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The main challenges of biological implants are suitable strength, adhesion, biocompatibility and corrosion resis-
tance. This paper discusses fabrication, characterization and electrochemical investigation of anodized Ti6Al4V
without and with a hydroxyapatite (HA) layer, HA/TiO2 nanoparticles (NPs) and HA/TiO2 nanotubes (HA/anod-
ized). X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM) and energy dispersive
spectroscopy (EDS) were used to characterize and compare properties of different samples. Dense HA with
uniformdistribution and 12.8±2MPa adhesive strength enhanced to 19.2±4MPaby the addition of TiO2 nano-
particles and enhanced to 23.1± 4MPa by the deposition of a TNT interlayer was fabricated by an anodic oxida-
tion process. EIS analysis divulged the polarization behavior of various layers formed on a Ti6Al4V substrate.
Electrochemical measurements indicated polarization passivation due to incorporation of TiO2 nanoparticles to
HA. Hydroxyapatite on a TNT layer revealed lower corrosion resistance than a HA/TiO2 nanoparticle sample
due to the vacuolar nature of TNT conformation. The passivation current density of the Ti6Al4V alloy coated
with a HA/TiO2 nanocomposite (0.125 μA/cm2) was less than 1% of the bare substrate.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium and its alloys have attractive properties like strength,
lightness, passivation and biocompatibility [1–5] which introduce
them as appropriate materials for biomedical applications. Localized
corrosion and ion release, however, are due to their detracting behav-
iors [6–9]. Because of inadequate bioactivity, most metallic implants
need surface modification for the enhancement of bioactivity and
hard-tissue osseointegration [10–14].

Hydroxyapatite (Ca10(PO4)6(OH)2) is the major inorganic compo-
nent of natural bone and its presence in biomedical coatings can support
hard-tissue ingrowth [15–17]. Hydroxyapatite (HA) is widely used as
a coating biomaterial of dental and orthopedic implants [18–22]. Never-
theless, its interfacial adhesion to its substrate is relatively weak [23,24].
Recent studies have indicated that the use of titanium oxide (TiO2) in
the coating structure can improve the adhesion and corrosion behavior
of the contacting layer [14,23,25–28]. In some cases, this oxide can stand
as an intermediate layer between the hydroxyapatite deposit and the
substrate. A TiO2 layer can form by anodization. Porosity presence in a
TiO2 layer can enhance HA adhesion and produce suitable cell anchor-
age circumstances [29–31].

Previous researchers have shown substantial improvement by direct
addition of TiO2 nanoparticles into the HA layer [25,28–30]. This has
d).
attracted much attention due to its bonding strength, good adhesion
and corrosion resistance [14,23,25,28–30]. Expectation of drastic
improvements in multilayer limb behavior by TiO2 nanoparticle addi-
tion to the HA layer has motivated us to run further in-depth research
on the subject. Titanium based anodized alloys coated with HA seem
beneficial for biomedical applications plus nanoparticle extra returns.
In spite of all promising gains, to the best of the authors' knowledge,
no comparative study has previously been made available on different
HA/TiO2 configurations deposited on a Ti6Al4V substrate. The purpose
of this study is to construct, characterize and compare bioengineering
properties of Ti6Al4V alloy with and without various anodization, HA
deposition and HA/TiO2 nanocomposite formation processes. In order
to study the electrochemical behavior and adhesion strength, the anod-
ized, HA deposited and HA/TiO2 nanoparticle combined samples were
compared with the untreated samples.
2. Experimental procedure

Prior to electrochemical treatments, the specimenswere polished by
mechanical grinding from P600 to P2000 by SiC emery paper, 0.3 and
0.05% Al2O3 (~200 nm size) suspensions and then diamond paste.
Fig. 1 illustrates a scanning electron microscopy image of the polished
Ti6Al4V alloy surface. The shiny samples were cleaned by sonication
in acetone for 10min at 60 °C, then cleanedwith ethanol in anultrasonic
bath for 5 min and rinsed with deionized water. They finally were dried
with a stream of flowing air.
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Fig. 1. Scanning electron microscopy images of the polished Ti6Al4V alloy surface.
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2.1. TiO2 nanotube production during electrochemical anodization process

Anodic oxidation was accomplished by using 1 M (NH4)2SO4 elec-
trolyte solution containing 0.5 wt.% NH4F at the room temperature.
The electrochemical setup consisted of a conventional two-electrode
configuration with a SS 316L plate with a size of 6 × 2.5 cm and a thick-
ness of 1 mm working as a cathode and a Ti6Al4V strip as anode. The
electrochemical process involved a potential ramp from an open circuit
potential (OCP) to 25 V with a sweeping rate of 25 mV/s followed by
holding at the final potential for 2700 s. The samples were rinsed with
deionized water and finally dried in flowing air.
2.2. Pulse electrodeposition of calcium phosphate

For electrochemical coating, both anodized and bare Ti6Al4V plates
were placed in the cathode position (as substrate of HA/anodized
Ti6Al4V and HA coatings, respectively) with a SS 316L plate functioning
as the counter electrode. The electrolyte contained 0.042 M Ca(NO3)2,
0.025 M (NH4)2HPO4, 0.1 M NaNO3 and 2000 ppm H2O2. NaNO3 was
added to the electrolyte for the improvement of the ionic strength and
H2O2was added to suppress theH2 evolution for densedeposit formation.
The electrolyte pHwas adjusted in the range of 5.5 to 6.5 by the addition
of sodium hydroxide (NaOH) and nitric acid (HNO3) at 60 °C.

To fabricate a HA/TiO2 nanocomposite, 10 g/L TiO2 powder with an
irregular shape in the range of 80–120 nm (Merck Co. Ltd.) was also
added to the electrolyte solution. In order to achieve a uniform and
adherent deposition, a current density of Jon = 1 mA/cm2 was applied
for 2 s (ton), a resting time of toff = 5 s (Joff = 0 mA/cm2) was imple-
mented and the procedure was periodically repeated. The electrolyte
temperature was adjusted at 60 °C, total procedure time was 60 min,
and deposition processwas done using a potentiostat/galvanostat pulsing
current produced by a pulse rectifier (SL 2/25 PCS, I.R. Iran) as illustrated
Fig. 2. Pulsating regime for electrodeposition of hydroxyapatite. Deposition at current
density of Jon = 1 mA/cm2 for ton = 2 s followed by breaking time of toff = 5 s at Joff =
0 mA/cm2 for a total period of 60 min.
in Fig. 2. It should be noted that the prepared solution was dispersed by
ultrasonicmicrowaves for 2 h in order to achieve a homogeneous suspen-
sion and stirred during the electrodeposition process in order to fabricate
uniform layers and homogeneous deposition of TiO2 nanoparticles into
the hydroxyapatite matrix.

At the endof deposition, the samplewas dried and then heated up to
120 °C by a 3 °C/min temperature rate. It was held at 120 °C for 2 h and
then at 480 °C for 2 h, again. The purpose of heat treatment was the en-
hancement of calciumphosphate crystallinity and phase transformation
of TiO2 from amorphous to anatase configuration [32–35].

2.3. Bonding strength

The bonding strength of a deposit with substrate was measured
according to ASTM F1044-05 standard. The uniaxial tensile load was
applied to the deposit which was bonded to the substrate surface with
the epoxy resin using an electromechanical testing system (Model
5565, Instron Co.) at a crosshead speed of 10 mm/min. The size of the
samples used for the bonding strength tests was 30 × 30 × 1 mm. Five
measurements were done for each deposit and the mean value was
reported to determine the bonding strength.

2.4. Electrochemical behavior in body-simulated fluid (SBF) solution

Potentiodynamic polarization and electrochemical impedance
spectroscopic (EIS) tests were carried out by a potentiostat apparatus
(Autolab, PGSTAT302N) and EG&G (model 273A) respectively having
a conventional three-electrode cell (saturated calomel electrode as ref-
erence, graphite plate (30 × 20× 2mm in size) as counter electrode and
test specimen as the working electrode) for determination of the elec-
trochemical behavior of the sampleswith andwithout surfacemodifica-
tion. The working electrode consisted of a disk having an active surface
area of 1 cm2 and all other areas being isolated by an electrolyte-proof
ring.

Potentiodynamic polarization tests were performed in the potential
range of−0.8 to 1.2 V (vs. Ag/AgCl) at a scan rate of 1 mV/s. EIS studies
were carried out in the frequency range of 10−2–105 Hz by using a
10mVpeak-to-peak sinusoidal potential amplitude. For acquiring spec-
tra at the OCP, seven points per frequency decade was recorded. The
data was analyzed by CorrView and ZSimpWin V3.40 software. Repro-
ducibility check was done by three times repetition of the experiments.
The test electrolytewas simulated body fluid (SBF) having pH=7.4 and
chemical composition indicated in Table 1. Prior to the electrochemical
measurement, each sample was immersed into SBF for 30 min in order
for OCP establishment.

2.5. Morphology and phase structure characterizations

Morphologies of the surface coatings were inspected by high vacuum
FE-SEM model ΣIGMA/VP ZEISS. Before FE-SEM observation, Au was
sputtered on the surface of the specimens. For each coating, three
FE-SEM images were taken. Thickness measurements were done at four
Table 1
Chemical composition of the simulated body fluid (SBF) used in the
electrochemical tests.

Component Concentration (g/L)

NaCl 8.035
(CH2OH)3CNH2(Tris) 6.118
NaHCO3 0.355
MgCl2·2H2O 0.311
CaCl2 0.292
K2HPO4·3H2O 0.231
KCl 0.225
Na2SO4 0.072
HCl (1 M) 39 mL/L



69S. Ahmadi et al. / Surface & Coatings Technology 287 (2016) 67–75
different regions per image. Average figure was reported. Crystal struc-
tures of the samples were analyzed by X-ray diffraction (XRD) (X'Pert
Pro MPD, PANalytical) using Cu Kα radiation of λ = 1.5418 Å, 2θ angle
of 20–90°, scanning rate of 0.02°s−1, time steps of 20 s and an X'Pert
Highscore plus software data analysis system.

3. Results and discussion

3.1. FE-SEM micrographs

The top and cross-sectional FE-SEM micrographs of the anodized
surface of Ti6Al4V alloy are shown in Fig. 3. Growth of the TiO2 nanotubes
perpendicular to the surface of the anodized sample is clearly observable
in the figure. The layer has an average total thickness of ~760 nm, nano-
tube mean wall-thickness of 23.7 nm, nanotube mean inner diameter of
95 nm and nanotube mean outer diameter of 170 nm.

The morphology of different HA-based layers coated on Ti6Al4V
alloy is shown in Fig. 4 ((a, b) pure hydroxyapatite, (c, d) HA/anodized
and (e, f) HA/TiO2 nanocomposite).

Fig. 4a and b show that the nanostructured HA consists of both
planar and rod-likemicrostructures. According to Fig. 4c andd, theHAde-
posit on an anodized sample consists of thin planes that stood on each
other. Fig. 4e and f show a HA deposit with titanium oxide nanoparticles
having an 80 to 120 nm diameter. It is interesting to point out that hy-
droxyapatite layers in nanotubes of titanium dioxide (Fig. 4c and d) are
dense and uniform. In order to evaluate distribution of TiO2 nanoparticles
into the deposited layer,mapping of the elementswas carried out by EDS.
Fig. 5 indicates the FE-SEM image and the EDS dot map of different
elements in the HA/TiO2 nanocomposite deposition.

From the EDS mapping, it is understood that the TiO2 nanoparticles
are distributed uniformly throughout the surface layer. This can
increase adhesion strength and integrity of the layer.
Fig. 3. The FE-SEM images of titanium oxide nanotubes formed by anodic oxidation of
Ti6Al4V alloy viewed from: (a) top and (b) side of the sample.
3.2. Bonding strength

The bonding strength of the deposited hydroxyapatite with the
Ti6Al4V substrate was 12.8 ± 2 MPa. The corresponding value for a
HA/TiO2 nanocomposite was 19.2 ± 4 MPa and for HA/anodized the
value measured 23.1 ± 4 MPa. The results of bonding strength tests
are indicated as a bar graph image with the corresponding standard de-
viations in Fig. 6. This shows that the presence of TiO2 nanoparticles in
the HA-based coating can drastically enhance the adhesion strength of
the hydroxyapatite to the substrate. Possible reasons are:

(a) Reinforcement of the cohesive strength of HA with titanium
oxide particles due to rough surface topography at the HA/TiO2

nanoparticle interface.
(b) Formation of a HA/TiO2 compact layer due to void filling.
(c) The presence of TiO2 nanoparticles into the hydroxyapatite layer

could relax residual stresses. In HA deposition, these stresses
generally cause microcrack formation which degrades coating
strength.

The highest bonding strength of 23.1 ± 4 MPa of a HA/anodized
Ti6Al4V sample can thus be attributed to (a) HA/nanotube anchoring
[36], (b) strengthening adhesion at the HA/anodized alloy interface
[11–14] and (c) mechanical interlocking which provides compatible
scaffolding [36]. Existence of TNTs as a middle oxide layer in the HA/
anodized double layer improves the interfacial cohesion by superior
chemical bonding of Titania with the substrate.

3.3. Corrosion behavior

Potentiodynamic polarization curves of different specimens are
compared in Fig. 7. Two significant factors concerning corrosion poten-
tial (Ecorr) and passivation current density (ipass) are calculated from
these curves. Ecorr is a thermodynamic parameter that shows the chem-
ical potential of the substance [37,38]. Moreover, according to the pas-
sivation behavior of coatings, corrosion susceptibility at the potential
range of 200 to 600 mV (vs. SCE) was measured from passivation cur-
rent density (ipass). Ecorr and ipass values describing the corrosion behav-
ior of the samples in SBF solution are summarized in Table 2. It would be
mentioned that a more positive corrosion potential together with the
smaller passivation current density result in higher corrosion resistance
of the coating.

The data given in Table 2 depicts that the passivation current density
of the Ti6Al4V substrate increases by anodizing (18.96 μA/cm2 vs 32.28
μA/cm2) and corrosion potential decreases to −651 mV (vs. SCE).
Improper corrosion behavior of the anodized sample is correlated to a
permeable structure of the oxide layer formed on the Ti6Al4V substrate.
However, the HA/TiO2 nanocomposite-coated sample benefits from the
lowest passivation current density as compared to the other specimens.

As is seen in Table 2, the passivation current density of the Ti6Al4V
alloy with a HA/TiO2 nanocomposite coating is 0.125 μA/cm2 (less
than 1% of the bare substrate). Corrosion potential of the HA/TiO2 nano-
composite coated sample is −264 mV (vs. SCE) which meansthat HA/
TiO2 nanocomposite deposition has noble potential.

According to Table 2, the presence of a hydroxyapatite deposit in the
middle TNT layer of the HA/anodized sample improves the corrosion
behavior of the sample but not as much as the sample containing only
a HA coating. It is due to the fact that the hydroxyapatite layer in the
TNTs prevents transport of ions and electrons to the deposit/electrolyte
interface and retards self-regeneration of a protective TiO2 layer. Oxy-
gen passage through open pores results in less corrosion protection of
the substrate.

Fig. 7 illustrates the corrosion behavior of different samples at 200 to
600mV (vs. SCE). The body potential range defined by Velten et al. [40]
(400 to 500 mV) is highlighted in the figure. In accordance with the



Fig. 4. FE-SEMmicrographs of (a, b) deposited hydroxyapatite, (c, d) HA/anodized Ti6Al4V and (e, f) HA/TiO2 nanocomposite all on Ti6Al4V alloy.
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information given in Fig. 7 and Table 2, HA/TiO2 nanocomposite coating
demonstrates the lowest passivation current density at the acceptable
corrosion potential and is thus introduced as an appropriate protective
coating. Deposits having a hydroxyapatite coating generally have a
smaller corrosion current density and nobler shift in the potential
than the samples without HA. This is associated with the fact that calci-
um phosphates are inherently less soluble and have higher chemical
stability. This effect can also be described by the “open-defects mecha-
nism”, first suggested by Anawati et al. [39]. Deposition of uncom-
pressed HA on a substrate results in the allowance of open-defects for
the free flow of species that results in easy access of oxygen to the sub-
strate surface and self-regeneration of a protective oxide layer which
protects the sample from corrosion [39]. This assertion is not true for a
Fig. 5. Field emission scanning electron microscope image and EDS
bare substrate which has a larger corrosion current. The anodized
Ti6Al4V sample shows the worst corrosion behavior. This can be attrib-
uted to its highly porous structure.

3.4. Electrochemical impedance spectroscopy (EIS)

In order to study the electrochemical behavior of the deposits in
more details and confirm the results obtained from the polarization
tests, electrochemical impedance spectroscopy was performed on the
samples (Figs. 8 and 9). Nyquist representation of the impedance dia-
gram obtained for the untreated Ti6Al4V alloy, anodized, hydroxyapa-
tite deposited, HA/anodized and HA/TiO2 nanocomposite samples are
presented in Fig. 8. A quantitative comparison between polarization
mapping of Ca, O, P and Ti in a HA/TiO2 nanocomposite layer.



Fig. 6. Results of bonding strength tests for HA-based coatings deposited on Ti6Al4V alloy.

Table 2
Results of the polarization measurements in SBF solution at 37 °C.

Sample Corrosion potential
(mV vs SCE)

Passivation current density
(μA/cm2)

Bare −475 18.96
Anodized −651 32.28
HA −364 3.93
HA/TiO2 −246 0.125
HA/Anodized −134 5.53
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data and the results pertinent to the Nyquist plots ends up with similar
conclusions. Capacitance loop diameter (Fig. 8) and Z modulus (Fig. 9a)
of the HA/TiO2 is substantially greater than that of other samples.

The specific polarization resistance was calculated following the
fitting of the impedance experimental results by using the equivalent cir-
cuit displayed in Fig. 10a–e considering a solid electrode (untreated
Ti6Al4V alloy, anodized, hydroxyapatite deposited, HA/anodized
and HA/TiO2 nanocomposite coatings) in contact with SBF electro-
lyte solution.

Due to the surface heterogeneities of the treated samples, as
shown in Fig. 4a–f, a constant-phase element Q is used to fit the
data instead of a pure capacitor C. These circuit elements obey the
following equation [41]:

Q ¼ Cωα−1 ð1Þ

where ω is the angular frequency and α is a number varying between 0
and 1 (α= 1 for a pure-capacitor behavior) [41]. In Fig. 10a–e, Rs is the
Fig. 7. (a) Polarization diagrams of different surface treated samples: (A) HA/anodized,
(B) anodized, (C) HA/TiO2 nanocomposite, (D) polished Ti6Al4V alloy (bare) and
(E) hydroxyapatite coatings on Ti6Al4V alloy substrate. Polarization spectra of the samples
in the range of body potential (400 to 500 mV) are also presented.
resistance associated to the electrolyte solution relaxing at high
frequencies. RC and QC are the resistance and the constant phase
element associated to the compact oxide layer (Rcompact and Qcompact

in Table 3), respectively. RA and QA are the resistance and the
constant-phase element associated with the anodized sample
which consists of a TNT layer (RAnodized and QAnodized in Table 3).
RHA and QHA present the resistance and the constant phase element
associated to the deposited hydroxyapatite in each coated specimen.
Also, RHT and QHT are the resistance and the constant-phase element
associated to the HA/TiO2 nanocomposite coating (RHA/Titania and
QHA/Titania in Table 3), respectively.

The equivalent circuits allow a good agreement between the ex-
perimental data and the simulated impedance plots for comparative
estimation of specific components of the studied surfaces. These sur-
faces belong to the untreated Ti6Al4V alloy, the anodized sample with
nanotubular titanium oxide layer, the deposited hydroxyapatite, the
HA/anodized and the HA/TiO2 nanocomposite coating.

As is seen in the data of Table 3, the anodic TiO2 nanotube layer con-
sists of a thin inner compact and a barrier titanium oxide layer followed
by an outer porous layer. This result confirms the data obtained by pre-
vious researchers [42]. With regard to the present porous structure
(Fig. 3), the corrosion resistance of the anodized and the HA/anodized
samples is lower than that of the other specimens (Figs. 7, 8 and 9).

From data of Table 3, hydroxyapatite increased the impedance resis-
tance of the deposited layer. However, in the HA deposit, the polariza-
tion resistance is significantly lower than HA/TiO2. This could be due
to a porous heterogeneous microstructure like those shown in Fig. 4.
This HA sample inhomogeneity could also be described by means of
the parameter α of Eq. (1).
Fig. 8. The Nyquist diagrams of the samples in the SBF solution at 37 °C: (▲) bare Ti6Al4V,
( ) anodized alloy, ( ) hydroxyapatite deposited, ( ) HA/anodized specimen and ( )
HA/TiO2 nanocomposite coated sample. Lines show the fitting curves of experimental
data and are labeled by “F-sample name”.



Fig. 9. (A) Bode plots and (B) phase angle diagrams as a function of frequency in logarith-
mic scale for (▲) untreated Ti6Al4V alloy, ( ) anodized, ( ) hydroxyapatite deposited, (
) HA/anodized and ( )HA/TiO2 nanocomposite deposition. Lines show thefitting curves

of experimental data and are labeled by “F-sample name”. Fig. 10. Equivalent circuits representing the impedance results for the five surfaces to
obtain the polarization resistance (Rp) values by fitting: (a) untreated Ti6Al4V alloy surface;
(b) anodic porous TiO2 layer surface; (c) deposited hydroxyapatite; (d) HA/TiO2 nanocom-
posite coating and (e) HA/anodized layer specimen.
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The value of α corresponds to the linear slope modulus of Bode plot
(Fig. 9a). It is well known that when m is near 1, the surface is uniform
and smooth. On the other hand, lower values (in our case m = 0.52 in
the HA coating specimen) shows deviation from ideal capacitive behav-
ior (which has been attributed to the inhomogeneity of the surface) and
deterioration of corrosion resistance [43,44]. Due to this result, the
highest polarization resistance (extrapolation of Z modulus at low fre-
quency) is obtained for interface formed on the Ti6Al4V alloy by electro-
deposition of HA/TiO2 (Fig. 9a). Furthermore, this result confirms the
FE-SEM micrograph and shows that the lower density in the HA speci-
men is smaller than HA/TiO2. Results show that with the addition of
TiO2 nanoparticles to the deposited layer, the surface density and the
corrosion resistance increase.

3.5. X-ray diffraction

Fig. 11 compares theXRD patterns of Ti6Al4V alloy after anodization,
HA deposition, HA/TiO2 nanocomposite formation and HA/anodized
double layer production. As is seen, the oxide layer consists of an an-
atase TiO2 phase which can be due to heat treatment at 480 °C at
which an amorphous to anatase phase transformation occurs. Notice
the sharp nanostructure peaks of a dense and compact TNT layer.
The appearance of substrate peaks indicates the formation of a thin anod-
ized layer.

Fig. 11(2) shows a pure hydroxyapatite phase. It is interesting
to note that the other calcium phosphate phases like octacalcium phos-
phate and tricalcium phosphate (TCP) which suffer lower stability,
more dissolving rate and weaker biological response than hydroxyapa-
tite [45] donot have considerable presence. According to Eliaz et al. [46],
only if the pH value of the electrolyte is close to 11.6, will the pure hy-
droxyapatite be precipitated from the calcium phosphate electrolyte.
They have demonstrated that at the presence of enough hydroxyl and
phosphate ions in the electrolyte, a hydroxyapatite phase can form ac-
cording to reaction (4) [46]. However, based on reactions 2 and 3, the



Table 3
Values of the elements of the electric equivalent circuits whose response fitted the data obtained for the untreated Ti6Al4V alloy, anodized, hydroxyapatite deposited, HA/anodized and
HA/TiO2 nanocomposite coatings.

Elements of the electric equivalent circuits Bare Ti6Al4V Anodized HA HA/TiO2 nanocomposite HA/Anodized

RCompact/KΩ cm2 187.7 14.7 637.8 872.5 66.4
QCompact/μF cm−2 sα−1 72.3 22.5 22.5 94.8 39.7
αCompact 0.77 0.84 0.52 0.85 0.98
RAnodized–RHA–RHA/Titania/KΩ cm2 – 0.06 2.7 277.9 8
QAnodized–QHA–QHA/Titania/μF cm−2 sα−1 – 469.7 6.12 29.3 3.97
αAnodized–αHA–αHA/Titania – 0.24 0.9 0.88 0.56
RHA/KΩ cm2 – – – – 0.044
QHA/μF cm−2 sα−1 – – – – 2.3
αHA – – – – 0.92
Chi-squared 1.65 × 10−6 4.85 × 10−4 3.24 × 10−6 6.25 × 10−4 2.23 × 10−5

(%)Mean error in Z b1 b2.1 b1 b2.6 b1.8
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formation of phosphate ions depends on the presence of hydroxyl ions
[46–53].

H2PO
−
4 þ OH−→HPO2−

4 þH2O ð2Þ

HPO2−
4 þ OH−→PO3−

4 þH2O ð3Þ

10Ca2þ þ 6PO3−
4 þ 2OH−→Ca10 PO4ð Þ6 OHð Þ2 hydroxyapatite½ �: ð4Þ

Despite the above discussion, all samples were electrodeposited
with CaP at pH= 5.5, consisting only of the HA phase. It is noteworthy
that the presence of H2O2 in the electrolyte fulfills the need of reactions
Fig. 11. X-ray diffraction patterns of the Ti6Al4V alloy: (1) anodized, (2) with HA deposit,
(3) with HA/TiO2 nanocomposite and (4) havingHA/anodized double layers. The patterns
are shifted 2000 units upwards with respect to the lower curve.
(2) and (3) to hydroxyl (OH−) ions according to the following reaction
[51,52]:

H2O2 þ 2e−→2OH−: ð5Þ

Formation of a pure hydroxyapatite phase is thus assisted with
the presence of enough phosphate and hydroxyl ions, according to
reaction (4).

Based on previous studies [50,51], in the electrodeposition process
of CaP coatings under different conditions of an electrolyte solution,
the following precipitation reactions (among others) may occur at the
vicinity of the cathode:

4Ca2þ þ 3PO3−
4 þHþ þ 2:5H2O→OCP ð6Þ

or:

4Ca2þ þ 3HPO2−
4 þ 2:5H2O→OCPþ 2Hþ ð7Þ

Ca2þ þHPO2−
4 þ 2H2O→brushite ð8Þ

and Eq. (4) which leads to precipitation of the pure hydroxyapatite
phase.

Among these four reactions, the probability for the occurrence of
reaction (4) under the applied conditions in the present study is higher
due to excessive OH− ions as a result of reaction (5) and enough
phosphate ions, which guarantee the occurrence of reaction (4).
The most probable mechanism for the formation of hydroxyapatite
coatings in the applied electrodeposition procedure of this study
consists of a two-step process [54,55]: (I) when the voltage is applied,
electrogenerated hydroxide ions are produced in the vicinity of the cath-
ode during the precipitation process as well as phosphate ions; (II) the
OH−, PO4

3− and Ca2+ ions formed by the electrochemical reaction, react
chemically at the appropriate pH and produce hydroxyapatite on the
cathode surface. TheOH− ion concentration on the vicinity of the cathode
affects the amount on the hydroxyapatite phase significantly. That is to
say, the higher OH− the concentration, the higher the amount of the HA
phase [48]. The mechanism of pulsed electrodeposition for hydroxyapa-
tite coatings on Ti6Al4V alloy has been presented in Fig. 12.

As shown in Fig. 12(a), when a pulsed current density was applied,
H2O2 is first reduced into OH− ions according to Eq. (5) [51,52] and
leads to an increase in pH at the Ti6Al4V/electrolyte interface. Subse-
quently, Ca2+ and PO4

3− ions in the vicinity of the cathode surface
formed by reaction (3), react with OH− ions to synthesize hydroxyapa-
tite directly on the substrate surface (Fig. 12(b, c)) according to Eq. (4).
With theHA forming, the concentration of PO4

3− and Ca2+ ions near the
electrode begins to decrease, but there is no change in the concentration
of PO4

3− and Ca2+ ions of bulk electrolyte near the vicinity of the elec-
trode as shown in Fig. 12(b). The difference can lead to a concentration
polarization which could influence the composition of deposition.



Fig. 12. Schematic for the mechanism of pulsed electrodeposition of hydroxyapatite coating. Panel ( ) shows hydroxyl ions at the vicinity of cathode. Panels ( ) and ( ) represent the
Ca2+ and PO4

3− ions present in the electrolyte solution and the Ti6Al4V alloy substrate as cathode, during the application of pulsed on time (a and b), application of pulsed off time (c) and
again the application of pulsed on time (d) respectively.
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During the pulsed off time, i.e. in the relaxation time, when Ca2+ and
PO4

3− ions diffused from bulk electrolyte solution to the vicinity of the
Ti6Al4V cathode (Fig. 12(c)), the polarization of concentration decreases.
Again, when pulsed current density is applied, Ca2+ and PO4

3− reacts
with OH− ions produced on the surface of the alloy to form hydroxyap-
atite as represented in Fig. 12(d). It means that when the pulsed current
density is applied, polarization of concentration will be at its lowest
level which results in the deposition of stoichiometric hydroxyapa-
tite on the surface. Furthermore, this condition paves the way for
the formation of a dense and strong coating having an appropriate
adhesion to the substrate.

As is clear from Fig. 11, both diffraction patterns of the HA/TiO2

and the HA/anodized layer consist of hydroxyapatite and anatase
phases. However, intensities of the peaks relevant to different crys-
tal planes are not the same. As is observed in Fig. 11, the (112) plane
of the HA/anodized sample indicating the anatase TiO2 layer is not
seen in the HA/TiO2 nanocomposite specimen. Meanwhile, the in-
tensities of the HA peaks of the HA/anodized sample show a consid-
erable decrease with respect to the HA/TiO2 specimen. This can be
due to the insulation effect of TiO2 nanotubes. Based on previous
works [56], the presence of a layer with weak conductivity can reg-
ulate the mobility of the depositing ions. This means that the pres-
ence of the intermediate TNT layer reduces the movement of HA
producing ions (mentioned in reaction 4) toward the cathode sur-
face. This decreases crystal-nucleation which lowers the crystallini-
ty of the sample. On the other hand, the decrement of the ion
mobility causes a lowering of the thickness and intensities of the
peaks related to the HA.
4. Conclusions

The conditions applied to the electrodeposition of calcium phos-
phate components for the formation of highly pure hydroxyapatite
phase were obtained. The presence of H2O2 in the electrolyte result-
ed in the release of the hydroxyl ion (OH−) which contributed to the
phosphate ion production and eventual hydroxyapatite phase
formation.

The high bonding strength of the HA/anodized layer was due to a
highly rough surface topography which created strong mechanical
interlocking, good wetting behavior of HA in contact with the anodized
sample and high chemical affinity of HA against the Titania interlayer.
Fair intermixing of the elements in the HA/Titania interface, however,
formed weak bonds during heat treatment.

The measured bonding strength of the coatings that adhered to the
substrate showed an increase of the adhesion strength by the addition
of TiO2 nanoparticles. A significant increase in HA/anodized adhesion
strength was achieved due to the better wetting behavior of HA in con-
tact with the anodized layer and interlocking of the roughened surface
with HA colloidal particles which penetrated into the voids of the TiO2

nanotubes.
Electrochemical studies showed the highest polarization resis-

tance of HA/TiO2 nanoparticles as compared to other samples. Pure
hydroxyapatite electrochemically deposited on Ti6Al4V alloy im-
proved the corrosion behavior of the substrate. The lowest passiv-
ation current density (Ipass = 0.125 μA/cm2, less than 1% of that
for the bare substrate) was obtained for the HA/TiO2 nanocomposite
coated specimen. Both anodized and HA/anodized-coated Ti6Al4V
prototypes consisted of TNTs which showed weaker corrosion resis-
tance than the HA and HA/TiO2 samples. The poor corrosion behav-
ior of TNTs was due to the void arrays that persuaded permeation of
the corroding ions toward the interface. Although hydroxyapatite
had fair corrosion resistance, its presence on the HA/anodized samples
could not well enough improve poor corrosion behavior of the porous
TNT layer.

Polarization curves evaluated in the range of body potential (400
mV–500 mV) and physiological environment showed lower corrosion
current density for HA-based coated samples than the uncoated
Ti6Al4V alloy. This meant that the deposition of hydroxyapatite and
the production of the HA/TiO2 nanocomposite and HA/anodized layer
had a controlling effect on the surface behavior of Ti6Al4V alloy as an
important candidate for biomedical applications.
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