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Abstract Biomimetic apatite coatings on chemically mod-
ified titanium powder have been processed and the resulting
coating layers evaluated in terms of morphology, composi-
tion and structure, using TF-XRD, XPS, SEM, TEM and
FTIR analysis. After 7 days immersion in a simulated body
fluid (SBF), nanometer-sized fine precipitates with an
amorphous whisker-like phase and a Ca/P atomic ratio of
1.94 were obtained on the external surface of the titanium
particles. When the immersion time in SBF was extended to
16 days, the coating layer consisted of the whisker-like
nanostructured crystals of carbonated hydroxyapatite with a
atomic ratio of 3; in such a case, a double coating layer was
developed. The double layer could be divided into two
regions and could be clearly distinguished: an inner dense
region (~200 nm in thickness) which may include hard
agglomerated crystals and an outer less dense region
(> 500 nm in thickness) in which crystals are loosely
distributed.

1 Introduction

Titanium and its alloys such as Ti6Al4V have been widely
used for implant fabrication both in dentistry and surgery
because of their good mechanical properties, biocompati-
bility and corrosion resistance [1, 2]. However, such metals
are bioinert, and do not easily bond directly to the bone.
Apatite is a bioactive ceramic, this allowing good osteo-
conductivity [3]. Unfortunately, the bioactive ceramic
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exhibits poor mechanical properties; consequently it is not
suitable for load-bearing biomedical applications [4]. A
bioactive coating of titanium and its alloys can combine the
osteoconductivity of apatite with the mechanical properties
of a metal. Various processing routes for preparing bioac-
tive ceramic coatings on titanium and its alloys have been
reported including plasma spraying [5-9], the sol-gel
method [10, 11], electrophoresis and electrochemical
deposition [12, 13]. Among these processing methods, the
plasma spraying technique is often used for hydroxyapatite
(HA) coating of metal implants owing to its high deposi-
tion rate and ability to coat a wide area; however, it needs a
very high deposition temperature, this undesirably resulting
in the partial decomposition of HA [5]. Further, the plasma
coating exhibits poor adhesion strength between the HA
coating and the substrate, inhomogeneous coating quality
and unsuitability for the coating of complex-shaped
implants [14].

On the other hand, a biomimetic deposition technique
[15-18], using an acellular simulated body fluid (SBF) has
attracted much attention, in that it describes the formation
of a bone-like apatite surface layer on a titanium substrate.
The apatite nucleates on the surfaces of chemically treated
titanium in SBF and grows continuously by consuming
calcium and phosphate ions from the surrounding fluid to
form uniform apatite layer. Up to now, almost all resear-
ches on the biomimetic apatite coatings have been carried
out with a flat-shaped titanium substrate. In the present
work, a biomimetic processing route for nanostructured
whisker-shaped apatite coatings on titanium powder has
been proposed and the resulting coating material charac-
terized. It is expected that such apatite-coating titanium
powder may exhibit the strength of the metal together with
the bioactivity of the ceramic; consequently, it offers the
potential to be used as a promising candidate material for a
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variety of biomedical applications such as bone filler,
dental repair, and artificial scaffold.

2 Materials and methods

Commercial-grade titanium powder (Sigma—Aldrich Co.)
with a purity of 99.75% and an agglomerate size of
41.46 pm was used in this investigation. After ultrasoni-
cally washing with ethanol and deionized water, and drying
at 50°C, the titanium powder was etched in 3 M HCI at
60°C for 1 h, soaked in 5 M NaOH aqueous solution at
60°C for 24 h, filtered, washed with distilled water and
dried at 100°C for 2 h.

The chemically treated titanium powder was soaked for
3-16 days at 36.5°C in SBF with the ion concentrations
(mM) of 142.0 Na™, 5.0 KT, 1.5 Mg?", 2.5 Ca>™, 148.8
Cl™, 42 HCO®", 1.0 HPO,* and 0.5 SO,*". The solution
was prepared by dissolving reagent-grade NaCl, NaHCO3,
KCl, K,HPO-3H,0, MgCl,-6H,0, CaCl, and Na,SO, in
distilled water. It was buffered at pH = 7.4 with tris-
hydroxymethyl aminomethane (TRIS) and HCI at 36.5°C.

The coating layer developed on the titanium powder was
examined by scanning electron microscopy (SEM, S-4200,
Hitachi) at 15 kV and transmission electron microscopy
(TEM, JEM-2010, Jeol) at 200 kV to determine the surface
morphology. The thickness of coating layer was approxi-
mately determined from TEM micrographs. The chemical
and crystalline phase compositions were investigated by

Fig. 1 SEM micrographs of the
surfaces of chemically modified
titanium powder after
immersing in SBF for a 3, b 5,
¢ 7 and d 16 days
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Fourier transform infrared reflection spectroscopy (FTIR,
IFS-66, Bruker) and thin-film X-ray diffractometry (TF-
XRD, D/MAX 2200, Rigaku) at a glancing angle of 1°. The
elemental composition and surface chemistry were exam-
ined using energy dispersive X-ray microanalysis (EDX,
6853-H, Horiba) and X-ray photoelectron spectroscopy
(XPS, ESCALAB 250, VG Scientific). The binding ener-
gies measured in XPS were calibrated relative to the
hydrocarbon Cls of 284.6 eV.

3 Results and discussion

After immersing the chemically modified titanium powder
in SBF, the surface microstructures of the coating layers
are shown in Fig. 1. With increasing immersion time, up to
5 days, the surface structure of the titanium powder was
loosened, probably due to the dissolution of Na™ ions from
the surface of the titanium powder via exchange with H;O™
ions in SBF. A clear trace of the reaction products could
not be seen. When immersed for 7 days, however, nano-
meter-sized fine precipitates formed in a large volume on
the surfaces of the titanium particles (Fig. 1c). With the
extension of the immersion time to 16 days, a relatively
large number of whisker-like crystals were developed
(Fig. 1d). Their morphology could be clearly distinguished
from the reaction products deposited from SBF on a planar
titanium substrate, typically isolated spheroidal particles
[19-21].
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Development of the whisker-like phase in the particulate
titanium substrate depends on the presence of nucleation
sites and the presence of a sufficient concentration of ionic
species necessary to form the apatite. Growth of the
whiskers is possibly due to the following:

i.  relatively high specific surface area of the rugged
titanium particles which provides nucleation sites for
apatite in SBF at the sharp edges and peaks of the
surface compared with planar substrates, results in
more energetic nucleation sites

ii. when a nucleus forms on a particulate titanium
substrate, the contact area between substrate and
nucleus is small enough such that a preferred orienta-
tion growth habit is active

iii. the ions necessary for growth can diffuse to the
nucleation site from many directions; in comparison
with the planar surface, the particulate surface can
provide many nucleation sites and a linear diffusion
path, perpendicular to the plane of the substrate, for
the ionic species necessary for growth; the apatite thus
grows into a whisker-like phase rather than becoming
spherical

iv. the crystal structure has a hexagonal unit cell
(a = 0.941 nm, ¢ = 0.689 nm), allowing preferential
crystal growth along the crystallographic direction
parallel to the c-axis compared with any other
direction.

After immersing in SBF for 7 and 16 days, the mor-
phologies of the surfaces of coating layers were observed
in detail by TEM (Fig. 2). With an immersion time of
7 days, the coating layer with the thickness of <200 nm

Fig. 2 TEM micrographs of the (a)
surface of the titanium powder
after immersing in SBF for a 7
and b 16 days

(Fig. 2a) consisted of a nanostructured whisker-like phase.
This is believed to be amorphous from the evidence of
selected area diffraction (SAD) patterns. After immersion
for 16 days, the whisker-like phase illustrated in Fig. 1d
exhibited three microstructural features having different
morphology: whisker-shaped, rod-shaped and polygonal-
shaped crystals all with a nano dimensions. As shown in
Fig. 2b, in such cases, besides the dense coating layer
(~200 nm in thickness) on the surface of the titanium
particles, the nanostructured and agglomerated crystals
were also present at even further distances from the inter-
face of the coating layer and were somewhat loosely con-
nected to each other. The presence of this complex coating
layer could suggest that further nucleation of the precipi-
tates in SBF solution may be associated with nanoparticles
which had already been precipitated on the external surface
of the titanium, subsequently these being able to act as
nucleation seeds. It is expected that when implanted the
loosely connected fine crystals could easily be redissolved
and increase the degree of supersaturation near the surface
of the dense coating, contributing positively to further
improved formation and growth of the bone.

The TF-XRD patterns of the surface of the titanium
powder immersed in SBF for 7 and 16 days are shown in
Fig. 3. Titanium and rutile phases were identified after
immersion for 7 days; the presence of apatite crystals was
not observed. After immersion for 16 days however, the
characteristic peaks of carbonated hydroxyapatite (CHA)
with Miller indices of (0 0 2), (1 1 2), (3 0 0) (JCPDS
Card #19-0272) were detected, but the peak intensities
were relatively low compared with titanium and rutile.
It is proposed that nanometer-sized crystals with a low

200 nm
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Fig. 3 TF-XRD patterns of the titanium powder after immersing in
SBF for a 7 and b 16 days

crystallinity were developed on the surfaces of the titanium
particles, as shown in Fig. 2.

As shown in Fig. 4, EDX analysis revealed the presence
of carbon, oxygen, sodium (or magnesium) and phosphorus
in the surface of titanium powder immersed in SBF, in
which the major chemical components of calcium phos-
phate compounds were contained. It is considered that
minor amounts of sodium remain in spite of washing with
distilled water after alkali treatment and in the initial
reaction stage, the Mg”" ions are incorporated with Ca*" on

Fig. 4 EDX spectra of the surfaces of the titanium powder immersed
in SBF for a 7 and b 16 days. Full scale: a 920 and b 768 cts
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the surface of the titanium powder. After immersing for
7 days in SBF, the Ca/P atomic ratio was 1.94, determined
by EDX area analysis. After 16 days, the Ca/P atomic ratio
increased to 3 when determined by EDX point analysis on a
spot (‘marked ‘X’ in Fig. 1d) on the whisker-shaped parti-
cle, which is further close to the stoichiometric composition
(3.3, atomic ratio) of CHA (Ca;o(PO4);(CO3);(OH),,
JCPDS card # 19-0272). Thus in the development of the
biomimetic reaction of the titanium powder, the bone-like
apatite crystals appear to be formed via intermediate
products of calcium phosphate [21].

The XPS spectra of the titanium powder immersed in
SBF for 16 days are shown in Fig. 5. C, Ca, O, P, and Ti
were detected on the surface of the coating layer. The
binding energies (BE) of Ti2p;/, and Ti2p,,, were detected
at 458.4 and 463.8 eV, respectively, corresponding to a
quadrivalent oxidation state (Ti*) (Fig. 5b) [22]. The BE
values coincide with those typical for TiO,, the chemical
composition of rutile subsequently confirmed by TF-XRD
analysis (Fig. 3). It is assumed that the presence of TiO, is
due to the residual passive oxide film that was not removed
by etching in HCI (TiO, + 4HCl — TiCl, 4+ 2H,0) and/
or subsequently soaking in NaOH (TiO, + NaOH —
HTiO; + Na™) [21]. The oxide film could also have grown
rapidly by oxidation at room temperature after the cleaning
process and before immersion in the SBF. The Ca2p spec-
trum exhibited a doublet with Ca2p;/, (346.4) and Ca2p,,,
(349.9 eV) (Fig. 5¢), corresponding to Ca** [23]. The P2p
spectrum showed a single peak at 133.0 eV (P2psp)
(Fig. 5d), corresponding to P°*. These BE values of Ca2p
and P2p were very similar to those of CHA, reported in the
published literature [22-24]. Also, the FTIR absorption
bands shown in Fig. 6 were fundamentally in agreement
with the characteristic absorption bands for H,0O, PO43_ and
CO5%~ groups of CHA coating material reported in the lit-
erature [24]. Additionally, HPO,>~ and OH™ bands were
confirmed at 865 and 634 cm_l, respectively, which would
infer a slight calcium deficiency induced in SBF (PO*~ +
H,0 = HPO,*~ + OH") [25].

4 Conclusions

Nanostructured, whisker-shaped apatite coatings of chem-
ically treated titanium powder have been prepared by a
biomimetic growth process. The phase, composition and
morphological development of the whiskers in the coating
can be controlled using immersion time in SBF. After
immersing in SBF for 7 days, nanometer-sized fine pre-
cipitates formed in large volumes on the external surface of
titanium particles. These were shown to be an amorphous
phase with a Ca/P atomic ratio of 1.94. With increasing in
the immersion time to 16 days, the precipitates became
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Fig. 5 XPS spectra of a XPS survey, b Ti2p, ¢ Ca2p, and d P2p of the surface of the titanium powder immersed in SBF for 16 days

Fig. 6 FTIR spectrum of the
titanium powder after
immersing in SBF for 16 days

nanocrystalline whisker-like carbonated hydroxyapatite
with a Ca/P atomic ratio of 3, close to the corresponding
stoichiometric composition. The coating layer obtained
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after immersion for 16 days consisted of an inner dense
region and an outer loose region of apatite crystals; the
layer thickness in the latter appeared to be more than a
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double that in the former (about 200 nm), due to loosely
packed particles.
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