit oper-
ating with Ni filtered Cu Kα radiation.

The thermal analysis of pure hydroxylapatite and
HA/TiO2 composite samples was conducted in a TA
Instruments SDT 2960 TGA system at a 20 ◦C/min
heating/cooling rate from room temperature to 1350
◦C under a 100 ml/min air purge.

2. Results and Discussion

The XRD patterns of the HA/Ti composite prepared
with HIP can be seen in Figure 1c. When they are
compared with the peaks of pure HA, titania, tita-
nium peaks, and whitlockite and perovskite standard
peaks in Figures 1a, b, and d-f, respectively, it can
be seen that larger amounts of titanium and HA ex-
ist in the composite structure when sintered in the
vacuum environment, except for a small amount of
Ti that oxidized, forming titanium dioxide. It can
be presumed that oxygen came from the residual air
and/or humidity in the glass tube. It appears that

HA and Ti were mainly preserved, and no signifi-
cant reaction was identified between HA and Ti, as
the signals from the reaction products were below the
detection limit of the current XRD analysis, which
is approximately 0.2%.

The XRD pattern of the HA/Ti composite sin-
tered in air is presented in Figure 2c. The XRD
patterns of whitlockite, Ca3(PO4)2, and perovskite
CaTiO3 standard are also shown in Figures 2a and
f. The XRD patterns of the sintered pure HA, sin-
tered rutile TiO2 and Ti powder as received are given
in Figures 1b, d, and e, respectively. The spectrum
of the composites includes HA, Ti, Ca3(PO4)2and
CaTiO3 peaks.

The XRD pattern of the HA/TiO2 composite
prepared with HIP is shown in Figure 3c. The XRD
pattern of the sintered pure HA, and sintered titania
at 1100 ◦C can be seen in Figures 3b and d, respec-
tively. The characteristic peaks of the Ca3(PO4)2

and CaTiO3are also shown in Figures 4a and e, re-
spectively. The XRD pattern of the composite in-
cludes the peaks from rutile titania, HA, and the
reaction products: Ca3(PO4)2 and CaTiO3.
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Figure 1. XRD patterns of: (a) JSPD 09-169 standard
for Ca3(PO4)2 (whitlockite); (b) pure HA; (c)
HIPped HA/Ti composite; (d) rutile TiO2;
(e) Ti powder; (f) JSPD 42-0423 standard for
CaTiO3 (perovskite).
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Figure 2. XRD patterns of: (a) JSPD 09-169 standard
for Ca3(PO4)2 (whitlockite); (b) pure HA; (c)
HA/Ti composite sintered in air; (d) rutile
TiO2; (e) Ti powder; (f) JSPD 42-0423 stan-
dard for CaTiO3 (perovskite).
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Figure 3. XRD patterns of: (a) JSPD 09-169 standard
for Ca3(PO4)2 (whitlockite); (b) pure HA; (c)
HIPped HA/TiO2 composite; (d) rutile TiO2;
(e) JSPD 42-0423 standard for CaTiO3 (per-
ovskite).

The XRD pattern of the HA/TiO2 composite sin-
tered in air is shown in Figure 4c. The XRD patterns
of Ca3(PO4)2 and CaTiO3 standards are shown in
Figures 4a and e. The XRD patterns of the sin-
tered pure HA and sintered rutile (TiO2) are given
in Figure 3b and d, respectively. According to the
results, the reactivity of titania with HA is very high,
leading to the disassociation of the majority of the
HA phase, forming Ca3(PO4)2 during the reaction.
Another product of this reaction was identified as
CaTiO3, similar to that found in the HA/Ti com-
posite sintered in air (Figure 2c).

The TGA and DTA results for pure HA and
HA/TiO2 composite are given in Figures 5 and 6,
respectively. According to the TGA results, pure
HA loses its absorbed water up to 900 ◦C. The steps
up to this temperature seen in this figure indicate
the different release temperatures of the water held
with different mechanisms in the structure of HA.
It is known that HA contains water in 2 different

ways: structural water and absorbed water. The ze-
olitic structure of the HA having structural channels
should be responsible for this excessive water absorp-
tion behavior (Sharrock et al., 1992). At about 900
◦C, the plot shows a plateau. Its lost weight was
about 15-16% of its starting value during heating up
to this plateau.

In the DTA graph for HA/TiO2 composite shown
in Figure 6, a strong endothermic peak was observed
at about 960 ◦C. This temperature showed a good
correlation with the temperature at which a weight
loss of the HA/TiO2 composite was observed in the
TGA plot in Figure 5. The weight loss observed in
the TGA plot at 960 ◦C can be attributed to the
evaporation of the water released from the structure
after the reaction between HA and TiO2.

According to these results, HA reacts with tita-
nia at approximately 960 ◦C in air, and validates the
following reaction proposed by Geesink et al. (1988)
and Ergun et al. (2003):
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Figure 4. XRD patterns of: (a) JSPD 09-169 standard for Ca3(PO4)2 (whitlockite); (b) pure HA; (c) HA/TiO2 composite
sintered in air; (d) rutile TiO2; (e) JSPD 42-0423 standard for CaTiO3 (perovskite).
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Figure 5. TGA plots of pure HA and HA/TiO2 composite (HATiO).
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Figure 6. DTA plots of pure HA and HA/TiO2 composite (HATiO).
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Figure 7. XRD patterns of: (a) pure HA; (b) HIPped HA/Ti composite; (c) HA/TiO2 composite sintered in air; (d)
JSPD 42-0423 standard for CaTiO3 (perovskite).
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Ca10(PO4)6(OH)2 + TiO2 ⇒ CaTiO3 +
3Ca3(PO4)2 + H2O

XRD patterns of pure HA, HIPped HA/Ti com-
posite, HA/Ti composite sintered in air, HIPped
HA/TiO2 composite, and HA/TiO2 composite sin-
tered in air are shown in Figures 7a-e respectively, to
summarize CaTiO3formation for different processing
conditions. The intensity ratio of the characteristic
XRD peaks of CaTiO3 at 33.41 degrees and HA at
31.77 degrees were estimated as 14/20 for HIPped
HA/TiO2 composite, and 11/2 for HA/TiO2 com-
posite sintered in air. It is clearly seen that there
is a higher reactivity between HA and TiO2 sintered
in air compared to the reactivity between HA and
TiO2 under HIP. This is likely due to the air in
the heating environment. However, no reaction was
identified between HA and metallic titanium in the
HIPped condition. The reaction observed in the air
sintered HA/Ti composite appears to be due to the

oxidation of the metallic titanium forming titanium
dioxide, and then the reaction of this oxide with hy-
droxylapatite.

3. Conclusion

This study showed that a chemical reaction between
titania and hydroxylapatite takes place upon heat-
ing at 960 ◦C. DT analysis supplied evidence that
hydroxylapatite decomposed to Ca3(PO4)3 and H2O
at this temperature and reacted with titania forming
CaTiO3. No direct reaction was observed between
titanium and HA. However, it is apparent that the
titanium oxide layer reacted with HA. Titanium ox-
ide could have been on the surface of the metallic
titanium previously and/or have been formed by the
oxidation of titanium. The reactivity between HA
and titania increases as the amount of air increases
in the processing environment.
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