
1. Introduction 

Pure titanium and its alloys have been used widely in biomedical 

applications owing to their high specific strength, high 

corrosion resistance, and biocompatibility in biological environments 

[1–3]. Nevertheless, biological integration between the bone 

and titanium implant was delayed after surgical implantation 

because the natural passivation layer of titanium was bio-inert 

[4]. To enhance the osseointegration response, the development of 

bioactive hydroxyl-apatite (HA) formed on titanium has been studied 

using surface modification techniques, such as plasma spaying 

and sol–gel [5–7]. Although HA coating via these techniques has 

been commercialized, the coating layer contains a range of chemical 

compounds that might deteriorate the bioactive properties of 

titanium [8]. 

An electrochemical plasma (EP) coating was a promising 

method to produce adhesive ceramic layers whose constituent 

compounds depended strongly on the composition of the 

electrolyte [9,10]. Therefore, EP coatings have recently been 

employed to introduce HA layers by choosing suitable electrolytes 

with chemical additives, such as calcium acetate monohydrate [11], 

sodium dihydrogen phosphate [12] and _-glycerophosphate disodium 

pentahydrate [13], because these chemical additives played 

an important role as precursors in accelerating the formation of HA. 

Nie et al. [14] first reported the formation of HA layer on duplex 

titanium alloys by micro-arc oxidation with two steps, where the 



sample was coated in the conventional electrolyte for 600 s to produce 

a TiO2 layer, and it was treated again in a phosphate electrolyte 

containing HA powders. Bai et al. [15] fabricated HA coating layer 

on titanium by micro-arc oxidation in a NaOH electrolyte with 

HA powders. Although several studies have addressed the processing 

of pure HA layer, the issues, including the decomposition 

of HA by electrochemical reactions and the transformation from 

crystalline to amorphous phases due to the chemical additives, 

remained unsolved yet. Unless the electrolyte contained chemical 

additives that might react with the HA agglomerates incorporated, 

pure HA layer formed successfully on titanium. Therefore, the aim 

of the study is to fabricate the pure HA layer via EP coating in the 

KOH-electrolyte containing HA particles. This is compared to that 

in the KOH + K3PO4 electrolyte with HA particles in order to 

understand 

the effect of phosphate ions on the growth of the HA layer. In 

addition, the mechanism underlying the growth of pure HA layer is 

discussed in relation to the microstructures with increasing coating 

time. 

. 

Abstract 
A new biocompatible multi-layered coating was developed by 
alternately depositing Ti and HA layers on Ti6Al4V substrates 
using radio frequency magnetron-assisted sputter processing to 
improve the interface properties between the coating and the 
substrate. The multi-layered coating consisted of an underlying Ti 
bond coat, the alternating layer, and an HA top-layer. Between 



the bond coat and the top layer, an alternating layer was created by 
means of gradually increasing Ti content with increasing 
depth from the HA top-layer. The experimental results indicated that 
the as-sputtered coating had quite uniform thickness 
and well bonded to the substrate. The multi-layered coating exhibited 
a better electrochemical behavior than monolithic HA 
coating. The XRD and low vacuum SEM results consistently indicated 
that highly crystalline coating was not appreciably 
dissolvable in simulated body fluid. The adhesion strength higher than 
60MPa did not change much even after 14 weeks of 
immersion. The multi-layered composite coatings had the advantages 
of high and non-declining adhesion strength and high 
resistance to SBF attack. 
 
In earlier studies by the author [17,18], monolithic HA 
and a series of single-layered HA/Ti coatings were 
deposited on Ti6Al4V substrates using a RF sputtering 
system. The previous results showed that highly crystalline 
monolithic HA coating was largely delaminated in 
3 weeks after immersion in simulated body fluid (SBF). 
The HA/Ti coatings sputtered from targets comprising 
10 vol% or more Ti, however, appeared almost intact 
and their adhesion strengths of all higher than 60MPa 
did not change much even after 14 weeks of immersion. 
In the present study, multi-layered coatings were RFsputtered 
onto Ti6Al4V substrates. It was attempted to 
combine the advantages of both thin coating and 
functionally graded coating concepts. The focus was to 
characterize the dissolution behavior of multi-layered 
coatings using SBF. 
A simulated body fluid (SBF) suggested by Kokubo 
[19] was used for all immersion tests. The SBF solution 
consisted of 7.9949 g NaCl, 0.3528 g NaHCO3, 0.2235 g 
KCl, 0.147 g K2HPO4, 0.305 g MgCl2 _ 6H2O, 0.2775 g 
CaCl2, 0.071 g Na2SO4 in 1000 ml distilled H2O and was 
buffered to pH 7.4 with hydrochloric acid (HCl) and 
trishydroxymethyl aminomethane (CH2OH)3CNH2). 



The corrosion resistance was evaluated through potentiodynamic 
polarization test in aerated SBF at 37_C 
using a conventional three-electrode cell connected with 
a CHI 660A electrochemical system (CH Instrument, 
Austin, Texas). An Ag/AgCl reference electrode and a 
platinum counter electrode were employed. The sample 
surface was cleaned by ethyl alcohol and distilled water. 
The scanned potential range varied from _1.5 up to 3V 
(vs. Ag/AgCl) and the sweep rate was 0.5 mV/s. The 
potentiodynamic measurements were started after immersion 
in SBF solution. For immersion tests, the 
coated specimens, each with a surface area of 1 cm2, 
were immersed in vials with 20 ml of testing solution and 
maintained at 37_C throughout tests. After certain 
predetermined periods of time, the specimens were 
removed from the vials and examined using a low 
vacuum scanning electron microscope (Topcon SM-300, 
Tokyo, Japan). Phase composition of the coatings was 
identified by an X-ray diffractometer (RigakuD-MA X 
IIB, Tokyo, Japan) with Ni-filtered Cuk a radiation. 

Electron spectroscopy for chemical analysis (VG Escalab 
210, VG Scientific, UK) was used for determination 
of the Ca/P ratio. 
Adhesion strengths were measured using a commercial 
Sebastian system (Sebastian Five, Quad Group, 
Spokane, WA), as described elsewhere [17]. A digital 
microhardness tester (HMV-2000, Shimadzu, Kyoto, 
Japan) with a four-sided diamond pyramid was 
used to evaluate hardness of the coatings prior to 
and after immersion in SBF. One-way ANOVA method 
was used to evaluate the statistical significance of 
adhesion strength and microhardness. In all cases 
the results were considered statistically different at 
p<0:05: 

 
3. Results and discussion 
3.1. Characterization of as-sputtered coatings 



3.1.1. Coating morphology 

Fig. 1 shows the fractured cross-sectional SEM 
photograph of the as-sputtered coating. The morphology 
suggested that the multi-layer consisted primarily of 
columnar grains, indicating the coating had a (0 0 l) 
preferred orientation, and had quite uniform thickness 
and well bonded to the substrate. As evidenced by the 
previous findings [17], the (0 0 l) plane perpendicular to 
the substrate or parallel to the z direction was the 
close-packed plane of HCP structure of monolithic 
HA. Chemical distribution of Ca, P and Ti elements 
illustrated the multi-layered coating was with a controlled 
compositional gradient (Fig. 2). The alternating 
layer within the coating had a gradually decreasing 
concentration of the Ti towards the outer surface with 
the exception of initial bond coat, along with a gradually 
increasing Ca and P elements up to a bioactive top-layer 
composed of an apatite. 
 

3.1.2. Corrosion test 

Due to the morphology, structure and phase composition 
(SEM, EDS, XRD, FTIR) of monolithic HA 
coatings before and after immersion in SBF have been 
characterized as described in Refs. [17,18]. In this study, 
only its electrochemical behavior will be evaluated to 
compare with that of the multi-layered composite 
coatings. The typical potentiodynamic polarization 
curves for the uncoated, Ti-coated, HA-coated and 
multi-layered specimens in aerated SBF at 37_C are 
shown in Fig. 3. It can be seen that monolithic HA 
coating indicated a passive region between 1 and 1.7V 
with a current density of about 0.2 mA/cm2, following 
which the current density increased with increasing 
potential. For multi-layer-coated specimens, the passive 
region and passive current density were similar to those 
of monolithic HA, indicating that a similar film was 
formed on the coating surface, as suggested by Chern 



Lin et al. [20]. Both curves presented somewhat different 
corrosion potential: 306740mV (vs. Ag/AgCl) for 
monolithic HA and 348725mV (vs. Ag/AgCl) for the 
multi-layered sample. The results confirmed that multilayered 
coatings exhibited a better electrochemical 
behavior than monolithic HA coatings possibly due to 
the better cohesion degree of the coating [21]. The 
Ti-coated Ti alloy had the highest corrosion potential of 
510728mV and the uncoated Ti alloy gave the lowest 
corrosion potential of 213732mV (vs. Ag/AgCl). 
Hence, all coatings on Ti alloy did exhibit significantly 
improved corrosion resistance compared to uncoated Ti 
alloys. 
 
 
3.2.2. Coating morphology 

Fig. 5 shows variations in broad face morphology 
of the multi-layered coatings immersed in SBF. As 
shown in the low vacuum SEM micrographs, before 
immersion, cracks of the coatings were not observed, as 
well as there were no signs of cracks after immersion 
of various periods. The surface morphology of the HA 
top-layer in the present coating was found to alter 
insignificantly even after 14-week immersion. An ESCA 
analysis indicated that the Ca/P ratio of the immersed 
coating was in the range of 1.61–1.82, which was close to 

the stoichiometric Ca/P (1.67) of an HA. The results of 
immersion from observation of surface morphologies 
were apparently consistent with the findings from the 
XRD analyses. 
In an earlier report [18], it was found that monolithic 
HA coating started to separate locally from the 
substrate as early as in the first week of immersion. 
The 7-week micrographs showed that the entire coating 
has peeled off. Those results clearly showed that the 
delamination, rather than a uniform dissolution, of the 
coating was the dominant reason for the degradation. 



The occurrence of this delamination was probably 
related to the micropores/microcracks among the 
loosely bonded granules as well as along the coatingsubstrate 
interface. When a columnar, dome, or loosely 
bonded granular-shaped coating, such as monolithic 
HA coating, was exposed in SBF, the solution could 
infiltrate into and attack the coating-substrate interface 
region through the narrow structural imperfections 
[23,24]. It is surprising that the multi-layered coating 
with an HA top-layer has insignificantly solubility when 
immersed in SBF solution for 14 weeks. The underlying 
Ti pecoat and subsequently alternating layer of the HA/ 
Ti within the multi-layered coating may improve the 
naturally pore structure occurred in the HA top layer. 
 
After SBF immersion, the variations in adhesion 
strength with time are also listed in Table 1, indicating 
the high adhesion strength does not change much with 
time, significantly different from that of monolithic HA 
coating. The variations in mean adhesion strength with 
time of immersion for the composite coatings were 
within 10%. One-way ANOVA results indicated that 
the differences in adhesion strength before and after 
immersion were not statistically significant (p > 0:05). 

The microhardness values with immersion time of multilayered 
coatings are also summarized in Table 1. The assputtered 
coating had a higher microhardness value 
(402.5 Hv) than that of Ti6Al4V substrate (331.3 Hv). 
The measured microhardness values of immersed coatings 
were always in the range of 398–404 Hv without 

significant difference (p > 0:05). The major feature of the 
present paper resided in the facts that the Ti component 
in the intermixed zone with relatively good affinity to 
the Ti6Al4V substrate [17] was sandwiched between the 
metallic substrate and the top biocoating, so that even 
when the HA surface layer of the composite coating was 
absorbed in the bone tissue, direct contact between the 



metallic substrate and the bone tissue can be prevented. 
 
4. Conclusions 
The present multi-layered coatings exhibited a better 
immersion behavior than monolithic HA coatings. 
More importantly, this coating on Ti6Al4V substrate 
retains a high adhesion strength value (>60MPa) even 
after 14 weeks of immersion in SBF. 
 
A B S T R A C T 
A nano-TiO2/hydroxyapatite composite bioceramic coating was 
developed and applied to the surfaces of 
pure titanium discs by the sol–gel method. A TiO2 anatase bioceramic 

coating was utilized in the inner 
layer, which could adhere tightly to the titanium substrate. A porous 
hydroxyapatite (HA) bioceramic 
coating was utilized in the outer layer, which has higher solubility and 
better short-term bioactivity. 
Conventional HA coatings and commercially pure titanium were used 
as controls. X-ray diffraction (XRD) 
and scanning electron microscopy (SEM) were employed to 
characterize the crystallization, surface 
morphology, and thickness of the coatings. The bioactivities of the 
coatings were evaluated by in vitro 
osteoblast cultures. Results showed that the nano-TiO2/HA composite 
bioceramic coating exhibited good 
crystallization and homogeneous, nano-scale surface morphology. In 
addition, the nano-TiO2/HA coating 
adhered tightly to the substrate, and the in vitro osteoblast cultures 
exhibited satisfactory bioactivity. 
 
1. Introduction 
Various methods have been studied to improve the bioactivity 
of titanium implants [1]. Among them, sol–gel derived bioceramic 

coatings have been of great interest because of their higher 
chemical homogeneity, finer grain structure (nanometer scale), 
lower processing temperature, easier procedure methods, and 



controllable thickness. 
Hydroxyapatite [Ca10(PO4)6(OH)2] is widely used in bioceramic 
coatings. However, its chemical composition and structure are 
quite different from the titanium substrate. Therefore, poor 
adhesion of this coating material to the substrate is to be expected. 
Furthermore, the quick resorption or degradation of HA in 
biological environments might result in the disintegration of 
coatings and erosion of the titanium implants. 
To solve these problems of HA bioceramic coatings, a titania 
[TiO2] intermediate layer was introduced in this study. Titania is 
another kind of bioceramic which has attracted increasing 
interest in recent years [2]. Surface hydroxyl groups, such as 
those TiOH provide, are sites for calcium and phosphate 
precipitation and promote hydroxyapatite formation and bone 
bonding. In addition, the chemical affinity of titania for both 
titanium substrates and HA ensures good adhesion [3]. Furthermore, 
titania is highly stable and erosion-resistant. Therefore, this 
intermediate layer could increase the bonding strength of the 
coating to the substrate. Also, after the resorption or degradation 
of the outerHAlayer, this titania layer could act as both a bioactive 
agent and inhibitor of erosion. Thus, this research is aimed at the 
development and characterization of this nano-TiO2/HA composite 
bioceramic coating with a porous surface for pure titanium 
implants. 
 
2. Experiment 
2.1. Materials 
TiO2 and conventional HA sols were obtained according to the 
detailed descriptions in the literature [4,5]. Commercially pure 
titanium (cpTi) discs were dip-coated in the conventional HA sol 
and then heated to 500 8C for 10 min to achieve a conventional HA 
coating group. For the TiO2/HA composite bioceramic coating, the 
inner titania layer was obtained by dip-coating discs in the titania 
sol. The obtained films were dried in an oven at 80 8C for 30 min, 
and then heat-treated at 500 8C for 10 min in the air. To obtain the 
porous surface, chemical agents were added to the conventional 
HA sol. The outer HA layer was obtained from this modified HA sol 



in the same way. cpTi discs without coating were used as a control. 
 
3. Results and discussion 
3.1. Phase characterization 
Fig. 1 shows the XRD patterns of the TiO2/HA composite coating, 
the conventional HA coating, and the pure TiO2 coating. For pure 
HA and TiO2 coatings, good crystallization of the apatite phase, and 
titania with the anatase structure are evident, respectively. For the 
TiO2/HA composite coating, apatite phase and titania with anatase 
structure appear to be equivalent, suggesting a success in 
obtaining crystals in both of the composite coatings. 
3.2. Coating morphology and thickness 
Fig. 2A shows the surface morphology of a conventional HA 
coating, which is relatively smooth and amorphous, without 
visible pores. Fig. 2B and C show the surface morphology of the 
TiO2/HA composite coating, which is porous with regular micropores 
of 1–20 mm in diameter. These micropores might promote 

the adhesion, spreading, and proliferation of osteoblasts [9]. Fig. 2D 
shows the cross sectional view of the TiO2/HA composite coating. 
The thickness of the composite coating is estimated to be about 
2 mm. The coating is homogeneous, dense, and tightly adhered to 
the substrate without any crevices or disintegration. Thus, high 
bonding strength is suggested from the image. 
 
4. Conclusion 
A nano-TiO2/HA composite bioceramic coating was designed 
and developed in this research. This coating has good crystallization 
properties, and porous surface morphology with homo-geneous, nano-
scale crystals. In addition, the coating adheres 
tightly to the substrate, and the in vitro osteoblast cultures 
exhibited satisfactory bioactivity. This work provides promising 
prospects for the future development of bioactive titanium 
implants. 
 
 
 
Hydroxyapatite/titania composite material was coated onto a  



titanium (pure Ti) substrate by sol–gel 

method. The hydroxyapatite (HA) and titania (TiO2) sol were made 
from precursor and mixed together. 
The insertion of TiO2 enhanced the chemical affinity and the physical 
consistency between HA and Ti 
substrate. The HA/TiO2 composite coating adhered tightly to the Ti 
substrate. Owing to the insertion of 
TiO2, the crystallinity of HA has been delayed. The specimens with 
HA/TiO2 composite coatings were 
soaked into SBF, and displayed good bone-like apatite forming ability. 
The bioactivity of the composite 
HA coatings were tested in vitro by cell culture. 

Introduction 
Titanium and its alloys are used widely as biomaterials due to 
their excellent biocompatibility, mechanical properties and erosion 
resistance. However, they do not have bioactivity as bonesubstitute 
implant materials, which results in mechanical bonding 
rather than direct chemical bonding between the titanium implant 
material and the host bone tissue [1,2]. While in clinical 
applications HA is widely used as implant material owing to its 
desirable properties such as biocompatibility, osteoconductivity 
and bioactivity, but it lacks the necessary strength for load bearing 
areas [3,4]. One way to solve these problems is to apply HA 
coatings onto titanium substrates so as to achieve the necessary 
mechanical strength while getting bioactive properties at the same 
time. But, at the bonding interface, HA coating and Ti substrate are 
difficult to combine chemically for their different lattice structures. 
There is a big difference between their Young’s modulus and heat 

expansion coefficient as well. 
The addition of TiO2 to HA coatings has attracted considerable 
attention, based on that the TiO2 is capable of increasing the 
bonding strength between HA coating and substrate, of enhancing 
osteoblast adhesion and inducing cell growth [5–7,11,12]. Sol–gel 

technique has been developed to synthesize HA for the coating of 
titanium implant materials [5,6,8–11]. 

In the present project, pure titanium substrate was coated with 



HA/TiO2 composite material by sol–gel method. The characteristics 

of the surface of the HA/TiO2 coatings were investigated by X-ray 
diffractometry (XRD), standard tensile adhesion test and scanning 
electron microscope (SEM). The bioactivity of the composite HA 
coatings were tested by soaking into a simulated body fluid (SBF) 
and in vitro cellular culture. 

 

3.3. Coating morphology before and after soaking into SBF 
 
The surface morphology of composite HA coating, which was 
heat-treated at 750 8C for 0.5 h before and after soaking into SBF for 

various days, are shown in Figs. 3 and 4. It can be seen that the 
composite HA coating heat-treated at 750 8C for 0.5 h was 

homogeneous and did not flake off. The composite HA coating 
has a porous structure as shown in Fig. 3. Such structure is 
beneficial to the adhesive of bone cells, such as osteoblast. 
The SEM images of HA/TiO2 composite coating after soaking 
into SBF for different times are shown in Fig. 5. It can be seen that 
there is a very thin layer of deposited phase on composite HA 
coating after soaking into SBF for 2 days. And in more time, the 
phase grain grows gradually. After 7 days, the deposited phase 
almost covered the coating substrate. After 14 days, the composite 
HA coating surface was completely covered by the deposited 
phase. The EDS analysis of the coating that soaked in SBF for 14 
days is shown in Fig. 5d. It can be seen that the deposited layer with 
elements trace for Ca, P, O, Na, Mg, C and Cl has been formed on the 
coating and apatite was the main phase. The human bone also 
includes these elements, and is mainly made of apatite phase. The 
deposited apatite layer has the same composition as bone, so 
the deposited phase is a bone-like apatite. It can be concluded that 
the composite HA film coated on the pure titanium substrate 
displays good bone-like apatite forming ability in SBF. 

4. Conclusions 
 
Pure titanium substrate coated with a composite HA/TiO2 by 



sol–gel method. The HA and TiO2 sol were made from their 

precursor and then mixed together. The bond strength to the 
substrate was increased; and the coating surface has a porous 
structure. The composite coating showed defined crystalline 
phases. The composite HA film coated on the pure titanium 
substrate displays good bone-like apatite forming ability in SBF. 
The cells on the composite HA coated Ti substrate proliferated 
actively. 

Calcium hydroxyapatite (HA), Ca10(PO4)6(OH)2, is highly 

biocompatible 

material due to its chemical similarity with inorganic 

part of the human hard tissue. HA is known as a bioactive ceramic 

because of its capability to improve osteointegration [1,2]. Biological 

reaction to a HA ceramic is strongly dependent on its chemical 

composition, phase purity and microstructural properties. Besides 

controlling the stoichiometry of synthetic HA, controlling the 

crystallinity, 

porosity, particle shape, surface area and agglomeration 

characteristics are of the great interest [3]. For HA production, 

numerous synthesis method have been used [4–8]. 

2.3. Conversion of the calcium phosphate coatings to 

hydroxyapatite upon soaking in SBF 

The calcium phosphate, i.e. brushite coatings deposited at the 

current densities of 5 and 10 mA cm−2 for deposition time of 

15 min were soaked in SBF solution for 7 and 14 days, with the 

aim to evaluate the possibility of conversion of calcium phosphate 

coatings to hydroxyapatite by soaking in SBF. SBF solution 



was prepared by dissolving the reagent-grade chemicals of NaCl, 

NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2 and Na2SO4 in 

distilled 

water [42]. The prepared SBF solution was buffered with 

tris(hydroxymethyl)aminomethane ((CH2OH)3CNH2) and pH was 

fixed to 7.4 by addition of 1.0 mol dm−3 HCl. This solution was 

kept at constant temperature of 37 ◦C in a water bath. The whole 

amount of SBF solution was replaced by a fresh charges every 

48 h. The phase composition and structure of obtained hydroxyapatite 

coatings after soaking were determined by XRD, while the 

microstructure was examined by SEM. 

3.4. Characterization of brushite coatings on titanium before and 

after soaking in SBF 

In order to investigate the effect of applied current density for 

brushite coating deposition on the morphology of precipitated HA 

coatings, the coatings deposited at 5 mA cm−2 (sample B5) and 

10 mA cm−2 (sample B10) for 15 min, respectively, were chosen for 

soaking in SBF solution 7 and 14 days. Fig. 8 represents the XRD 

patterns of brushite coatings B5 (Fig. 8a) and B10 (Fig. 8b) 

electrochemically 

deposited on titanium. The brushite and _-titanium 

(originate from the substrate) have been detected. The crystallite 

domain size, calculated for (0 2 0) plane, for coatings B5 and B10 

amount to 72.5 nm and 71.8 nm, respectively. 

The ratio between the intensities of the strongest diffraction 



maxima of the brushite coating and the substrate (calculated from 

Fig. 8) for coatings B5 and B10, are 2.15 and 1.52, respectively, 

suggesting that coating deposited at lower current density is less 

porous than coating deposited at higher current density. 

Fig. 9 shows the XRD patterns of products obtained after soaking 

of brushite coatings B5 and B10 in SBF for 7 days (Fig. 9a and b, 

respectively), compared with standard XRD pattern for HA (JCPDS, 

9-0432, Fig. 9c). 

Phase composition of converted coatings (Fig. 9a and b) corresponds 

to hydroxyapatite, Ca10(PO4)6(OH)2 (JCPDS file 9-0432) 

and _-Ti (originate from the substrate), which means that complete 

surface, primarily coated with brushite, is fully converted to 

hydroxyapatite. The same phase composition (HA) was observed 

from XRD patterns of converted coatings soaked for 14 days inSBF 

(data not shown). The crystallite domain size, calculated for 

(0 0 2) plane, for hydroxyapatite coatings after soaking of brushite 

coatings in SBF during 7 and 14 days, are represented in Table 1. 

The results represented in Table 1 suggest that increase in soaking 

period from 7 to 14 days, for both brushite coatings, does not 

affect significantly the crystallite domain size of converted HA 

coatings. 

On the other hand, the applied current density for brushite 

coatings deposition exhibited the great influence on crystallite 

domain size of converted HA coating. These results indicated that 



HA coating obtained after conversion of brushite coating deposited 

at higher current density (10 mA cm−2) has significantly smaller 

crystallite domain size: 20.2 nm in respect to 45.2 nm after 7 days, 

and 22.2 nm in respect to 48.5 nm, after 14 days. It was already 

pointed out that brushite coating deposited at higher current density 

is more porous. So, it can be proposed that the crystallization 

of HA at more porous brushite coating (sample B10), although 

the crystallite domain size of brushite coatings before soaking is 

almost the same (72.5 nm and 71.8 nm, for B5 and B10, respectively), 

occurs on greater number of crystallization sites, leading 

to formation of greater number of smaller HA crystallites (crystallite 

domain size 20.2 nm). On the contrary, the crystallization of 

HA coating obtained at less porous brushite coating (deposited at 

lower current density of 5 mA cm−2) occurs on smaller number of 

crystallization sites, causing the formation of smaller number of 

bigger HA crystallites (crystallite domain size 45.2 nm). 

Fig. 10 represents the SEM micrographs of hydroxyapatite coatings 

obtained after conversion of brushite coatings B5 and B10 

in SBF for 7 days, indicating that samples are fully covered with 

agglomerated sphere-like crystallites of HA. The same structures 

were revealed after 14 days of immersion (data not shown). 

4. Conclusion 

In order to investigate the effect of applied current density on the 

surface morphology of deposited calcium phosphate coatings on 



titanium as a precursor of hydroxyapatite (HA) formation, the 

electrochemical 

deposition was performed galvanostatically at current 

densities between 5.0 and 10 mA cm−2. 

The systematic study of the mechanism of electrochemical 

deposition of nanosized calcium phosphate coatings on titanium 

revealed that, due to self-buffered ammonia solution (NH4 

+/NH3), 

the only stable phosphate ion is HPO4 

2−, and only brushite phase 

was deposited onto the cathode. 

It was shown that the brushite morphology, porosity and crystallite 

domain size can be easily controlled by applied current 

density because the applied current density increases the rate of 

crystallite growth reaction, but also increases the rate of 

electrochemical 

hydrogen evolution reaction. On the basis of the ratio 

of intensities of the strongest diffraction maxima of the brushite 

coating and the substrate, as well as crystallite domain size, it can 

be concluded that brushite coating with the smallest crystallite 

domain size of 15.6 nm and the greatest porosity was obtained at 

high current density of 9 mA cm−2, because the crystallite growth 

is suppressed by hydrogen evolution reaction. On the contrary, the 

less porous brushite coatings with bigger crystallite domain size 



were obtained at lower current densities (5–7 mA cm−2) because 

crystallite growth dominates over hydrogen evolution reaction. 

The applied current density for brushite coatings deposition 

control also the crystallite domain size of HA coatings after soaking 

in SBF solution. The HA coating with significantly smaller crystallite 

domain size (20.2 nm) was obtained at more porous brushite 

coating deposited at higher current density of 9 mA cm−2, due to 

greater number of pores which serve as crystallization sites for 

HA formation. On the other hand, the HA coating of bigger crystallite 

domain size (45.2 nm) was obtained at less porous brushite 

coating deposited at lower current density of 5 mA cm−2, as a 

consequence 

of smaller number of pores as crystallization sites for HA 

formation. 

Abstract 
A simple sol–gel method was developed for hydroxyapatite/titania 

(HA/TiO2) coatings on non-toxic titanium–zirconium (TiZr) alloy 

for biomedical applications. The HA/TiO2-coated TiZr alloy displayed 
excellent bioactivity when soaked in a simulated body fluid (SBF) 
for an appropriate period. Differential scanning calorimetry, 
thermogravimetric analysis, X-ray diffraction and scanning electron 
microscopy-energy dispersive spectrometry were used to characterize 
the phase transformations and the surface structures and to assess 
the in vitro tests. The HA/TiO2 layers were spin-coated on the surface 
of TiZr alloy at a speed of 3000 rpm for 15 s, followed by a heat 
treatment at 600 _C for 20 min in an argon atmosphere sequentially. 
The TiO2 layer exhibited a cracked surface and an anatase structure 
and the HA layer displayed a uniform dense structure. Both the TiO2 
and HA layers were 25 lm thick, and the total thickness of the HA/ 



TiO2 coatings was 50 lm. The TiZr alloy after the above HA/TiO2 
coatings displayed excellent bone-like apatite-forming ability when 
soaked in SBF and can be anticipated to be a promising load-bearing 
implant material. 
_ 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights 

reserved. 

Fig. 4 shows the XRD patterns of the HA/TiO2 coatings 
on the TiZr alloy before and after the soaking in the SBF 
for various periods: (a) before soaking, (b) soaking for 1 
day, (c) soaking for 8 days and (d) soaking for 15 days. 
The main phases before soaking in SBF were HA, TiO2 
and TCP (as shown in Fig. 4(a)). It can be seen that there 
were only weak diffraction peaks belonging to HA phase 
detectable after soaking in SBF for 1 day as shown in 
Fig. 4(b). The diffraction peaks attributable to bone-like 
apatite phase became obvious after 8 days’ soaking in 

SBF (Fig. 4(c)), and the intensity of the diffraction peaks 
increased with increasing soaking time as shown in 
Fig. 4(c) for 8 days and Fig. 4(d) for 15 days. 
The crystal size of the bone-like apatite phase before and 
after soaking in SBF for various periods of time was calculated 
using the Scherrer formula [33] 

D ¼ kk=b cos h; 

where D is the crystal size estimated by a (hkl) line, k is a 
constant approximately equal to 1, k is the X-ray wavelength 
(in the present study, k _ 0.154056 nm), b is the 

angular width at half of the maximum intensity on the 
XRD pattern, and h is the diffraction angle. The results 
of the calculation indicated that the crystal size of the 
bone-like apatite phase was 58.59 nm before soaking in 
SBF, 31.51 nm after 1 day in SBF, 45.51 nm after 8 days 
in SBF and 51.22 nm after 15 days in SBF. This kind of 
nano-sized bone-like apatite phase is very similar to the 
mineral phase of natural bone [34] and, therefore, it might 
be beneficial for natural remodelling processes when implanted 
in a living body. 



3.4. SEM observations of the HA/TiO2 coatings and in vitro 
assessments 
The surface structure of the TiO2-coated TiZr alloy sample, 
and HA/TiO2-coated TiZr alloy samples before and 
after soaking into SBF, were characterized using SEM. 
The SEM micrograph of the TiZr alloy sample after TiO2 
coating and heat treatment at 600 _C is shown in Fig. 5. 
It can be seen that the TiO2 layer exhibited a cracked surface. 
There were a number of cracks distributed on the 
TiO2 layer. These cracks were caused by the different 
expansion between the coating and substrate during the 
heat-treatment process. Such a cracked surface is beneficial 
to the adhesive strength between the TiO2 and HA layers 
because the subsequently coated HA gel can fill in the 
cracks and cover the surface of the TiO2 layer completely. 
Therefore the cracked surface of the TiO2 layer can be 
expected to improve the quality of the HA layer deposition 
in the following HA coating process. 
The SEM micrographs of the surface microstructures for 
the HA/TiO2-coated TiZr alloy sample before and after 
soaking into SBF for various times are shown in Fig. 6: 
(a) before soaking, (b) soaking for 1 day, (c) soaking for 8 
days and (d) soaking for 15 days. It can be seen that the 
sample before SBF soaking showed a uniform, dense surface 
without cracks, as shown in Fig. 6(a). For the sample 
after soaking in SBF for 1 day, it can be seen that very fine 
HA granules emerged on the surface (as shown in Fig. 6(b)). 
The HA granules grew gradually with increasing soaking 
time in SBF. For the sample soaked in SBF for 8 days, a 
new layer of very fine bone-like apatite was formed, covering 
the whole surface, as shown in Fig. 6(c). For the sample 
soaked in SBF for 15 days, the HA layer became thicker and 
the grain size of the HA phase increased gradually. 
Fig. 7 shows the cross-section image of the HA/TiO2 
layers coated on the TiZr alloy sample after heat treatment 
at 600 _C. Extensive observations revealed that the average 

thicknesses for both the TiO2 and HA layer were approximately 



25 lm and the total thickness of the HA/TiO2 coatings 
was 50 lm. Furthermore, results indicated that this 

thickness can be adjusted by altering the deposit time. 
There is no delamination in either of the interfaces between 
layers of HA/TiO2, or TiO2/TiZr alloy. EDX spectra of the 
SBF-soaked samples were measured. It was found that a 
bone-like apatite layer with elemental traces of Ca, P and 
O formed on the TiZr alloy surface for the HA/TiO2- 
coated TiZr alloy sample. 
 
4. Conclusions 
 
Sol–gel derived HA/TiO2 coatings were successfully 

spin-coated on TiZr alloy samples. The TiO2 film was 
spin-coated at a speed of 3000 rpm for 15 s, followed by 
a heat treatment at 600 _C. It was found that this annealing 
temperature was effective for crystallizing the TiO2 into an 
anatase structure. The HA layer was subsequently spincoated 
at the same speed and heat treated at 600 _C. 
Results indicated that the HA phase began to crystallize 
at 600 _C; and the crystallinity increased with increasing 
temperature. It was found that the crystallinity increased 
at 800 _C. 
Observations revealed that the TiO2 coating exhibited a 
cracked surface. These cracks were filled in and completely 
covered by the subsequent HA coating. The HA coating 
displayed a uniform dense structure. Both the TiO2 and 
HA films showed a thickness of 25 lm and a total thickness 
of 50 lm for the HA/TiO2 coatings. The TiZr alloy after 
the HA/TiO2 coatings displayed good bone-like apatite 
forming ability when soaked in SBF. A Ca:P ratio of 
1.67 for the bone-like apatite layer was obtained after 15 
days’ soaking in SBF. 


