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Abstract

Titania–hydroxyapatite (HAp) bi-layer coating on Ti metal substrate with improved adhesion strength is fabricated by a simple two step

processes: electrodeposition of Ti sol and electrophoretic deposition of HAp powder, followed by heat treatment at 800 8C. At optimized process

parameters, the bi-layer developed consists of dense, thin and crystalline titania interlayer with porous, thick and crystalline HAp top layer. The

heat treatment of bi-layer coating allows elemental intermixing at the interface of TiO2 and HAp, as determined by energy dispersive X-ray

spectroscopy (EDX) and Raman spectra analysis. Compared to monolithic HAp coating, the TiO2/HAp bi-layer coating shows significant

enhancement in the adhesion strength (48 MPa) as well as corrosion resistance without compromising its biocompatibility. The steep increase in

adhesion strength is believed to be due to mechanical interlocking and diffusion bonding at the interface. Presence of dense titania interlayer in the

bi-layer coating reduces the corrosion current in Ringer’s solution to a negligible value (�100 nA).
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1. Introduction

Ti and Ti based alloys have been extensively used in

orthopedic and dental application [1] because of their non-

toxicity, biocompatibility, corrosion resistance, and good

mechanical properties such as high strength, durability, light

weight. Additionally, these metals exhibit less inflammation,

hypersensitivity and allergic reaction when they come in

contact with surrounding body tissue and fluid [2]. However, to

minimize direct metal-body fluid contact and for limiting

undesired metallic ions release into the body, coating of the

metallic substrate with biocompatible materials such as

hydroxyapatite (HAp) [Ca10(PO4)6(OH)2] is suggested [3,4]

by researchers. Many in vivo studies have reported enhanced Ti

implant fixation properties when coated with HAp [5–7].

Usually HAp coating on metal implant has poor adhesion.

Several surface modification techniques such as sand blasting

[8,9], grit blasting [10] are proposed to introduce surface
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roughness while chemical methods like acid treatment [11,12],

alkali treatment [13], hydrogen peroxide treatment [14], etc. are

used for modification of surface chemical properties for better

interactions of coating material. These processes, however,

improve adhesive strength only marginally. Usually high

temperature driven processes such as thermal spray, plasma

spray, electron beam deposition, sputter coating, pulse laser

deposition tend to produce better adhesion due to melting/near

melting of the coating material during deposition process that

solidifies during cooling of the substrate. As an example,

magnetron sputtered multilayered hydroxyapatite/titanium

coating have been reported to exhibit bond strength of as high

as 60 MPa [15]. But these methods could cause implant

heating, leading to variation in surface coverage, coating

composition, crystallinity, homogeneity and surface morphol-

ogy [16].

Insertion of ceramic interlayer [17–24] on Ti and Ti based

alloys prior to coating with HAp is reported to enhance coating

adhesion by reducing thermal mismatch between metal and the

HAp coating. Amongst various ceramic, titania has been used

extensively as inter layer [20–24] before coating the metal with

HAp using different techniques. In this paper, we use
d.
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electrophoretic deposition (EPD) technique to develop the

TiO2/HAp bi-layer coating on Ti metal. EPD was used by

Albayrak et al. [23] to develop TiO2/HAp coating on Ti metal.

They emphasized mainly on arresting hydroxyapatite decom-

position and improving the adhesion strength by incorporating

the titania interlayer. Titania interlayer thus developed using

nano-size titania powder did not show any visible cracks before

heat treatment, was porous after heat treatment. Moreover, the

maximum adhesion strength achieved was about 20 MPa. No

data was reported on any corrosion studies.

In the present study, we report preparation of TiO2/HAp bi-

layer coating on Ti metal by electrodeposition of TiO2 sol

followed by EPD of HAp powder suspension for obtaining well

adhered dense and crystalline titania interlayer and porous and

crystalline HAp top layer in a single heat treatment step. The

heat treatment temperature was chosen in such a way that it

does not decompose HAp, but at the same time densifies the

inner titania layer, which is in contact with Ti surface. The

novel bi-layer thus produced was found to be highly corrosion

resistant, exhibiting a very low corrosion current of about

100 nA in simulated body fluids. Adhesion strength of the

coating was found to be more than double of the values reported

for TiO2/HAp bi-layer coating of Albayrak et al. developed by

EPD of powders [23].

2. Experimental

2.1. Materials

Ti metal sheet (purity 99%) of 0.25 mm thickness was

purchased from Sigma–Aldrich, USA. They were cut into

3 mm � 1 mm pieces and used as deposition substrate during

EPD. Titanium ethoxide (Sigma–Aldrich, USA), glacial acetic

acid, (Qualigens, USA), anhydrous ethanol (S.d. Fine chemical

Ltd., India), and hydroxyapatite powder (Berkeley Advanced

Biomaterials, USA) and other reagent used for chemical

synthesis were utilized without further purification.
Fig. 1. Schematic representation of fabricatio
2.2. Preparation of HAp/titania coating by electrophoretic

deposition

Bi-layer TiO2/HAp coating on Ti metal was developed by 2-

stage processes. In the first step, TiO2 coating on Ti metal was

developed in two ways, by dipping in Ti sol and by

electrodeposition of Ti sol where Ti metal sheet was used as

the cathode, Ti sol as electrolyte and palladium as counter

electrode (anode). Titania sol was prepared [25] following the

established route using Ti-ethoxide as the precursor in ethanol

medium. Prior to sol coating, the metal substrate was polished

with silicon carbide paper (Grade P 400) and cleaned with

acetone by ultra sonication, rinsed with deionized water and

dried in air at room temperature. Dipping experiments were

conducted where duration of dipping of Ti substrate into Ti sol

was varied from 5 to 30 s, with withdrawal rate from 5 to 60 cm/

min. However, coating was uneven and thin (�1 mm), thickness

of coating was independent of duration and withdrawal rate.

Castro et al. [26] also observed that this method has an

important limitation related with the maximum coating

thickness attainable. We also observed that the coating had

poor adherence after heat treatment. Hence, dipping experi-

ments were abandoned.

In electrodeposition experiment, titania sol layer was coated

onto the Ti substrate (used as cathode) by using a DC power

source (Keithley source meter, model No. 2410), at a constant

voltage mode of 50 V for a pre-determined deposition time. In

all electrodeposition experiments, the inter-electrode distance

and deposition area was maintained at 10 mm, and 100 mm2,

respectively. Experiments were carried out at different sol

concentration (0.15, 0.1 and 0.05 M). The dried sol coated Ti

substrates was used as cathode and Pd as counter electrode for

EPD of HAp from a homogenous suspension of HAp powder in

ethanol. The suspension was ultra sonicated for 30 min just

before deposition at constant voltage of 100 V and varying

deposition times between 10 and 60 s. Concentration of HAp in

the suspension was varied from 1 to 5 wt.%. The green deposits

obtained were dried slowly under gradually reducing humidity
n of adhered TiO2/HAp bi-layer coating.
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for 12 h followed by heat treatment at predetermined

temperature (600–1000 8C) and time. Fig. 1 schematically

presents the deposition schedule to prepare TiO2/HAp bi-layer

coating.

2.3. Physicochemical characterization

The micro-structural and morphological characterization of

the sintered TiO2/HAp bi-layer samples were carried out using

Scanning Electron Microscope (SEM Model No-S-3400N,

Hitachi, Japan), and phase analysis was done by X-ray

Diffraction analysis (XRD Philips PAN analytical Xpert pro,

Model No. PW3040/60) with a scan speed of 0.058/s within the

2u range of 208 and 608. The compositional analysis of the

sample was carried out by energy dispersive X-ray spectro-

scopy (EDS). Surface roughness and topography were

characterized by Scanning Probe Microscope (SPM NANO-

TEC, Spain). The Raman scattering experiments were

performed using a Renishaw Raman Imaging Microscope

WiRE spectroscopy (Model-Invia Reflex-H33197) equipped

with air cooled CCD detector. The probing spot is 2.5 mm in

diameter under 1000� magnification in an optical transmission

light microscope (LEICA). The 514 nm line of an Ar+ laser was

used for excitation. A 1800 grooves/nm grating was used which

resulted in a spectral resolution more than 1 cm�1. The spectra

of TiO2/HAp bi-layer on Ti, TiO2 coated on Ti and heat treated

HAp powders (800 8C/2 h) were measured for the range of

100–3200 cm�1. The spectral region between 200 and

1200 cm�1 was selected for further analysis.

2.4. Adhesion test

HAp coated specimens were subjected to an adhesive

strength test according to ASTM F1044-5. This test relies on a

bonding agent to remove the coating from the substrate with

applied shear load. The samples were glued to uncoated

stainless steel with epoxy resin with a curing agent and cured at

165 8C for 1.5 h in an oven. The adhesive strength test was

carried out with a universal testing machine (INSTRON 8801,

USA) using a 10 kN load cell at a cross head speed of 1 mm/

min. The value of the bonding strength was calculated from the

fracture force over the stressed area. The adhesive strength

values reported in this paper are the average of six sample tests

in each group.

2.5. Corrosion studies

The electrochemical and corrosion studies on coated and

uncoated samples were performed using a potentiostat

(Versastat-3, Prinston Applied Research). A conventional three

electrode set up was used for electrochemical measurement,

with Pt as counter electrode and standard Ag/AgCl as reference

electrode. The Ringer’s stimulated body fluid (SBF – the

aqueous solution containing 8.60 g l�1 NaCl, 0.33 g l�1 CaCl2,

and 0.3 g l�1 KCl) was used as corrosion medium. The pH of

the solution was maintained at 7.4. The corrosion behavior of

all the samples was carried at 37 � 0.1 8C. The exposed area of
working electrode was maintained at 1 cm2. Open circuit

potential (OCP) was monitored continuously for 2 h till the

steady state was reached. The potential was increased at a rate

of 1 mV/s, within a scan range of +1 V to �1 V. From the

polarization curve, the corrosion potential (Ecorr) and corrosion

current density (Icorr) were determined by Tafel extrapolation

method.

2.6. Biocompatibility test

2.6.1. Cell culture

The human osteosarcoma cell line (Saos-2) obtained from

National Centre for Cell Science, Pune, India was cultured in

DMEM/F12, supplemented with 10% Fetal Bovine Serum

(FBS), 0.2% sodium bicarbonate and 10 ml/l antibiotic and

antimycotic solution at 37 8C under a humidified atmosphere of

5% CO2/95% air. The samples were pre-sterilized in an

autoclave (121 8C, 15 lb pressure) for 15 min prior to

sterilization by 70% ethanol for 30 min. Subsequently, the

sample surfaces were rinsed twice with warm 1 M phosphate

buffer saline (PBS) and allowed to dry in air for 1 h in a 12-well

plate, maintaining sterile condition. Then the cells were seeded

(20,000 cells in 100 ml of complete culture medium). They

were also seeded on a glass cover slip as a control in complete

culture medium in the same 12 well plate and on a Ti foil

(without HAp coating). The culture plates were incubated for

2 h at 37 8C with 5% CO2 in order to allow cells to adhere to the

TiO2/HAp bi-layer sample surface before adding 1 ml of

complete culture medium to each well. The final incubation

was for 48 h.

2.6.2. Mitochondrial activity

MTT [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

lium bromide] assay was performed according to the method

of Mosemann [27] in order to assess the attachment and growth

of osteoblast like cell lines on TiO2/HAp bi-layer. The cells

were exposed to TiO2/HAp bi-layer for 48 h and MTT dye

(5 mg/ml) was added to each well before the completion of

exposure time for 4 h. The reaction mixture resulted in the

formation of formazan crystal that was dissolved in 1 ml

DMSO followed by incubation for 10 min at room temperature.

The solubilized formazan crystal was then transferred to a 96

well cultured plates and quantified by absorbance measurement

at 550 nm in a SYNERGY-HT multi well plate reader, BIOTEK

(USA) using KC4 software. The cell viability in terms of

metabolically active cells was calculated using following

formula:

%viability ¼ mean absorbance of sample

mean absorbance of control
� 100 (1)

3. Results and discussion

3.1. Microstructural characterization

Optimization of suitable templates (titania roughened

surface) for the adherence of HAp nano particles with Ti



Fig. 3. SEM micrograph of HAp surface showing the porous nature.
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metal was carried out by changing heat treatment schedule and

varying the deposition process parameters and concentration of

the titania sol during electrodeposition. Fig. 2 shows the best

surface topography, having angular platelet like structure which

was obtained for titania sol (0.05 M) deposited at 50 V for 5 s,

followed by heat treatment at 800 8C. The titania layer thus

obtained was dense and was about 4 mm thick.

Fig. 2b shows the surface topography of titania obtained at

optimized condition. The precipitated titania (anatase phase)

underwent phase transition to rutile above 500 8C followed by

grain growth during annealing. The average surface roughness

height obtained from roughness analysis was 442 nm. Fig. 3

shows the porous microstructure of top HAp surface (thickness

35 mm) obtained at optimized EPD process parameters (HAp

conc. 1 wt.% in ethanol, at 100 V for 10 s deposition time.)

Fig. 4 shows the XRD patterns of heat treated (800 8C) TiO2/

HAp bi-layer and TiO2 coating on Ti. Plot 1 shows

distinguishable diffraction peaks corresponding to (0 0 2),

(2 1 1), (1 1 2), (3 0 0), (2 0 2), (2 1 3) planes of crystalline

HAp, along with TiO2 and Ti peaks. Titania crystallizes in rutile
Fig. 2. (a) SEM micrograph of titania coating, EPD 50 V, 5 s, heat treatment at

800 8C. (b) AFM image [3D view] of surface topography of titania after heat

treatment.
phase, confirmed by the presence of (1 1 0), (1 0 1), (1 1 1),

(2 1 1) diffraction peaks. No phase transition of HAp to b-TCP

was observed at this heat treatment schedule.

EDX line scan analysis (Fig. 5) reveals fair intermixing of

Ti, Ca, P and O at the interface of titania and HAp. This can be

attributed to the deposition process and the subsequent heat

treatment that allows the titania precursor and HAp nano

particles intimate molecular level interactions at the interface.

3.2. Raman analysis

Raman spectrum (Fig. 6) of the heat treated (800 8C) HAp

powder exhibits strong bands at 430, 590, 962, 1047,

1074 cm�1.The strongest band at 962 cm�1 corresponds to

the symmetric stretching mode n1 P–O of the tetrahedron

PO4
3�.

The other bands observed in the frequency region of 400–

490 cm�1, 570–625 cm�1, 1020–1075 cm�1 are assigned to the

n2, n4 and n3 type of internal PO4
3�mode [28]. Raman spectrum

of HAp/titania bi-layer (Fig. 6) shows all these bands along

with TiO2 bands (442 and 606 cm�1). Additionally a band is

observed at 785 cm�1, which is identified as the asymmetric
Fig. 4. XRD of HAp titania bi-layer on Ti, titania on Ti.



Fig. 5. EDX analysis showing good intermixing of the elements at the interface.
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stretching mode of PO4
3� [29]. This may be due to the

interference of hydroxide group of HAp with titania at the

interface.

3.3. Adhesion test

Adhesion strength of the HAp coatings on Ti without titania

layer and with titania layer was 15 (�2.35) MPa and 48

(�3.67) MPa, respectively. It indicates a significant increase in

adhesive properties of the coating with the introduction of

titania interlayer similar to that reported by Kim et al. [21]. In

this case such high bond strength is achieved due to the

insertion of titania interlayer which undergone heat treatment at

800 8C. At this temperature, development of modified roughen

surface topography at titania/HAp interface behaves as an

anchor for the HAp nano particles. Surface roughness is

recognized as an important factor in strengthening adhesion of

surface coating as roughen surface provides better compatible

scaffolding for adhesion via mechanical interlocking in

comparison to available conventional smooth surface. Further,

elemental intermixing at the interface and formation of weak

bonding at the interface was facilitated by heat treatment of

HAp coated on Titania sol. On the other hand, the improvement

of the coating/substrate interfacial strength is due to
Fig. 6. Raman spectra analysis of HAp–TiO2 bi-layer on Ti, TiO2 coated on Ti

and HAp powder (heat treated at 800 8C/2 h).
incorporation of Titania inter-layer which has a higher chemical

affinity to Ti. Hence, increase in adhesion strength from 15 to

48 MPa can be attributed to the following: (1) stronger

mechanical interlocking developed due to roughened surface

topography during heat treatment at the tiania and HAp

interface, (2) improved wetting of top HAp coating and titania

precursor before heat treatment, and (3) fair intermixing of

elements at the HAp titania interface with formation of weak

bond (presence of asymmetric stretching mode of PO4
3� at

785 cm�1) during heat treatment.

3.4. Corrosion behavior

Fig. 7a and b shows variation in open circuit potential (OCP)

and cyclic potentiodynamic polarization curves (in Ringer’s

solution) with time for Ti metal, HAp coated and TiO2/HAp

coated Ti-metal. The corrosion parameters extracted from these

curves are shown in Table 1. OCP of both the coated samples

shifted significantly in the noble direction (Table 1), showing

higher thermodynamic stability. For Ti metal, the passive air-

formed oxide film becomes more protective after immersing in

the Ringer’s solution for 2 h due to the increased film thickness.

Thus, the OCP increases until the film reaches its limiting

protective capacity. However, for coated samples, the

respective OCP stabilized much faster (Fig. 7a). Compared

to the HAp coated Ti metal, the nobler OCP exhibited by TiO2/

HAp coating is due to presence of dense TiO2 interlayer in the

later sample.

Fig. 7b shows the potentiodynamic polarization curve of

various coated specimens in Ringer’s solution. It can be seen

that below 1 V, both the coated samples have lower anodic

current density compared to the bare Ti-foil as expected, while

the TiO2/HAp coating has the lowest anodic current density,

showing that it has better corrosion resistance compared to HAp

coated sample. The Icorr of bi-layer TiO2/HAp coating (Table 1)

is 104 nA (lowest value of Icorr reported so far for coated Ti

sample), whereas HAp coated and bare Ti exhibited Icorr values

of 1.42 and 34.657 mA/cm2, respectively. The corrosion

resistance increases by many folds in comparison to both bare

substrate and HAp coated samples. Presence of dense titania

interlayer along with HAp coating acts as a barrier to electrons

and ions transport between the substrate and the SBF

electrolyte. In addition, Ecorr value of the specimen decreases



Fig. 7. (a) Variation of open circuit potential (OCP) with time of various

specimen in Ringer’s solution at 37 8C. (b) Potentiodynamic polarization curves

for (1) Ti foil, (2) HAp coating and (3) TiO2/HAp bi-layer coating.

Fig. 8. (a) HAp coating on Ti and (b) TiO2/HAp bi-layer coating on Ti after

corrosion test.

Fig. 9. Cell viability expressed by MTT assay after 48 h incubation. Data are

expressed as mean � SE from three independent experiments.
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from bare Ti foil (�246.7 mV) substrate to TiO2/HAp

(�75.7 mV). In other words, the corrosion potential of the

bi-layer TiO2/HAp coating is nobler and corrosion takes place

at a thinner rate having lowest Ecorr and Icorr values in

comparison to other specimen due to the presence of dense

interlayer.

Fig. 8a and b shows the SEM picture of HAp coated and

TiO2/HAp coated sample after corrosion test. HAp coated

sample (Fig. 8a) shows presence of bigger pores after corrosion

test compared to the bi-layer TiO2/HAp coating (Fig. 8b). HAp-

only coating developed by EPD is porous in nature. Therefore, a

direct path is established between the corrosive medium and the
Table 1

Corrosion behavior and adhesion data of coated Ti samples.

Sample OCP (mV) Ecorr (mV) Icorr (mA/cm2) Adhesion strength (MPa)

Ti foil �55.37 �246.69 34.66 –

HAp on Ti 11.44 �152.43 1.42 15.6

HAp–TiO2 on Ti 38.68 �75.69 0.10 48.2
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Ti metal for the HAp-only coated sample. When corrosion

starts, H+ ions are produced at the metal surface:

Ti þ 2H2O ! TiO2þ 4Hþ þ 4e�

Owing to the poor circulation of H+, local pH at the corrosion

area becomes very acidic, and at such high H+ concentration,

HAp dissolves, forming bigger pores on the surface:

Ca10ðPO4Þ6ðOHÞ2þ 2Hþ ! 10Ca2þ þ 6PO4
3� þ H2O

In case of bi-layer TiO2/HAp coating, presence of dense

titania interlayer prevents direct contact of corrosive medium

with the metal.

3.5. Biocompatibility test

Cell viability expressed by MTT assay after 48 h incubation

is shown in Fig. 9. Data are expressed as mean � standard error

from three independent measurements. Cytotoxicity data of

TiO2/HAp bi-layer and HAp coated Ti, TiO2 coated Ti

measured after 48 h did not show any significant differences

compared to the control sample (i.e. cover slip) and Ti foil. The

results thus testify the high biocompatibility of the implants.

4. Conclusion

A simple, fast and cost effective Electrophoretic deposition

technique is developed to obtain adhered TiO2/HAp bi-layer

coating. The TiO2/HAp bi-layer coating exhibits enhanced

adhesion strength, good corrosion resistance, and cellular

biocompatibility compared to HAp-only coating. The sig-

nificant increase in the adhesion strength of HAp coating is due

to the mechanical interlocking of the roughened surface

topography of the titania interlayer combined with diffusion

bonding at the TiO2/HAp interface. The top HAp surface is

crystalline and porous, while the intermediate titania layer is

crystalline and dense. Existence of such a dense interlayer

along with crystalline nature of HAp particles marks a drastic

improvement in decreasing corrosion of the TiO2/HAp bi-layer

coating which exhibits very low corrosion current in the nano-

ampere range. The coated Ti samples are highly bioactive in

nature. The advantage of this two steps EPD process is that both

the deposition steps are cathodic, that reduces electrode erosion

and improves adhesion of coating by directed electric field

compared to anodic deposition [30]. During deposition of HAp,

no charge modifying agent is added to the suspension which

helps in maintaining the purity of coating.
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