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Abstract: Silicon-substituted hydroxyapatite (Ca10(PO4)6-x(SiO4)x(OH)2-x, Si-HA) composite coatings on a bioactive titanium 
substrate were prepared by electrophoretic deposition technique with the addition of triethanolamine (TEA) to enhance the ionization 
degree of Si-HA suspension. The surface structure was characterized by XRD, SEM, XRF, EDS and FTIR. The bond strength of the 
coating was investigated. The results show that the depositing thickness and the images of Si-HA coating can be changed with the 
variation of deposition time. The XRD spectra of Ti/Si-HA coatings show the characteristic diffraction peaks of HA, and the 
incorporation of silicon changes the lattice parameter of the crystal. The FTIR spectra shows that the most notable effect of silicon 
substitution is the decrease of intensities of —OH and PO4

3− groups with the silicon contents increasing. XRD and EDS element 
analyses present that the content of silicon in the coating increases with increasing silicon concentration in the suspension. The 
bioactive TiO2 coating formed may improve the bond strength of the coatings. The interaction of Ti/Si-HA coating with BSA is much 
greater than that of Ti/HA coating, suggesting that the incorporation of silicon in HA is significant to improve the bioactive 
performance of HA.  
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1 Introduction 
 

Titanium coated with hydroxyapatite (Ca10(PO4)6- 

(OH)2, HA) can overcome the brittleness and poor 
mechanical performance of HA, which makes use of 
both the excellent biocompatibility of HA and high 
mechanical strength of metallic materials[1−2]. Silicon is 
one of the trace elements known to be essential in 
biological processes. The incorporation of silicon in HA 
is well known to improve the bioactivity of the material 
[3]. It is desirable for bone ingrowth to proceed as 
quickly as possible because the stability of the implanted 
region depends on the formation of a strong mechanical 
bond between the implant and the surroundings in the 
body. Si-HA can increase the rate and amount of bone 
tissues over pure HA[4]. As a calcific agent, silicon 
enhances the bony growing rate of bioactive prosthetic 
material. Its importance on bone formation and 
calcification has been demonstrated through in vitro and 
in vivo studies[5−7]. In recent work, silicon-substituted 
hydroxyapatite was synthesized by hydrothermal 

methods, and the Ti/Si-HA coatings were prepared by 
electrophoretic deposition technique (EPD) using high 
voltage to drive the suspended Si-HA particles onto 
titanium substrate[8−10]. The morphology, composition 
and the interaction of the coating with bovine serum 
albumin(BSA)were studied. 
 
2 Experimental  
 
2.1 Preparation of Ti/Si-HA coating 

The starting point of the preparation of Ti/Si-HA 
coating was the synthesis of Si-HA using the 
precipitation reaction among Ca(NO3)2·4H2O, (NH4)2- 
HPO4 (molar ratio n(Ca)/n(Si+P)=1.67) and Si(CH3CH2- 
O)4 with triethanolamine(TEA) as surfactant. After 
complete mixing of the reactants for 12 h at 95 ℃, and 
keeping pH at 10.0 by the addition of NH3·H2O solution, 
the precipitates were thoroughly rinsed, and filtered, then 
dried at 25 ℃ overnight. The suspensions for EPD were 
prepared by adding 5.0 g of Si-HA powders to 400 mL 
of n-butanol with triethanolamine as dispersion reagent 
and then dispersed ultrasonically without further aging. 
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Titanium samples were abraded on 600-grit silicon 
carbide paper before deposition and were etched with a 
solution containing 4% hydrofluoric acid and 3% nitric 
acid, followed by washing in acetone in an ultrasonic 
bath for 20 min, then washing in distilled water and 
drying in air at 25 ℃[8−10]. Ti and platinum electrode 
were used as cathode and anode, respectively, and the 
distance between the two electrodes was 1.0 cm and the 
work area was about 1 cm2. The voltage of direct current 
power was maintained at 40 V[11]. The conductivity of 
the suspension was determined by a conductivity meter 
as a function of the amount of TEA. The Si-HA powders 
were positively charged moving towards the cathode to 
deposit. The coated sheets were sintered at 850 ℃ to 
improve coating adhesion. After that, Ti/Si-HA coatings 
were immersed in the 8 mg/mL BSA solution (0.9%NaCl 
as buffer) for 3 d[12] to study the interaction between 
them. Then Ti/Si-HA coatings were taken out, rinsed, 
and dried in air. The scraped powder of Si-HA was 
characterized. 
 
2.2 Characterization 

The element contents of HA and Si-HA were 
determined by X-ray fluorescence spectrophotometer 
(XRF) (Philips PW−1606) and EDS (VGR−3). The 
crystal structure was characterized by XRD   (D8− 
Advance). FTIR(330−FTIR) was used to analyze the 
function group in the crystals before and after interaction 
of Ti/Si-HA coatings with BSA. The morphology and the 
thickness of the coatings were observed on SEM (Kyky− 
2 800). The bond strength of coatings on substrate was 
tested through electronic multi-purpose tester (CSS− 
2210) according to the standard of GB T/8642−1988. 
 
3 Results and discussion  
 
3.1 Electrophoretic deposition mechanism of Ti/Si- 

HA composite coating 
TEA can enhance the conductivity of the Si-HA 

suspension. Fig.1 shows the conductivity of Si-HA 
suspension vs the amount of TEA in n-butanol. As 
shown in Fig.1, the conductivity of the solution changes 
little with the addition of TEA into pure n-butanol, which 
indicates that the ionization degree of TEA in the 
n-butanol is very little. After the addition of Si-HA 
particles, the conductivity of the suspension increases 
from 0.76 μS/cm to 3.26 μS/cm. Conductivity can affect 
the deposition because the electrophoretic motion of the 
particles is driven by the motion of the charges adhered 
to the particles[12]. As alcohol is known to behave as 
proton donors in the presence of organic bases, it can be 
adsorbed and ionized on the surface of weak alkaline 
such as Si-HA particles to form charged particles. TEA 
has three —OH groups with higher protonation degree 

in the presence of Si-HA than that without Si-HA and 
each particle of Si-HA carries three negative charges, 
which increases ionic charges availably by exchanging 
H+ between TEA and Si-HA. So, the conductivity of 
suspensions increases with the amount of TEA 
increasing. Si-HA particles adsorb alcohol molecules 
onto their surface[13−14]. These alcohol molecules are 
ionized into protonated alcohol and alkoxide ions are 
desorbed into the solution, leaving the particle positively 
charged in suspension which moves to Ti cathode to 
deposits. If there are only very few ionic charges 
available, they will not have sufficient force to move the 
particles. Therefore, the addition of TEA into suspension 
is in favor of EPD. The mechanism of deposition can be 
described as 
 
N(CH2CH2OH)3+Ca1 0(PO4)6− x(SiO4) x(OH)2− x→ 

Ca10-(PO4)6−x(SiO4)x(OH)2−xH3
3++N(CH2CH2O)3

3− (1) 

 
Ca10(PO4)6−x(SiO4)x(OH)2−x+C4H9OH→ 

Ca10(PO4)6−x(SiO4)x(OH)2−xH++C4H9O−              (2) 
 

 
Fig.1 Variation of electricity conductivity of suspension as 
function of TEA: (a) Suspension; (b) n-butanol 
 
3.2 SEM observation  

The SEM morphologies of Ti and Si-HA coatings 
are shown in Figs.2 and 3. Fig.2 shows the surface of 
titanium treated by hydrofluoric acid and nitric acid. It 
becomes much rougher with a lot of micro pores, which 
helps to increase the surface areas of substrate and form 
mechanical interlock between Ti and Si-HA coating. The 
thickness and the images of Si-HA coatings change with 
the variation of deposition time at a constant voltage. 
Fig.3 shows the morphologies of the coatings at different 
deposition time. It can be seen that the morphologies 
change from needle shape to rod-like and square shape 
and the rod-like fiber structures similar to bone fibers 
may be beneficial to the ingrowth of the coating into 
bone tissues. Figs.4(a) and 4(b) show the cross section 
morphologies of the coatings, which demonstrate that the 
thickness of coating changes from 8.7 µm to 24.6 µm 
with the variation of deposition time from 2 to 10 min. 
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3.3 Content of Si in coatings 
The content of Si in the coatings was investigated by 

XRF and EDS and the thicknesses of coatings obtained 
 

 
Fig.2 SEM image of Ti surface after bioactive treatment 

by SEM are listed in Table 1. The results indicate that 
the coatings contain elements Ca, Si, P, Ti, O and Na. 
The existence of Ti and Na may attribute to the TiO2 and 

Na2TiO3 in the coatings. The thickness of coating 
changes with the deposition time as described above. 

The EDS spectra of Ti/Si-HA coatings are shown in 
 
Table 1 Molar fraction of Si in coatings and thickness of 
coating 

Sample x(Si)/% Deposition 
time/min 

Thickness of 
coating/µm 

0.43%Ti/Si-HA 0.43 

2 6.4 
4 10.8 

10 16.6 

0.81%Ti/Si-HA 0.81 
2 7.2 
4 13.4 

10 24.6 

1.22%Ti/Si-HA 1.22 

2 8.7 
4 17.8 

10 30.2 

 

 

Fig.3 Surface morphologies of Ti/ 

Si-HA coatings at different deposition 

time: (a) 2 min; (b) 4 min; (c) 10 min 
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Fig.4 Cross section morphologies of Ti/Si-HA coatings at 
different deposition time: (a) 2 min; (b) 10 min 
 
Fig.5. It is indicated that silicon peaks intensify with the 
increase of silicon content in the suspensions. The molar 
fractions of Si are 0.43%, 0.81% and 1.22% for the 
coating prepared from suspension containing 1.9%, 3.8% 
and 7.2% Si, respectively. The results coupled with 
previous studies[8] pave the way for the fabrication of 
the deposits of graded composition and laminates. 
 
3.4 XRD analysis 

XRD patterns of Ti and Ti/HA coatings are shown 

in Fig.6. After bioactive treatment, Ti substrate presents 
the characteristic diffraction peaks of TiO2 at 2θ=  
25.30˚, 36.85˚, 36.85˚ and 53.90˚ (JCPDS 78-2486), 
which suggests that TiO2 structure is formed[15]. It was 
reported[16] that TiO2 may enhance the bonding strength 
of HA coating and induce HA deposition on the substrate. 
XRD patterns of Ti/Si-HA coatings present the 
diffraction peaks of HA with no new phase being 
observed. A little shift toward small angle is observed 
with increasing the content of silicon. This indicates that 
the incorporation of silicon changes the lattice 
parameters of the crystal as reported by GIBSON et 
al[17]. As the radium of P5+ is smaller than that of Si4+ 
and the bond length of P—O(0.155 nm) is shorter than 
that of Si—O(0.161 nm), the radium of tetrahedrons 
PO4

3− is smaller than that of SiO4
4− and; the partial 

substitution of SiO4
4− for PO4

3− induces the shrinkage of 
a-axis of cell and the expansion of c-axis[18]. All of 
these factors result in a little change of parameter and 
structure of cell. 
 
3.5 FTIR analysis 

The FTIR spectra of HA and Si-HA coatings are 
presented in Fig.7. The weak hydroxyl group (—OH) 
band is at 3571 cm−1, and H2O band at 3 500 cm−1and   
1 648 cm−1. The phosphate stretching vibration bands are 
identified by peaks at 960 and 870 cm−1, and the bending 
vibration band of phosphate by two peaks at 603 and  
567 cm−1. Compared with the pure HA coatings, the 
notable effects of silicon substitution on FTIR spectra are 
revealed by the changes of PO4

3− bands at 960, 870, 603 
and 567 cm−1. The spectra show that the intensities of 
bands corresponding to —OH groups and PO4

3− groups 
decrease with the silicon substitution. 
 
3.6 Bond strength of coating 

The bond strength of Ti/Si-HA coatings (x(Si)= 
1.22%, thickness 30.2 μm) with bioactively treated 
substrate is 13.2 MPa according to the standard of GB T/ 

 

 
Fig.5 EDS spectra of Ti/Si-HA coatings with different molar ratios of Si substituted in suspension: (a) 1.9%; (b) 3.8%; (c) 7.2% 
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Fig.6 XRD spectra of surface of Ti and Ti/HA coating: (a) Ti 
after bioactive treatment; (b) Ti/Si-HA coating (1.22% Si); (c) 
Ti/Si-HA coating (0.81% Si); (d) Pure Ti/HA coating 
 

 
Fig.7 FTIR patterns of Ti/Si-HA (1.22% Si) (a) and Ti/HA (b) 
coatings 
 
8642—1988. By comparison, the bond strength of the 
coating without treatment is 6.2 MPa. Tensile strength of 
the coating with TiO2 as sublayer is 16.7 MPa. The 
formation of TiO2 and titanate layer may decrease the 
stress concentration and thermal expansion coefficient 
mismatch between coating and titanium substrate[19], 
which is beneficial to improving bond strength of the 
coatings. 
 
3.7 Interaction of Ti/Si-HA coating with BSA 
3.7.1 SEM morphologies 

The coatings appear in a different morphology 
(Fig.8) after interaction with BSA for 3d. The surface of 
the coating demonstrates hairy and wadding shape. There 
are many tiny needle-shape structures growing on the 
surface of the coating, which makes the surface arrange 
in order. This suggests that the protein improves the 
ordering of crystals in the coating, and Si-HA might 
dissolve in the BSA solution. Ca, PO4

3− and SiO4
4− in Si- 

HA coating might dissolve, adsorb and bond with BSA 
and reach equilibrium in certain condition[20]. As the 
complicated interaction between protein and HA induces 
the biomineralization process of Si-HA and forms the 
highly self-assembly structure, it will make the 
biomineralization samples possess the same chemical 
components with bone tissues. 
3.7.2 FTIR analysis 

The FTIR spectra of scraped Ti/Si-HA powder 
(Fig.9) show that PO4

3− band at 962 cm−1 is noticeably 
 

 
Fig.8 SEM morphologies of Ti/Si-HA coating before(a) and 
after(b) reaction with BSA for 3 d 
 

 

Fig.9 FTIR patterns of Ti/Si-HA after interaction with BSA: (a) 
Ti/HA coating; (b) Ti/Si-HA containing 0.81% Si; (c) Ti/Si-HA 
containing 1.22% Si 
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weak, and the band of amide group (—CONH2) at     
1 700−1 600 cm−1 and the band of amide group (—
CONH2) at 1 545 cm−1 in BSA[18] are observed. 
Compared with FTIR spectra of pure Ti/HA, the 
intensity of PO4

3− band at 962 cm−1 in Ti/Si-HA reduces 
much, and the peak of amide group (—CONH2) of 
Ti/Si-HA is more intensive. These suggest that the 
interaction of Ti/Si-HA coating with BSA is much 
greater than that of Ti/HA and the incorporation of a 
small amount of silicon in the HA may improve the 
reactive performance of Ti/HA with BSA. 
 
4 Conclusions 
 

1) The addition of TEA can increase the ionization 
degree of Si-HA suspension, which is in favor of the 
preparation of Si-HA coatings.  

2) The deposit thickness and the images of Si-HA 
coating change with the variation of deposition time. The 
XRD spectra of Ti/Si-HA coating show the characteristic 
patterns of HA with a little shift toward small angle 
direction.  

3) The most notable effect of silicon substitution on 
FTIR spectra is that the intensities of —OH and PO4

3− 
groups decrease with the silicon substitution. Silicon 
dopes in the crystal lattice of HA and the content of Si in 
Ti/Si-HA coating rises with increasing silicon 
concentration in the suspensions.  

4) The interaction of Ti/Si-HA coating with BSA is 
much greater than that of Ti/HA coating, suggesting that 
the incorporation of a small amount of silicon in HA is 
significant to improve the reactive performance of HA 
with protein.  
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