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Abstract The incorporation of silicon can improve the
bioactivity of hydroxyapatite (HA). Silicon-substituted
HA (Ca;¢(POy4)s_(Si04)(OH),_,, Si-HA) composite
coatings on a bioactive titanium substrate were prepared
by using a vacuum-plasma spraying method. The surface
structure was characterized by using XRD, SEM, XRF,
EDS and FTIR. The bond strength of the coating was
investigated and XRD patterns showed that Ti/Si-HA
coatings were similar to patterns seen for HA. The only
different XRD pattern was a slight trend toward a smaller
angle direction with an increase in the molar ratio of
silicon. FTIR spectra showed that the most notable effect
of silicon substitution was that —-OH group decreased as
the silicon content increased. XRD and EDS elemental
analysis indicated that the content of silicon in the coating
was consistent with the silicon-substituted hydroxyapatite
used in spraying. A bioactive TiO, coating was formed on
an etched surface of Ti, and the etching might improve
the bond strength of the coatings. The interaction of the
Ti/Si-HA coating with human serum albumin (HSA) was
much greater than that of the Ti/HA coating. This might
suggest that the incorporation of silicon in HA can lead
to significant improvements in the bioactive performance
of HA.
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1 Introduction

Hydroxyapatite [Ca;o(PO4)s(OH),, HA] is the most popu-
lar bioactive material for medical applications due to its
resemblance to the inorganic phase of natural bones.
However, when compared with other bioactive materials,
HA has a lower reaction rate with bone tissue. [1]. A
titanium surface that is coated with HA can overcome the
brittleness and poor mechanical performance of HA, and
makes use of both the excellent biocompatibility of HA and
the high mechanical strength of metallic materials [2].
Silicon is a trace element known to be essential in bio-
logical processes. The incorporation of silicon into HA is
well known to improve its bioactivity [3].

Because the stability of an implanted region depends on
the formation of a strong mechanical bond between the
implant and the surrounding regions within the bone, it is
desirable for the bone fiber to grow as quickly as possible.
Si-HA can better increase the amount of bone tissue than
can pure HA [4]. As a calcific agent, silicon enhances the
growth rate of bone, improving the strength of the bond to
bioactive prosthetic material. The importance of silicon in
bone formation and calcification has been demonstrated
through in vitro and in vivo studies [5—7]. Several studies
report the preparation of pure HA coatings by using
the electrophoretic deposition technique (EPD) and by
using atmospheric plasma spraying. However, there are
some disadvantages to those methods, such as weak bond
strength between the coating and the substrate and the
decomposition of HA into o-TCP and S-TCP [8, 9]. In a
recent study, silicon-substituted hydroxyapatite was syn-
thesized by using a hydrothermal method and the Ti/Si-HA
coatings were prepared by vacuum-plasma spraying,
where Si-HA powder was sprayed onto the titanium sub-
strate. In this study, the morphology, composition and the
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interactions with human serum albumin (HSA) of Si-HA
were studied.

2 Experimental

Si-HA was prepared by using a hydrothermal synthesis
method, employing the precipitation reaction between
Ca(NO3), - 4H,0, (NH4),HPO, (molar ratio nc,/n(siyp) =
1.67) and [Si (CH3CH,0),4] for 12 h at 95°C with trietha-
nolamine (TEA) as a surfactant. Titanium samples were
abraded on 600-grit silicon carbide paper before spraying
and were etched with a solution of 4% hydrofluoric acid and
3% nitric acid to form a TiO,-bonding layer [10]. Si-HA
coatings and pure HA coatings (HA was purchased from
Sulzer Metco) were sprayed on the titanium substrate by
using a vacuum-plasma spraying system (Sulzer Metco
A2000). The spray parameters are listed in Table 1.

The elemental contents of HA and Si-HA were deter-
mined by using XRF (Philips PW-1606) and EDS (VGR-3),
the crystal structure was characterized by using XRD
(D8-Advance) and FTIR (330-FTIR) was used to analyze
the functional groups in the crystals before and after the
interaction of Ti/Si-HA coatings with HSA. The morphol-
ogy and the thickness of the coatings were observed by

Table 1 Spray parameters

Plasma gas Ar 40 slpm powder 2.0 slpm Ar

Plasma gas H, 10 slpm powder Feed rate 20 g/min

Spray distance 300 mm Current 650 A
Coating thickness 60 pm Voltage 50 V
Chamber pressure 150 mbar

Fig. 1 SEM morphology of
a 0.83 wt% and b 1.26 wt%
Si-HA
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using SEM (Kyky-2800). The bond strength of the coatings
was tested by using an electronic multi-purpose tester (CSS-
2210) according to the ASTM C-633 standard.

3 Results and discussion
3.1 SEM observation

The morphology shown on the scanning electron micrograph
of the Si-HA, as given in Fig. 1, suggested that the crystals
were very well-distributed in size and that most of them were
rod-like in shape. SEM also indicated that the particle widths
were slightly reduced, and their lengths increased with an
increasing amount of silicon, and the crystals’ shapes were
changed from rod-like into needle-like formations, similar to
the HA crystals occurring in natural bones.

The morphology of the titanium and the Si-HA coatings
are shown in Figs. 2 and 3. Figure 2 shows the surface of
titanium treated by hydrofluoric acid and nitric acid. The
titanium became much rougher and had an abundance of
micropores, which helped to increase the surface area of the
substrate and helped to form a mechanical interlock between
the titanium and the Si-HA coating. Figure 3 shows the
surface (a) and the cross-section (b) morphology of the
coatings. The thickness of the coating was about 50 pm.

3.2 The content of Si on the coatings

The Si content of the coatings was investigated by using
XRF and EDS. The coatings contained six elements: Ca,
Si, P, Ti, O and Na. The presence of titanium and sodium
may be attributed to the TiO, and Na,TiOj; in the coatings.
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Fig. 2 SEM images of the surface morphology of Ti after bioactive
treatment

Fig. 3 SEM images of the
surface (a) and cross-section
(b) morphology of Ti/Si-HA
coatings

Fig. 4 EDS spectra of Ti/Si-
HA coatings with different
molar ratio of Si in Si-HA:
a 0.45 wt%, b 0.81 wt% and
(c) 1.22 wt%
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The EDS spectra of the Ti/Si-HA coatings shown in
Fig. 4 indicated that silicon peaks of Si-HA intensified with
an increase in the silicon content. The molar ratio of silicon
was 0.43, 0.81 and 1.22 wt% for the coating prepared from
Si-HA powder containing 0.45, 0.86 and 1.26 wt% of Si,
respectively. These results, coupled with previous studies
[8], pave the way for the fabrication of deposits of graded
composition and of laminates.

3.3 XRD analysis

The XRD patterns of Ti and of the coatings are shown
in Fig. 5. After bioactive treatment, the titanium sub-
strate showed characteristic diffraction peaks for TiO, at
20 = 25.30, 36.85, 36.85 and 53.90 (JCPDS 78-2486),
which suggested that a TiO, substrate structure was formed
[11]. It was reported [12] that TiO, might enhance the
bonding strength of the HA coating. The XRD patterns of
the Ti/Si-HA coatings were similar to those of HA. The
difference in their XRD patterns was a slight shift toward
the small angle direction with an increase in the molar ratio
of silicon. This indicated that the incorporation of silicon
changed the lattice of the crystal, as was reported by

140

Binding energy/keV

Binding energy/keV

@ Springer



1656

J Mater Sci: Mater Med (2009) 20:1653-1658

OTiO»

O HA <

. (|

A ) W’,\M

25 35 45 55 65
20/c°

Fig. 5 XRD spectra of the surface of Ti and Ti/HA coating (a) Ti
after bioactive treatment, (b) Ti/Si-HA coating (1.22 wt%), (c) Ti/Si-
HA coating (0.81 wt%) and (d) pure Ti/HA coating

Gibson et al. [13]. As the radius of P>* is smaller than that
of Si**, and the bond length of P-O (0.155 nm) is shorter
than that of Si—O (0.161 nm), the radius of the tetrahedrons
PO,>~ is smaller than that of SiO%. The partial substitution
of SiO} for PO, induced a shortening of the a-axis of the
cell and induced an expansion of the c-axis [14], all of
which resulted in a slight change in the cell structure.

3.4 FTIR analysis

The FTIR spectra of HA and Si-HA coatings are presented
in Fig. 6. The weak hydroxyl group (—OH) band was at
3571 cm™! and the H,O bands were at 3500 and
1648 cm™'. The phosphate stretching vibration bands were
identified by peaks at 960 and 870 cm ™' and the bending
vibration bands of phosphate were at 603 and 567 cm™".
Compared with the pure HA coatings, the notable effects of
silicon substitution on FTIR spectra were the changes in the
—OH bands. Observation of the spectra, as a function of the
silicon substitution, showed that the bands corresponding to
—OH groups decreased with increased silicon substitution.

3.5 Bond strength of coating

The bond strength of the Ti/Si-HA coatings (molar ratio of
Si = 1.22 wt%, with a thickness of 56 um) with bioactive
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Fig. 6 FTIR patterns of the (a) Ti/Si-HA (1.22 wt%), (b) Ti/HA coating

treatment substrate was 25.6 Mpa, according to the ASTM
C-633 standard.

By comparison, the bond strength of the coating without
treatment was 16.7 Mpa. The tensile strength of the coating,
with TiO, as the sublayer, was 21.3 Mpa. The formation of
TiO, and the titanate layer might decrease the stress concen-
tration and thermal expansion coefficient mismatch between
the coatings and the titanium substrate [15], which has the
advantage of improving the bond strength of the coatings.

3.6 Interaction of Ti/Si-HA coating with HSA

3.6.1 SEM morphologies of Ti/Si-HA coating
after interaction with HSA

The coatings appeared to have a different morphology
(Fig. 7) after interaction with HSA for 3 days. The surface
of the coating had hairy and wadding shapes, and there
were many tiny needle-shape structures growing on the
surface of the coating. This suggested that the protein
improved the ordering of the crystals, and that Si-HA might
have dissolved in the HSA solution. The CaPO,’~ and
SiO4*” in the Si-HA coating might dissolve, adsorb and
then bond with HSA and reach equilibrium under certain
conditions [16]. As the complicated interaction between the
protein and HA induced the biomineralization process of
Si-HA and formed a highly self-assembled structure, it
might make the biomineralization samples possess the
same chemical components as do bone tissues.

3.6.2 FTIR analysis of Ti/Si-HA coating after
interaction with HSA

The FTIR spectra of Ti/Si-HA scraped powder showed
(Fig. 8) amide group (-CONH,) bands between 1700 and
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Fig. 7 SEM morphologies of
Ti/Si-HA coating before (a) and
after (b) reaction with HSA for
3 days
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Fig. 8 FTIR patterns of Ti/Si-HA after interaction with HSA: a Ti/
HA coating, b Ti/Si-HA containing 0.81 wt% Si; and ¢ Ti/Si-HA
containing 1.22 wt% Si

1600 cm ™" and in HAS an amide group band was observed
at 1545 cm™! [15]. Compared with the FTIR spectra of
pure Ti/HA, the peak of the amide group of Ti/Si-HA was
more intense. This suggested that the interaction of the
Ti/Si-HA coating with HSA was much greater than that of
Ti/HA, and that the incorporation of a small amount of
silicon in the HA might improve the reactive performance
of Ti/HA with HSA.

4 Conclusion

Ti/Si-HA coatings were prepared by vacuum-plasma
spraying. The XRD spectra of the coating had patterns
similar to HA, with a slight shift toward small angle
direction. The most notable effect of silicon substitution on
FTIR spectra was that the —OH groups decrease with an
increase in silicon substitution. Silicon dopes in the crystal
lattice of HA and the content of Si in the Ti/Si-HA coating
was consistent with the Si-HA powder used in the spraying.
The interaction of the Ti/Si-HA coating with HSA was

much greater than that of the Ti/HA coating. This might
suggest that the incorporation of a small amount of silicon
into HA significantly improves the reactive performance of
HA with protein.
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