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Abstract

Electrodeposited anodic oxide coatings were produced on Ti–6Al–4V substrates using aqueous electrolytes con-
taining dissolved calcium and phosphorus. Different coatings were produced by varying the time periods. The
coatings contained TiO as the major phase and contained very small quantities of calcium and phosphorus. All the
coatings were less than 200 nm thick. A point defect model is obeyed by all the coatings.

1. Introduction

Titanium and its alloys are widely used as implant
materials for failed hard tissues because of their excel-
lent corrosion resistance and good compatibility with
bone [1–3]. This high degree of biocompatibility is
attributed to the natural formation of a protective,
stable oxide layer on the surface [4]. There has been
considerable interest in the use of the a-b alloy Ti–6Al–
4V for orthopedic implants because of its fatigue
strength and biocompatibility. Nevertheless, this alloy
has certain limitations. Metal ions (Al and V) are
released from the implant alloy and have been detected
in tissues close to titanium implants [5]. The release of
these elements, even in small amounts, may cause local
irritation of the tissues surrounding the implant. Cell
and tissue responses are affected not only by the
chemical properties of the implant surface, but also by
the surface topography or roughness of the implants [6].
To overcome these adverse effects, many surface

treatment techniques like anodic oxidation [2, 7–8], sol–
gel method [9], electrophoretic deposition [10] and ion
implantation [11] are used. Anodic oxidation is a
superior method in terms of its capacity to form rough
and porous surfaces by spark discharge at high electro-
lytic voltage [1] and to form relatively thick and uniform
coatings at ambient temperatures [2]. It can also
incorporate chemical elements from the electrolyte in
order to improve protective properties [8]. The presence
of calcium and phosphorus in the anodic oxide films can
improve the biomaterial application of titanium alloys.
Anodic oxidation of titanium in electrolytes of calcium
glycero-phosphate/calcium acetate [12] and sodium

glycero-phosphate/calcium acetate [1] produced both
calcium and phosphorus in the oxide. The anodic oxide
film displayed porosity, intermediate roughness and
high crystallinity. The film was very thick without any
cracks and had a Ca/P ratio of 1.67 [12].
Placement of metal in solution leads to a net disso-

ciation of metal ions, since the oxide forming reaction is
more energetically favorable than a replacement reac-
tion. An electrical double layer forms, electrons from
substrate metal travel through the metal oxide and
ionize dissolved oxygen at the oxide/solution interface.
The resultant anions serve as electron traps, creating a
potential drop and electric field across the oxide film.
The oxygen then travels through the oxide under the
electric field, leading to growth and coalescence of the
oxide [13]. The oxide continues to form concomitant
with recrystallization, suggesting an inward movement
of oxygen anions along open channels of amorphous
structure and also via inward movement of anions along
slower diffusion paths [14]. The nature of the oxide is an
important factor which controls the electrochemical
properties of oxidized titanium. And its nature is
decided by the oxide formation potential. More positive
formation potentials result in lower concentration of
vacancies (which are electron donors). This situation
leads to a lower free electron concentration and hence to
a larger potential drop across the film [15].
A two-layer character is generally accepted for the

formation of anodic oxide layers. This is explained by
simultaneous oxide growth at the phase boundaries –
metal/oxide and oxide/electrolyte. This two-layer char-
acter should result in an inner phase boundary between
the oxide formed due to the transport of oxygen ions
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and that formed due to the transport of titanium ions.
Formation mechanisms should follow solid-state
reactions (phase boundary: metal/oxide) and dissolution
– precipitation reactions (phase boundary: oxide/elec-
trolyte) [16].
Anodic films are generally amorphous when they are

formed galvanostatically below the electrolyte break-
down level. Growth of amorphous anodic oxide films
which continues to high voltages is terminated by
dielectric breakdown after which crystalline oxide is
formed [17]. Oxide growth on titanium involves an
amorphous-to-crystalline transition voltage as low as
10 V [18] and therefore these films are normally crys-
talline. During breakdown, a high density of flaws is
developed in the film. But the breakdown is effectively
suppressed by alloying additions of aluminum, molyb-
denum, silicon and tungsten, allowing growth of uni-
form films containing relatively few flaws at high
efficiency [19]. Breakdown of passivity or the role of
alloying elements like molybdenum in enhancing the
resistance to passivity breakdown is expressed in terms
of a point defect model using the theory of formation
and mobility of cation vacancy condensates [20].
This paper describes an anodic oxidation method of

synthesizing titanium oxide coatings on Ti–6Al–4V
substrates from electrolytes containing calcium and
phosphorus and evaluating their corrosion properties.
A correlation between chemical composition and cor-
rosion of the coatings in simulated body fluid is made in
terms of cation vacancy theory.

2. Experimental procedure

The electrolyte used contained 0.30 mol l)1 of calcium
acetate (CA) and 0.06 mol l)1 of b-sodium glycero-
phosphate (b-GP) in water. This solution had a molar
ratio of (CA) to (b-GP) of 5 [21] and a pH of 8.4.
Rectangular samples of Ti–6Al–4V of size 2 cm �

3 cm were used as anode. 304 stainless steel plate was
used as the cathode to complete the electrolytic cell. The
coatings were obtained by applying a constant current
density of 10 mA cm)2. The following sequence of
operations was employed: (a) mechanical polishing (b)
etching in a solution containing 1 part HF, 4 parts
HNO3 and 5 parts H2O (c) anodizing in the electrolytic
solutions at 10 mA cm)2 for various times as mentioned
in Table 1.
A Philips (Model XD-D1) microprocessor controlled

X-ray diffractometer was used to identify the various
phases using Cu Ka incident radiation (k=1.5481 Å)
and XRF was used to determine the chemical compo-
sition of the coatings. Thickness measurements were
made using a Gaertner ellipsometer (Model 119 XVV)
containing a He–Ne laser of wavelength 632.8 nm and
employing Frenel’s formula.
Electrochemical polarization of the coatings was

carried out using a microprocessor controlled ACM
corrosion testing unit. The coating formed the working

electrode and graphite the counter electrode in Simulated
Body Fluid (SBF). SBF contained 8.74 g l)1 NaCl,
0.35 g l)1 NaHCO3, 0.06 g l)1 Na2HPO4 and 0.06 g l)1

l NaH2PO4 [7]. Polarization was carried out in the range
)700 to 4000 mV (vs. SCE) at a scan rate of
300 mV min)1 and corrosion currents were obtained.
Electrochemical Impedance Spectroscopy (EIS) was
performed in the frequency range 104 to 10)2 Hz.
Chrono-amperometric measurements were done at an
external applied potential of 500 mV for 2 h and the
current response to this potential with time was recorded.

3. Results and discussion

The nomenclature used for the coatings is given in
Table 1. All the coatings contained TiO. Though anodic
oxidation deposits phosphorus in the coating, calcium
and phosphorus are not detected by normal angle XRD
(Figure 1) and hence XRF was used. All the coatings
had 2.7–2.8 wt. % Al and 1.8–2.1 wt. % V. Table 2
gives the thickness and levels of calcium and phosphorus
present. With increasing time of electrolysis, phosphorus
from the electrolyte deposits in larger quantities in the
coating compared to calcium. Due to their positive
charge, calcium ions are repelled by the positive charge
of the anodically polarized Ti–6Al–4V surface, thus
reducing their extent of incorporation in the coating.
However, anions such as phosphates are attracted by the
anodic surface and hence are incorporated at a higher
rate in the coating.
In this study a voltage of up to 30 V was applied to

obtain coatings containing TiO as the major phase.
However, it was also found that an increase in the
applied voltage to 180 V led to oxidation of TiO to
anatase and a further increase to 225 V produced a
coating containing both anatase and rutile. Table 3

Table 1. Nomenclature of the coatings

Coating time 15 min 45 min 1 1/2 h 3 h 4 1/2 h 6 h 10 h 20 h 24 h

Nomenclature A1 A2 A3 A4 A5 A6 A7 A8 A9
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Fig. 1. XRD pattern of coatings.
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gives the various main phases in the coating produced at
different high voltages. From the Pourbaix pH-potential
diagram [22] for the titanium-water system, it is
observed that TiO is the predominant phase at lower
potentials and TiO2 at higher potentials, in the pH range
6–7. At 30 V, as in this study, the oxidation potential is
not high enough to form the higher oxide. The measured
potentials of the anodic surface (vs. SCE) also indicate
that they lie in the TiO region of the pH-potential
diagram for the titanium-H2O system.
In a previous study of high voltage (of the order of

250 V and above) anodic oxidation of titanium alloys,
from an electrolyte containing calcium acetate and
calcium glycerophosphate, a much thicker TiO2 coating

having a Ca/P ratio of 1.67 was produced [12]. However,
the present work involves a voltage of the order of 30 V
maximum with the result that only a lower oxide,
namely TiO, is formed with a Ca/P ratio less than 1,
irrespective of the duration of electrolysis.
Coatings obtained have thickness in the range of 90–

169 nm. If the coating time is short (45 min) the
thickness is less. With increase in time of deposition
(from 45 min to, say, 3 h), the oxide layer builds up
leading to increased thickness. With further increase in
time of electrolysis (in the case of coatings A7, A8 and
A9), oxide layers detach from the substrate possibly
owing to high stress levels, resulting in thicknesses lower
than 130 nm. It is seen that 169 nm (as measured for
A4) is the maximum thickness achieved under the
present experimental conditions.
At an applied external potential of 500 mV, the current

response with time up to 2 h was studied. It was found
that steady-state currents produced in all the coatings

Table 3. Phases at various high voltages

Electrolyte composition Phase

100 V 150 V 180 V 225 V

CA= 0.30 mol l)1;

b-Glycero phosphate

=0.06 mol l)1

TiO TiO Anatase

TiO2

Anatase &

Rutile TiO2

Fig. 2. A4 with 500 mV impressed potential (a) Current-transient curve (b) Plot of – f (i) vs. )ln (i).

Table 2. Thickness and chemical composition of coatings

Coating Chemical composition Thickness/nm

Wt. % Ca Wt. % P

A1 0.06 0.16 90

A2 0.06 0.16 100

A3 0.06 0.16 140

A4 0.06 0.15 169

A5 0.08 0.16 152

A6 0.10 0.18 144

A7 0.17 0.22 131

A8 0.19 0.31 115

A9 0.20 0.35 110
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were lower than 0.1 mA cm)2. A typical current response
is shown for the coating A4 in Figure 2a.
It was shown by Mott [23] that the electrical field

strength in a passive film (e) can be calculated by
dividing the potential drop (V) across the film by the
film thickness L,

e ¼ V=L ð1Þ

This expression is used to explain the decrease in current
with time for the growth of passive films under
potentiostatic conditions (constant V). The kinetics of
such a process is accounted for in terms of the High-
Field Model (HFM) as

i ¼ A exp ðBeÞ ð2Þ

where i is the current density and A and B are
temperature-dependent constants.
There are some discrepancies observed in HFM.

According to this model a plot of activation energy vs.
electric field strength should be linear and the constant A
(as shown earlier) should be independent of e. However,
experimental studies on tantalum show that activation
energy is not a linear function of the applied field and the
factor A depends on the field strength e [24].
Also, the HFM theory does not predict the attainment

of steady-state current or film thickness. Although some
modifications to this model, like dissolution at the film/
solution interface, have been made to predict the
attainment of steady-state current or film thickness,
the predictions are neither accurate nor in agreement
with the experimental results obtained for most systems
which are believed to follow this model. Furthermore,
HFM does not limit the field strength. For very thin
films the model predicts electric field strength to be in
excess of 107 V cm)1 but realistically such fields give rise
to dielectric breakdown.
Thismodel was suitablymodified by Lei Zhang et al. as

‘Point Defect Model’ (PDM) theory [24]. According to
this theory, for thin passive films like those observed in the
present study, the electric field is independent of position
within the film. As the steady-state film thickness varies
linearly with applied voltage it was concluded that the
electric field strength is independent of the applied voltage
and thickness. At high fields tunneling of holes and
electrons generates a counter electric field that effectively
buffers the field that exists within the oxide against any
process that would increase the field. The presence of (a)
tunneling effect and (b) linear variation of the film
thickness with applied voltage effectively eliminate the
possibility of the electric field strength going beyond the
breakdown strength. PDMattributes the current decrease
under potentiostatic conditions to the decrease in the
potential drop at the metal/film interface as the film
thickens rather than to a decrease of field strength, as
postulated inHFM.PDM implies that the reactions at the
metal/film interface are rate-controlling. It describes the
processes that occur within a barrier layer of reactions
that involve the generation and annihilation of cation and

anion vacancies at the metal/film and film/solution
interface, respectively.
According to PDM, for a film where dissolution by

the electrolyte is negligible, if i is the measured current
and i* is the differential di/dt, then a plot of

½�i��0:5

i
vs. ln ðiÞ will yield a horizontal line.

From the current-transient relationships of the coatings
(shown in Figure 2a), differential di/dt (also called as i*) is
calculated. A plot of {[)i*]0.5/i} vs. ln (i) for various values
of i was made and these plots for all the coatings show
horizontal lines. A typical plot is shown for the coating
A4 in Figure 2b. Hence it is inferred that our coatings
obey the Point Defect Model (PDM). In a recent
experiment on anodic oxidation of titanium in phospho-
ric acid it was reported that an oxide layer formed in
accordance with the principles of the point defect model
[25]. In explaining the behavior of Ti–6Al–4V and Ti–
6Al–6Nb implants in physiological solution, the influence
of niobium and vanadium on the passivity of these alloys
is explained in terms of the point defect model [26].
In a similar way concepts of the point defect model

can be used to explain the corrosion properties of
coatings in this study. This idea is based upon cation
vacancy formation and its diffusion into the lattice of
the corroding system. Upon exposure to a corrosive
medium cations of the system (titanium or aluminum or
vanadium or calcium in the present case) dissolve at the
oxide/electrolyte interface and form cation vacancies.
The concentration of such cation vacancies at the metal/
oxide interface will depend on (a) the relative rates of
cation vacancy transport from the oxide/electrolyte
interface to metal/oxide interface and (b) their annihi-
lation at the metal/oxide interface by emission of cations
from the metal into cation vacancies. If the annihilation
reaction is incapable of consuming the cation vacancies
arriving at the metal/oxide interface, the remaining
excess vacancies will coalesce to form a cation vacancy
condensate. And, if the size of this condensate exceeds a
critical size, the film becomes unstable and localized
breakdown takes place. This process is further aided by
the presence of Cl) ions [26].
According to the size factor the presence of elements

(like phosphorus or aluminum or niobium) whose ionic
radii are just higher or smaller than that of the major
element (titanium in the present case) hinders corrosion.

Table 4. Ionic and covalent radii of various ions present in the coating

[27]

Ions Co-ordination number Ionic radii/Å Covalent radii/Å

Ti2+ 6 0.86 1.32

Ti3+ 6 0.67 1.32

Al3+ 6 0.54 1.43

V3+ 6 0.64 1.31

Ca2+ 6 1.0 1.74

P3+ 0.44 1.1

P5+ 0.38 1.1
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A point defect occurs when the size of foreign cation
(like calcium in the present case) being incorporated in
the crystal lattice does not match that of the host ion. It
can be inferred [27] from Table 4 that calcium ions have
larger ionic radii than the host titanium ions and this
situation leads to the formation of calcium cation
vacancies.
The higher the concentration of calcium in the coating

the greater the number of calcium ion vacancies.
Further, if there is insufficient annihilation of these
vacancies, localized breakdown of the oxide may occur
which can lead to the attack of coatings by chloride ions
of the SBF. Therefore the presence of calcium in the
coating leads to corrosion. This is indicated in Table 5
where high calcium-containing coatings like A7 and A8
show more severe corrosion in the form of higher
corrosion current (the potentiodynamic polarization
curve in Figure 3 for A9 showing continuous dissolution
in the anodic region) and lower impedance than the low
calcium-containing coating like A4 (the potentiodynam-
ic polarization curve in Figure 3 for A4 showing
passivation and dissolution in the anodic region).
Calcium is an important constituent of bone. The

presence of calcium on the Ti–6Al–4V implant surface
promotes implant-bone biocompatibility. However,
there is a difference in ionic sizes of titanium and
calcium and this mismatch may result in pitting of the
Ti–6Al–4V implant. This can be suitably offset by
carrying out anodic oxidation to form an oxide layer of
optimum thickness. In this study a coating of thickness
169 nm containing 0.06% Ca has been found to have
maximum corrosion resistance. Further increase in
calcium content is likely to enhance corrosion and
hence could be undesirable.

4. Conclusions

Oxide coatings containing small amounts of calcium and
phosphorus were produced on Ti–6Al–4V substrates by
galvanostatic anodic oxidation. All the coatings

contained TiO as the major phase. Coatings containing
more than 0.15% calcium show increased corrosion
rate. The point defect model is applicable to the coatings
formed on these samples.
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Table 5. Properties of anodic oxide coatings

Coating % Ca Potentiodynamic

polarization

icorrlA cm)2

Total impedance/ohm cm2

A4 0.06 0.42 2.35� 104

A6 0.10 0.65 1.99� 104

A7 0.17 0.66 3.54� 103

A8 0.19 2.27 2.80� 103

Fig. 3. Potentiodynamic polarization curves; A1 and A4 exhibit pas-

sivating type of behavior while A9 shows continuous dissolution.
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