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Abstract

Titanium implants have a thin oxide surface layer. The properties of this oxide layer may explain the good biocompatibility of
titanium implants. Anodic oxidation results in a thickening of the oxide film, with possible improved biocompatability of anodized
implants. The aim of the present study was twofold: (1) firstly, to characterize the growth behaviour of galvanostatically prepared
anodic oxide films on commercially pure (c.p.) titanium and (2) secondly, to establish a better understanding of the electroche0mical
growth behaviour of anodic oxide on commercially pure titanium (ASTM grade 1) after changes of the electrochemical parameters
in acetic acid, phosphoric acid, calcium hydroxide, and sodium hydroxide under galvanostatic anodizing mode. The oxide thickness
was measured by Ar sputter etching in Auger Electron spectroscopy (AES) and the colours were estimated by an L*a*b* system
(lightness, hue and saturation) using a spectrophotometer. In the first part of our study, it was demonstrated that the interference
colours were useful to identify the thickness of titanium oxide. It was also found that the anodic forming voltages with slope (dV/dt)
in acid electrolytes were higher than in alkaline electrolytes. Each of the used electrolytes demonstrates an intrinsically specific
growth constant (nm/V) in the range of 1.4–2.78 nm/V. In the second part of our study we found, as a general trend, that an
increase of electrolyte concentration and electrolyte temperature respectively decreases the anodic forming voltage, the anodic
forming rate (nm/s) and the current efficiency (nm.cm2/C), while an increase of the current density and the surface area ratio of
the anode to cathode increase the anodic forming voltage, the anodic forming rate and the current efficiency. The effects of electrolyte
concentration, electrolyte temperature, and agitation speed were explained on the basis of the model of the electrical double layer.
 2001 IPEM. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

The concept of osseointegration was originally intro-
duced by Brånemark et al. in 1977 [1] and the impor-
tance of the implant surface properties for a successful
osseointegration was first pointed out by Albrektsson
and co-workers in 1981 [2].

In general, it is known that titanium metal is spon-
taneously covered by a surface oxide of 1.5–10 nm
thickness, if in air at room temperature [3]. The outer
covering oxide of a turned titanium implant consists

* Corresponding author. Tel.: +46-31-773-2950 fax: +46-31-773-
2941.

E-mail address: young-taeg.sul@hkf.gu.se (Y.-T. Sul).

1350-4533/01/$20.00  2001 IPEM. Published by Elsevier Science Ltd. All rights reserved.
PII: S1350- 45 33 (01)00 05 0- 9

mainly of TiO2 [4,5], and is basically amorphous in crys-
tal structure and morphologically homogeneous [6].
Moreover, this thin oxide surface layer results in an
excellent resistance to corrosion indicated by: electro-
chemically a low level of electronic conductivity [7],
thermodynamically great stability [8,9] and low ion-for-
mation tendency in aqueous environments [10]. These
properties of the natural oxide layer may be the reasons
for the excellent biocompatibility leading to favourable
tissue responses to titanium implants in comparison to
many other metal implants [11], since primary interac-
tion between implant and biological environment at the
implant–tissue interface is dependent on the surface
properties of the titanium oxide layer and not on the bulk
titanium itself.

To improve the bone tissue response to titanium
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implants, some topographical surface modifications have
been demonstrated as quite effective, at least in animal
models [12–15]. Thus, blasted surfaces of an average
roughness (Sa) of 1.5 µm have resulted in significantly
stronger bone responses than have smoother and rougher
surfaces [16]. However, surface roughness changes at
the nanometer level of resolution, generally seen with
oxidized implants compared to controls, have not been
verified to influence the bone response, to the level of
our current knowledge.

Electrochemical parameters critically influence on the
oxide properties/growth behaviours of the titanium
metal. Growth of the oxide thickness results in systemic
changes of the surface topography, particularly in the
surface pore configuration [17], whereas an anionic
incorporation into oxide films will alter the chemical
compositon [18] as well as the crystal structures of the
titanium oxide, the latter examplified by anatase, rutile,
and even the rare brukite type [19–22]. However, results
reported in the literature give a rather complex and
somewhat contradictory picture on the solid state proper-
ties and the electrochemical growth behaviour of anodic
oxide films [23–48]. It is generally known that titanium
behaves as a typical valve metal for which oxide growth
involves field-assisted migration of ions through the
oxide films and for the thickness of the anodic oxide
to follow Faraday’s law [23–27]. Moreover, the growth
constant values of anodic film are variable according to
many reports [38–41]. Growth constant considerably
influences the surface properties of anodic oxide films
such as defect concentration profile [42] as well as the
formation of an intermediate suboxide TiO2�x layer
between the deep TiO layer of the titanium substrate and
the more superficial TiO2 layer of the titanium oxide
[43]. During anodic oxidation of titanium metal, gas
evolution (O2 and H2) is usually observed, which con-
tributes to reduce the current efficiency to anodic oxide
growth [18–32]. Furthermore, the structure of anodic
film is changed from amorphous to crystalline phase, e.g.
anatase, brukite, and rutile, which occurs above ‘a criti-
cal’ oxide thickness [33,34]. This crystallographic trans-
formation is closely related to the breakdown, which is
dependent on the electrochemical parameters such as the
electrolyte concentration (or activity) [34,35] and the
current density [36,37]. Disagreements between various
studies may arise from varying surface preparations and
growth conditions examplified by the current density, the
chemical composition (concentration), and the electro-
lyte temperature.

The present study is one of several investigations. In
the first part of this in vitro study our aim is to investi-
gate the characteristic behaviour of the galvanostatic
anodic oxide growth prepared in several electrolytes on
commercially pure (c.p.) titanium (ASTM grade 1) and
to analyse the colours of the resultant titanium oxide
films. In the second part, the present study aims to

present a better understanding of the electrochemical
growth behaviour of the galvanostatic anodic oxide on
commercially pure (ASTM grade 1) accompanied by
changing the electrochemical parameters such as the
electrolyte concentration, the applied current density, the
electrolyte temperature, the agitation speed, and the sur-
face area ratios of cathode to anode.

2. Materials and methods

2.1. Preparation of the samples

Commercially pure (c.p.) titanium (99.6 at %, ASTM
grade 1) was used for preparing the samples as plates
and screw type anodes. The plate type was 30×10×1.0
mm with a small handle of 30×2.5×1.0 mm which during
anodizing was masked with teflon tape. The screw type
was a clinical oral implant that had a length of 18 mm
and a diameter of 3.75 mm. The screw type anode was
held by a teflon-encased screw holder. The electrolytic
cell consisted of double Pyrex glasses with a cooling
jacket. The titanium anode was suspended in the centre
of the cell by use of a sample holder. In the second part
of the study, commercially pure (c.p) titanium (ASTM
grade 1 and grade 2) was prepared for disc type anodes
that consisted of four titanium rods attached by screwing
into prepared holes of a titanium disc that was sub-
sequently embedded in resin. Before resin embedding,
each titanium rod was masked with teflon tape. This dou-
ble sealing aims to prevent the leakage of electrolyte into
the titanium anode and to make it possible to accurately
calculate the surface area of the titanium anode, eventu-
ally to make sure of the applied current density. Each
titanium rod had a cross-sectional area of 0.125 cm2.
During anodizing this multi-anode was held by a sample
holder encased with teflon. The titanium multi-anode is
schematically illustrated with the anodizing apparatus in
Fig. 1. All specimens were abraded by SiC paper in suc-
cessive grades from 300 to 800 grit (Struers, Denmark),
and then ultrasonically cleaned in detergent solutions
and dried in an oven at 50°C for 24 h. Two platinum
plates having the surface area of 80 cm2 were used as
counter electrodes at both sides of the titanium anode.
In the first part the surface area ratios of the titanium
anode versus the counter electrodes were 3.5% for the
screw type and 8.5% for the plate type of anode. In the
second part the surface area ratio of the titanium anode
versus the counter electrode was less than 0.625%. A dc
power supply interfaced with an IBM computer (Hobang
Electronics, Korea) was used (Fig. 1). Currents and volt-
ages were continuously recorded at intervals of 0.5 s by
an IBM computer interfaced with the power supply. The
content of ripple was controlled to less than 0.1%. Five
different electrolytes were used: sulphuric acid, acetic
acid, phosphoric acid, calcium hydroxide, and sodium
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Fig. 1. Schematic diagram of the anodizing apparatus, electrolytic cell and multi-titanium electrode.

hydroxide. The applied voltages were given at the range
of 20–130 V and the current density at 5–40 mA/cm2.
The agitation speed was in the range of 250–800 rpm.
The temperature was controlled in the range of 14–42°C.
The temperature rise due to the exothermic anodic reac-
tion was controlled to less than 2°C. The anodic oxi-
dation was performed in a galvanostatic mode.

2.2. Analysis

Altogether 59 samples were measured with Auger
Electron Microscopy (AES, Physical Electronics, model
PHI 650). The growth behaviour of galvanostatic anodic
oxide film was analysed in terms of the anodic oxide
thickness, the oxide growth constant (nm/V), the current
efficiency (nm.cm2/C), and the anodic forming rate
(nm/s). The reproducibility of the electrochemical
behaviour of the electrolytes employed in this study was
very stable as approximately 98% of anodic forming
voltage at 100 V in acid electrolytes and at 60 V in alka-
line electrolytes. The colours of the anodized titanium
oxide film were estimated by an L*a*b* system (the
lightness, the hue, the saturation) using a spectrophoto-
meter CM-3500d (Minolta, Japan) with a light source of
D 65. Illumination angle was 45° and view angle was
0°. The colours of titanium oxide were analysed in terms
of the used electrochemical parameters and a corre-
sponding oxide thickness. Depth profile of the anodic
oxide thickness were performed by continuous sputter
etching with 4 keV Ar ion in AES. Measuring area was
at a diameter of 2.5×4.0 µm. For the determination of
the oxide thickness, the relation d=v0td, where d is the
film thickness, v0 is the sputter rate, and td, is the sputter-
ing time when the oxygen peak amplitude at the metal–
oxide interface has decreased to 50% of its steady state

values in the oxide [49]. To be precise, calibration of
the sputtering rate was double-checked by two reference
materials of 100 nm of SiO2 and 91.8 nm of TiO2. The
reference TiO2 film was deposited on (100) Si by
MOCVD (Metal Organic Chemical Vapor Deposition).
By using Ellipsometry, this reference TiO2 film was
characterized as 91.8 nm in the oxide thickness and
2.199 in the refractive index with values between 2.0 for
amorphous type and 2.5 for anatase type of TiO2 crystal
structure. With the quoted two reference materials, the
sputtering rate is induced at about 7.1 nm/min. To assess
the experimental standard deviation of the oxide thick-
ness measured in the present study, the depth profile was
performed on the randomly selected three specimens
before and after anodic oxidation. The experimental
standard deviation in the oxide thickness was 0.042 for
9.83 nm of the native oxide thickness and 4.0 for 109.1
nm of the anodic oxide thickness (Fig. 2). Hereby, a
possible maximum inaccurracy in the present study in
calculation of the galvanostatic anodic oxide thickness
measured by AES can be assessed at about 3.7% and in
the stability of voltage and current due to systemic error
at 0.1%.

3. Results

3.1. The colours of the galvanostatic anodic oxide
films

Colouring of the resultant titanium anodic oxide films
was the most prominent optical change during galvanos-
tatic anodizing. All the results are summarized in Table
1. Fig. 3 shows various colours of the anodic oxide film
prepared on the clinical implant specimens. Fig. 4 shows
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Fig. 2. AES depth profiling of the anodic oxide films grown in 0.1
M sulphuric acid at 20, 40, 60, 80 and 100 V. Measurements on three
randomly selected areas (S1, S2 and S3) of the anodic film formed at
60 V, showed uniformity of oxide thickness (109±4 nm). The relative
atomic concentration (%) in Ti and O elements is plotted.

that the colouring of the titanium oxide films is
expressed in relation to the anodic forming voltage and
the galvanostatic anodic oxide thickness. From all the
detailed figures in Table 1, it was found that the colours
of the anodic titanium oxide expressed by the hue (a*
value), in principle, was dominated by the anodic oxide
thickness within the range of which the anodic forming
voltage increased almost linearly with the anodizing
time. However, not only the value of a* but also the L
and b* showed considerable differences according to the
electrolytes employed even though the anodic oxide
thickness as well as the forming voltage was the same.
It was also found that even though the anodic oxide films
are prepared at the same forming voltage and the same
electrolyte as investigated in acetic acid (A1, A2 and A3
in Table 1), the corresponding colours of the titanium
oxide vary by changing the current density and the elec-
trolyte concentration.

3.2. The nature of the electrolytes and the
characteristics of the galvanostatic oxide film growth

Fig. 5 shows typical voltage-to-time transients (dV/dt)
during growth of the galvanostatic anodic oxide film on
the plate type titanium. At the beginning of anodizing,
the anodic forming voltage goes up linearly with time
up to a certain point of time in the range of approxi-
mately 10–20 s, whereafter anodic forming voltage tran-
sient with slope (dV/dt) decreases gradually with anodiz-
ing time in all the used electrolytes. Depending on the
used electrolytes, however, the growth behaviour of gal-
vanostatic anodic oxide is very complicated and
appeared quantitatively differently at various stepwise
potential increase from 20 to 100 V. The electrochemical
parameters and the detailed results used in the first part
of the present study are summarized in Table 1.

3.2.1. Sulphuric acid
The electrochemical behaviour and galvanostatic

anodic oxide growth rate was estimated in 1.0 M sul-
phuric acid (pH 0.99, conductivity 10.39 µs/cm) at a
stepwise potential increase of 10 up to 130 V on the
plate type of titanium anode. As seen in Fig. 5 (S curve),
the voltage to time curve presented three different phases
of the anodic forming voltage transient with slope
(dV/dt). Anodic forming voltage increased straight up to
about 40 V in the first stage, thereafter slightly decreased
up to about 70 V in the second stage, and finally it
moved with the lowest voltage to time gradient. Accord-
ingly, as shown in Fig. 6, the anodic oxide thickness
increased linearly with increase of applied voltage up to
70 V of forming voltage. After 70 V of forming voltage,
anodic oxide thickness increased nearly exponentially
with an increase of the applied voltage. In addition, it is
clearly found that the anodic oxide thickness in sulphuric
acid was the thickest among all the used electrolytes in
any given anodic forming voltage up to 100 V, except
for the situation of the calcium hydroxide at 60 V which
was already at steady state of the anodic forming volt-
age. Fig. 7 shows the relationship between the growth
constant (a, nm/V) of anodic oxide film and forming
voltage. Overall, the growth constant values (nm/V)
demonstrated two qualitatively different behaviours
before and after a critical voltage point/range, namely a
descending stage with the mean value of 1.97 nm/V
(±0.26) up to 70 V and an ascending stage with the mean
value of 2.14 nm/V (±0.43) up to 130 V. The current
efficiency (nm.cm2/C) demonstrated three divisions of
different transient values with a mean value of 1124
nm.cm2/C (±194) up to 40 V, 874 nm.cm2/C (±196) up
to 60 V, and 531 nm.cm2/C (±138) up to 100 V (S in
Fig. 8). Furthermore, as shown in Fig. 8, it is also clearly
detected that in contrast to the behaviours of the oxide
thickness and the oxide growth constant, the current
efficiency (nm.cm2/C) in sulphuric acid was the lowest
among all the used acid electrolytes at any given voltage
up to 100 V. Fig. 9 shows that the oxide forming rate
decreases exponentially with the anodizing time.

3.2.2. Acetic acid
Fig. 5 (A1 curve) shows the voltage-to-time transients

(dV/dt) in 0.1 M acetic acid at 5 mA/cm2. In contrast to
1.0 M sulphuric acid, however, the anodic oxide thick-
ness linearly increased with an increase of anodic for-
ming voltage up to 100 V (A1 in Fig. 6). The growth
constant of anodic oxide films linearly decreased with
increases of the anodic forming voltage (A1 in Fig. 7).
The current efficiency (nm.cm2/C) most rapidly
decreased with increases of anodic forming voltage
between all electrolytes (A1 in Fig. 8). As shown in Fig.
9, the anodic oxide forming rate decreased exponentially
with the anodizing time examplified sulphuric acid.
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Fig. 3. Colouring of the clinical titanium implants prepared by gal-
vanostatic oxidation; the native oxide film (reference colour) of a clini-
cal screw implant to the left, the interference colours consecutively
anodized at 20, 40, 80, 100, 180 and 200 V to the right, in 0.5 M
tartaric acid.

Fig. 4. The interference colours formed on on the plate type of
titanium anode in 1.0 M sulphuric acid (pH 0.99, conductivity 10.39
µs/cm) are presented with relation to the galvanostatic anodic oxide
thickness and the anodic forming voltage from 20 to 130 V. Numbers
in parentheses referred to a* value of L a* b* colour measuring system.

3.2.3. Phosphoric acid
The voltage-to-time transient curve of phosphoric acid

in Fig. 5 (P curve) demonstrates the highest value of
anodic forming voltage in phosphoric acid and nearly
a constant slope (dV/dt). The anodic oxide thicknesses
linearly increased with an increase of the forming volt-
age up to 100 V (P in Fig. 6). However, the growth
constant (nm/V) decreased from 2.29 nm/V at 20 V to
1.54 nm/V at 100 V (P in Fig. 7). As shown in Fig. 8,
the current efficiency (nm.cm2/C) in phosphoric acid was
nearly constant at any given voltage from 20 to 100 V,
whereas the current efficiency in all other electrolytes
decreased. This behaviour is correspondent to behaviour
of the voltage to time characteristic curve as shown in
Fig. 5. The mean value of the current efficiency is 1424
nm.cm2/C (±75). As a consequence, as shown in Fig. 9,
the anodic oxide forming rate in phosphoric acid
presents a specific behaviour: as for all the electrolytes

Fig. 5. Typical voltage to time characterics on a titanium electrode.
The anodic forming voltage (V) is plotted as a function of time during
galvanostatic anodizing in five electrolytes: P=1.0 M phosphoric acid
at 5 mA/cm2; S=1.0 M sulphuric acid at 15 mA/cm2; Al=0.1 M acetic
acid at 5 mA/cm2; Ca=0.1 M calcium hydroxide at 5 mA/cm2;
Na=0.1 M sodium hydroxide at 5 mA/cm2.

Fig. 6. Relationship between the oxide thickness and the anodic for-
ming voltage up to 100 V: P=1.0 M phosphoric acid at 5 mA/cm2;
S=1.0 M sulphuric acid at 15 mA/cm2; Al=0.1 M acetic acid at 5
mA/cm2; Ca=0.1 M calcium hydroxide at 5 mA/cm2; Na=0.1 M
sodium hydroxide at 5 mA/cm2.

used in the present study, the oxide forming rate
decreased with the anodizing time, whereas the anodic
forming rate in phosphoric acid was nearly constant with
a mean value of 7.0 nm/s (±0.32) for any given anodiz-
ing time.

3.2.4. Calcium hydroxide
The anodic forming voltage in alkaline electrolytes

yields much lower in comparison to acid electrolytes (Ca
and Na in Fig. 5). The anodic forming voltage transient
with slope (dV/dt) in 0.1 M calcium hydroxide decreases
prominently after about 40 V, subsequently it almost
reaches a steady-state (Ca in Fig. 5). As shown in Fig.
6, however, anodic oxide thickness linearly increases
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Fig. 7. Dependence of the growth constant on the nature of the used
electrolytes and the anodic forming voltage. The growth constant
clearly demonstrates two different characteristics: descending stage
and ascending stage relevant to the anodic forming voltage. The
abbreviations were presented by the used electrochemical parameters
as before.

Fig. 8. The current efficiency is presented as a function of the anodic
forming voltage. The abbreviations were presented by the used electro-
chemical parameters as before.

with an increase of the forming voltage up to 60 V. The
growth constant (nm/V) decreased with increase of for-
ming voltage up to 60 V (Ca in Fig. 7). The current
efficiency (nm.cm2/C) was much lower in comparison to
acid electrolytes (Fig. 8). Anodic oxide forming rate
(nm/s) was also lower in comparison to acid electrolytes
and decreased with the anodizing time (Fig. 9).

3.2.5. Sodium hydroxide
Fig. 5 (Na curve) shows that the anodic forming volt-

age of 0.1 M sodium hydroxide is the lowest in all elec-
trolytes. There was big difference in anodizing time (101
vs 236 s) up to 60 V between calcium hydroxide and
sodium hydroxide. However, the anodic oxide thickness

Fig. 9. The anodic oxide forming rate is presented as a function of
anodizing time. The abbreviations were presented by the used electro-
chemical parameters as before.

linearly increases with an increase of anodic forming
voltage up to 60 V (Na in Fig. 6). The growth constant
(nm/V) linearly decreased (Na in Fig. 7). The current
efficiency and anodic oxide forming rate behave quite
similarly as compared to calcium hydroxide (Figs. 8 and
9). It is clearly found in the present study that the alka-
line electrolytes yield very low anodic forming voltage,
oxide growth constant (nm/V), current efficiency
(nm.cm2/C), and anodic oxide forming rate (nm/s) as
compared to acid electrolytes.

All details of the electrochemical parameters
employed in the second part of the present study, and
the corresponding results are presented in Table 2. All
details of the electrochemical parameters employed in
the second part of the present study, and the correspond-
ing results are presented in Table 2.

3.3. The effect of the electrolyte concentration on the
electrochemical oxide growth behaviour

The electrolyte concentration was shifted from 0.1 to
1.0 M in all test electrolytes.

An increase of the electrolyte concentration decreased
the anodic forming voltage (Ar vs Ac in Fig. 10, Pc vs
Pr in Fig. 11 and Ca.r vs Ca.c in Figs. 12 and 13) in all
tested electrolytes. This increase also decreased the cur-
rent efficiency (nm.cm2/C) and anodic oxide forming
rate (nm/s) in all tested electrolytes whereas the current
efficiency (nm.cm2/C) and anodic oxide forming rate
(nm/s) slightly increased in calcium hydroxide alone (Ar
vs Ac, Pc vs Pr and Ca.r vs Ca.c in Fig. 14). Further-
more, an increase of the electrolyte concentration
resulted in an increase of oxide growth constant (nm/V)
in acetic acid and calcium hydroxide but in a decrease
of oxide growth constant (nm/V) in phosphoric acid
(Fig. 14). From a quantitative viewpoint, phosphoric acid
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Fig. 10. The voltage to time transient curves on the Ti electrode
accompanied by change of the electrochemical parameters in acetic
acid. Ar is a reference oxide film formed on Ti electrode (ASTM grade
1) in 0.1 M acetic acid at 10 mA/cm2, 17°C, 250 rpm up to 80 V for
34 s. Platinum cathodes of 80 cm2 surface area were bilaterally used.
Ac is a change of the electrolyte concentration from 0.1 to 1.0 M. Acd
is a change of the current density from 20 to 30 mA/cm2. At is a
change of the electrolyte temperature from 17 to 42°C. As is 200%
increase of the surface area ratio of anode to cathode by using single
cathode instead of double cathode. AII is a ASTM grade 2 titanium
electrode.

Fig. 11. The voltage to time transient curves on the Ti electrode
accompanied by change of the electrochemical parameters in phos-
phoric acid. Pr is a reference oxide film formed Ti electrode (grade 1)
in 1.0 M phosphoric acid at 10 mA/cm2, 17°C, 250 rpm up to 80 V
for 47 s. Platinum cathodes of 80 cm2 surface area were bilaterally
used. Pc is a change of the electrolyte concentration 1.0 to 0.1 M. Pcd
is a change of the current density from 10 to 20 mA/cm2. Pa is a
change of the agitation speed from 250 to 800 rpm.

showed the biggest differences of current efficiency (473
vs 296 nm.cm2/C) and anodic oxide forming rate (nm/s),
but the smallest changes in oxide growth constant (1.74
vs 1.77 nm/V) by altering the electrolyte concentration
from 0.1 to 1.0 M (Table 2).

3.4. The effect of the applied current density on the
electrochemical oxide growth behaviours

By increasing the current density (mA/ cm2) the
anodic forming voltage (Ar vs Acd in Fig. 10, Pr vs Pcd

Fig. 12. The voltage to time transient curves on the Ti electrode
accompanied by changes of the electrochemical parameters in calcium
hydroxide. Ca.r is a reference oxide film formed on Ti electrode (grade
I) in 0.1 M calcium hydroxide at 20 mA/cm2, 17°C, 250 rpm up to
80 V for 47.5 s. Platinum cathodes of 80 cm2 surface area were bilater-
ally used. Ca.c is a change of the electrolyte concentration 0.1 to 1.0
M. Ca.cd is a change of current density from 20 to 40 mA/cm2.

Fig. 13. The voltage to time transient curves on the Ti electrode
accompanied by change of the electrochemical parameters in sodium
hydroxide. Na.r is the reference oxide film formed on Ti electrode
(grade I) in 0.1 M sodium hydroxide at 20 mA/cm2, 17°C, 250 rpm
up to 60 V for 110 s. Platinum cathodes of 80 cm2 surface area were
bilaterally used. Na3 is extended up to 80 V in the same anodizing
conditions to Na.r and compared to Na.cd. Na.cd is a change of current
density from 20 to 40 mA/cm2 up to 80 V. Na.t is a change of the
electrolyte temperature from 17 to 42°C up to 60 V. Na.a is a change
of the agitation speed from 250 to 800 rpm up to 60 V. Na.200 is
200% increase of the surface area ratio of anode to cathode by double-
masking 50% of the surface area of each cathode.

in Fig. 11, Ca.r vs Ca.cd in Fig. 12 and Na.3 vs Na.cd
in Fig. 13), current efficiency (nm.cm2/C) and anodic
oxide forming rate (nm/s) increased for all tested electro-
lytes (Ar vs Acd, Pr vs Pcd, Ca.r vs Ca.cd and Na.3 vs
Na.cd in Fig. 15), whereas the oxide growth constant
(nm/V) decreased for all tested electrolytes except for
minute increase (1.74 vs 1.79 nm/V) in phosphoric acid
which slightly increased. The current efficiency
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Fig. 14. The effect of the electrolyte concentration on the electro-
chemical oxide growth behaviours in acetic acid, phosphoric acid, cal-
cium hydroxide, and sodium hydroxide. The nomenclatures represent
the used electrochemical parameters as before.

Fig. 15. The effect of the current density on the electrochemical
oxide growth behaviour in acetic acid, phosphoric acid, calcium
hydroxide, and sodium hydroxide. The nomenclatures represent the
used electrochemical parameters as before.

(nm.cm2/C) and anodic forming rate (nm/s) drastically
increased to 242% (296 vs 717 nm.cm2/C) and about
484% (2.96 vs 14.35 nm/s) in phosphoric acid and also
increased to about 300% (49 vs 146 nm.cm2/C) and
about 594% (0.98 vs 5.83 nm/s) in sodium hydroxide,
respectively (Table 2).

3.5. The effect of the electrolyte temperature on the
electrochemical oxide growth behaviour

The electrolyte temperature was shifted from 17 to
42°C in acetic acid and sodium hydroxide. An increase
of the electrolyte temperature resulted that the anodic
forming voltage (Ar vs At in Fig. 10 and Na.r vs Na.t
in Fig. 13), current efficiency (nm.cm2/C) and anodic

oxide forming rate (nm/s) decreased for both electrolytes
(Ar vs At and Na.r vs Na.t in Fig. 16), whereas the oxide
growth constant (nm/V) increased for both electrolytes
(Ar vs At and Na.r vs Na.t in Fig. 16). In acetic acid,
the increase of the electrolyte temperature most strongly
influenced the current efficiency.

3.6. Effects of the agitation speed on the
electrochemical oxide growth behaviours

The electrolyte temperature was shifted from 250 to
800 rpm in phosphoric acid and sodium hydroxide. An
increase of the agitation speed of a stirrer did not show
obvious differences (1.74 vs 1.77 nm/V) of the electro-
chemical oxide growth behaviours in phosphoric acid
(Table 2). Sodium hydroxide showed a relative decrease
of the anodic forming voltage (Na.r vs Na.a in Fig. 13),
current efficiency (nm.cm2/C) and anodic oxide forming
rate (nm/s), whereas the oxide growth constant (nm/V)
increased relatively (1.15 vs 1.3 nm/V) to phosphoric
acid (Table 2).

3.7. The effect of the relationship (surface area ratio
and location of the electrodes) between the electrodes
on the electrochemical behaviours and growth
behaviours

The surface area ratio of anode to cathode was
increased to 200% in two ways; (1) using a single cath-
ode instead of bilateral double cathodes shown in Fig. 1
in acetic acid (unilateral single cathode) and (2) double-
masking each half of bilateral double cathodes in sodium
hydroxide. The 200% increase of surface area ratio of
anode to cathode resulted in increase of anodic forming
voltage (Ar vs A200 in Fig. 10 and Na.r vs Na200 in

Fig. 16. The effect of the electrolyte temperature and the agitation
speed on the electrochemical oxide growth behaviours in acetic acid,
phosphoric acid, and sodium hydroxide. The nomenclatures represent
the used electrochemical parameters as before.
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Fig. 13), oxide growth constant (nm/V), current
efficiency (nm.cm2/C) and anodic oxide forming rate
(nm/s) (Ar vs A200 and Na.r vs Na200 in Fig. 17) except
for minor decrease (1.92 vs 1.89 nm/V) of growth con-
stant in acetic acid.

In particular, double-masking each half of bilateral
double cathodes in sodium hydroxide rose straight up
anodic forming voltage with nearly a constant slope
(dV/dt) (Na.r vs Na200 curve in Fig. 13). The current
efficiency and anodic forming rate increased to about
540%, respectively (53 vs 286 nm.cm2/C and 1.06 vs
5.71 nm/s) (Table 2).

3.8. The effect of the chemical composition of the
titanium electrode on the electrochemical oxide growth
behaviours; commercially pure (c.p.) titanium ASTM
grade 1 vs grade 2

ASTM grade 2 showed a slight decrease of the anodic
forming voltage (Ar vs AII in Fig. 10), current efficiency
(nm.cm2/C) and anodic oxide forming rate (nm/s) in
acetic acid (Ar vs AII in Fig. 17). However, there were
no obvious differences in the growth constant film(1.92
vs 1.92 nm/V) (Table 2).

4. Discussion

4.1. The colours of the galvanostatic anodic oxide
films

The colouring of titanium oxide has been illustrated
by the multiple beam interference theory [50]. If a light
source, e.g. D 65 used in the present study, strikes the

Fig. 17. The effect of the surface area ratio of anode to cathode and
the different chemical composition of the titanium anode on the elec-
trochemical oxide growth behaviours in acetic acid and sodium
hydroxide. The nomenclatures represent the used electrochemical para-
meters as before.

titanium oxide, there will be an interference phenomenon
between the reflected beam from the oxide surface and
the beam which penetrates the surface oxide and then is
reflected from the interface of the surface oxide and
titanium substrate. Therefore, interference colours can be
influenced by non-uniformity of the oxide film in the
investigated specimen. The galvanostatic oxide films
prepared in the present study basically express these
interference colours. The present study showed that the
colours of the galvanostatic titanium oxide was princi-
pally dependent on the anodic oxide thickness. This is
in agreement with previous studies [50–52]. However,
our results suggest that although the galvanostatic oxide
thickness is almost the same, the resultant colours can be
different from the used electrolyte as well as the current
density and the electrolyte concentration employed, as
seen in Table 1. This is probably due to the different
growth constant (nm/V) and the different anodic forming
rate (nm/s) which, as previously determined numerically,
are dependent on the nature of the used electrolyte as
well as being altered by changes of the current density
and the electrolyte concentration. In turn, these changes
of growth constant (nm/V) and the anodic forming rate
(nm/s) cause a change in the stoichiometry of the anodic
oxide. Consequently, this non-stoichiometric layer may
be responsible for the different colouring of the titanium
oxide having the same thickness. Indeed, an ellipsometry
study has shown the formation of an intermediate subox-
ide TiO2�x layer between a TiO layer contacting with
the titanium substrate and the TiO2 being in the outer
layer of the anodic titanium oxide [45]. Furthermore, in a
Rutherford back scattering study (RBS) showed oxygen
overstoichiometry in the outer layer of the anodic oxide
films [53]. Another explanation for the different colour-
ing of the titanium oxide of the same thickness may be
ascribed to the different crystal structures of anodic
oxide, i.e. the anatase form and the rutile form, implying
changes of the density of the anodic oxide films. Even
if the anodic oxide films in the anodic forming voltage
up to 100 V employed in this study will consist mostly
in an amorphous form, they can possibly be mixed with
anatase type of the crystal structure as indicated by find-
ing using transmission electron spectroscopy (TEM)
[19,20], Raman spectroscopy [21], and X-ray absorption
spectroscopy (XAS) [22]. Moreover, the different anodic
oxide forming rate (nm/s) given in this study probably
produces the different defect concentration profiles of
the anodic oxide, i.e. the defect density [42]. In spite of
the colour differences in the details, as seen in Table 1,
the colours of titanium oxide can be utilized for a quick
identification purposes of the resultant oxide thickness
in association with the anodic forming voltage.

4.2. The nature of the electrolytes

The relationship between the nature of an electrolyte
and the electrochemical growth behaviour of the anodic
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titanium oxide seems to be not fully understood. The
effectiveness of an electrolyte for anodic oxidation of
titanium metal appears to be largely a function of the
electrolyte’s activity to dissolve the anodic product [54].
Depending on the anodic conditions, different types of
anodic behaviour have been observed, such as micropit-
ting, passivity (self-passivation), uniform corrosion, and
film formation by varying the concentration and tem-
perature even in the same electrolyte [55]. It is generally
assumed that the anodic oxide growth behaviour is
determined by electrochemical dynamics between the
ability of oxide film formation and the oxide dissolution
rate given by the nature of the electrolyte. For instance,
as shown in Fig. 5 (Ca and Na curve), the nature of
alkaline electrolytes such as calcium hydroxide and
sodium hydroxide reveals a relatively lower ability of
anodic oxide formation. Therefore, anodic forming volt-
age corresponding to the steady state, i.e. dynamic equi-
librium between the oxide formation rate and field
assisted and/or chemical dissolution rate, is much lower.
On the other hand, acid electrolytes such as sulphuric
acid, acetic acid, and phosphoric acid, reveal that the
anodic oxide formation rate overwhelmingly exceeds the
dissolution rate. As a whole, electrochemical growth of
the anodic titanium oxide occurs in the following hier-
archy: 1 M phosphoric acid at 5 mA/cm2 �0.1 M sul-
phuric acid at 15 mA/cm2 �0.1 M acetic acid at 5
mA/cm2 �0.1 M calcium hydroxide at 5 mA/cm2 �0.1
M sodium hydroxide at 5 mA/cm2. Hereby, we suggest
that these results can be primarily attributed to the intrin-
sic nature of the electrolyte itself. At the same time, the
nature of the electrolyte is exerted in a very closed con-
nection with the electrochemical parameters such as the
current density, the electrolyte concentration, conduc-
tivity, the temperature, the agitation speed, surface areas
ratio of cathode to anode, etc of which results in detail
are given in the next part of this discussion. It was found
difficult in this study to establish a correlation between
the nature of the electrolytes employed and their solu-
bility, pH, and conductivity. So far as it is concerned
with the electrolytes of which the rate of oxide film for-
mation exceeds the dissolution rate, voltage-to-time tran-
sients (dV/dt) at a given constant current density behave
typical characteristics of the galvanostatic anodizing. On
commencement of anodizing, the anodic forming voltage
increases almost linearly with the anodizing time up to
about 80–90 V in 0.1 M sulphuric acid at 15 mA/cm2,
about 90–100 V in 0.1 M acetic acid at 5 mA/cm2, about
40–50 V in 0.1 M calcium hydroxide at 5 mA/cm2 and
0.1 M sodium hydroxide at 5 mA/cm2, thereafter dielec-
tric breakdown occurs with voltage transient with slope
(dV/dt) progressively decreasing. The breakdown volt-
age in 1 M phosphoric acid at 5 mA/cm2 appears to be
beyond the voltage range given in this study, i.e. 100 V.
These figures indicate that dielectric breakdown voltage
can differ from one electrolyte to another, and also can

be higher by the decrease of the electrolyte concen-
tration. The linear increase of the forming voltage and
the galvanostatic oxide thickness have been explained
by the well-known high field-assisted ionic transport
mechanism [56,57]. The relationship between the anodic
current and the electric field strength across the anodic
oxide film is described by the following equation,

i�Aexp(BE) (1)

where i is the ionic current, A and B electrolytic con-
stants, E is electric field strength and can be replaced by
V/d, where V is the forming voltage and d refers to the
anodic oxide thickness. During galvanostatic anodizing,
in order to maintain the given constant current density,
a constant field strength across the previously formed
barrier film is required. As a consequence, when the
oxide thickness increases with time at constant current
density, the voltage across the oxide film must increase
in order to maintain the field and the current density.
Our experimental data presents evidently the linear
increase of galvanostatic oxide thickness with the anodic
forming voltage as shown in Fig. 6. This is well consist-
ent with the above equation. Hence, so far as anodic
oxide thickness of barrier film is concerned, the follow-
ing equation can be induced

d�aV (2)

where a is growth constant (nm/V). Indeed, the growth
constant has been very often used to express the oxide
thickness in numerous studies. In the literature survey,
the reported growth constants are controversial, and have
a considerably varied range of values from 1.9 to 6.0
nm/V [19,21,22,29,53,54,58–61]. The growth constant
values detected in this study are lower than in the litera-
ture data. Of course, a number of experimental variables
might be carefully considered: the electrochemical para-
meters, the techniques used in measurement of the oxide
thickness, the history of the sample preparation, the
physical properties of the anodic oxide film, e.g. the den-
sity, the crystal structure, and the morphological proper-
ties, e.g. the surface homogeneity and porosity of the
oxide film, etc. However, as shown in Fig. 2, measure-
ment of the anodic oxide thickness by AES depth profi-
ling appears to be very reliable [4,49] with a standard
deviation being less than 4.0 nm of standard deviation
for 109 nm in the samples of the present study, which
implies uniformity of the titanium substrate (the oxide
films were even barrier films without pores/craters which
mainly formed before breakdown voltage). The anodic
oxide thickness increases linearly with increase of the
total charge passed to the oxide films, while the current
efficiency (nm.cm2/C) decreases with increase of oxide
thickness. In general, the current efficiency is much
higher in all the early stages of galvanostatic oxide
growth before oxygen evolution. For phosphoric acid the
current efficiency is almost stable (1424±75 nm.cm2/C)
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at any given charge, and shows the highest value among
the electrolytes employed in this study except for the
early anodizing stage in 0.1 M acetic acid at 5 mA/cm2.
For other electrolytes, however, the current efficiency
decreases slightly but continuously with increase of the
anodic charge (and also the anodic forming voltage). The
current efficiency is generally lower in the alkaline elec-
trolytes. Probably, one reason is attributed to the gas
evolution that was empirically observed much more in
alkaline electrolytes during anodizing on the surface of
the titanium anode in comparison to acid electrolytes.
This decreasing trend of the current efficiency has also
been reported in literature [29,62]. It was likely due to
the increase of oxygen evolution during galvanostatic
anodizing [31], to the crystallization accompanied by
increase in anodic oxide thickness [19–22], and to the
increase of the field-assisted chemical dissolution by the
elongation of the anodizing time [28,63].

4.3. Effects of electrochemical parameters on growth
behaviour of the titanium oxide

The voltage-to-time characteristics during anodizing
were highly reproducible (Figs. 10–13) except that the
anodizing time up to 80 V in phosphoric acid was
slightly scattered (47±4 s) (Fig. 11). From the present
study, it is clear that the general changes of the electro-
chemical parameters have not only quantitative but also
qualitative effects on the electrochemical oxide growth
behaviour in terms of the galvanostatic anodic oxide
thickness, anodic oxide growth constant, the current
efficiency, and anodic forming rate. Of course, these
behaviours are greatly dependent on the nature of the
employed electrolytes, results that are in good accord-
ance with the first part of this study.

The effect of the electrolyte concentration shows that,
in general, the anodic forming voltage apparently
decreases with increase of the concentration of all the
electrolytes employed in this study. Therefore, the total
amount of anodic charge as well as the anodizing time
consumed to any preset voltages increases. This
phenomenon can be explained on the basis of the ‘elec-
trical double layer’ mode [23,33]. The structure of the
electrical double layer is schematically shown in Fig. 18.
Theoretically, it has been proposed that during electro-
chemical anodizing, the ‘electrical double layer’ forms
at the oxide film/electrolyte interface, which consists of
an excess or deficit of electrons on the metal side and
of an excess or deficit of ions on the electrolyte side.
These couplings of electrons and ions during anodizing
normally result in a certain gradient of the concentration
distribution of the electrolyte at the oxide film/electrolyte
interface, i.e., the inner layer of the lower concentration
(C–D layer in Fig. 18) and the outer layer of the higher
concentration (D–E layer in Fig. 18). In this situation, if
an increase of the electrolyte concentration is sufficient

Fig. 18. Schematic structure of the electrical double layer at the
titanium oxide/electrolyte interface. Subscripts indicate: m—metal and
c—cation.

to heighten the lowered concentration of the inner layer,
the electrochemical reaction at the interface accelerates
and then the electrical resistance will be reduced.
Eventually the anodic forming voltage decreases with
increase of the electrolyte concentration. As shown in
Fig. 14, by increasing the electrolyte concentration from
0.1 to 1.0 M, the oxide thickness and the growth constant
increased in acetic acid and calcium hydroxide, while
these parameters rather decreased in phosphoric acid.
The current efficiency (nm.cm2/C) is a possible expla-
nation for this finding. According to Faraday’s law, the
current efficiency can be given by [44]:

C.E�rzF/Mi.d/t (3)

where r is its density, z is number of Faraday constant
(F) required to form the molecular weight of the oxide
M, i the current density, d thickness of the anodic oxide
films, and t the anodizing time (C.E was presented as
nm.cm2/C in this study). In fact, for phosphoric acid the
current efficiency (nm.cm2/C) decreased rapidly in com-
parison to acetic acid and calcium hydroxide (Fig. 14).
According to Eq. (1), consequently, the thickness of the
resultant oxide films as well as growth constant (nm/V)
decreases. Further explanation may be attributed to the
differences of the anodic forming rate given in Table
2. It has been reported that rapidly grown oxide films
demostrated the presence of higher defect density and
revealed a higher dissolution rate [45].

The effect of the current density on the electrochemi-
cal oxide growth behaviours is not only qualitatively in
opposition to the effect of the electrolyte concentration
but also quantitatively much greater; an increase of the
current density increases the anodic forming voltage,
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while an increase of the electrolyte concentration
decreases it. The relationship between the anodic current
and the electric field strength across the anodic oxide
film was described in Eq. (1). During galvanostatic
anodic oxidation the newly formed oxide thickness dd
requires an extra potential dV to maintain the field
strength across the oxide films. Hence, the relation
between the ratio of rise of the potential and the current
density is derived from the above Faraday law (3) as
follows. The rate of increase of the anodic oxide thick-
ness is given by;

dd/dt�iM/rzF. (4)

If the differential field strength Ed (dV/dd) is constant,
the ratio of the potential is

dV/dt�Eddd/dt�iM/rzF (5)

For practical purposes, to obtain a rough idea of the
order of the magnitude of dV/dt, it has been suggested
that Ed varies quite slowly with i so that dV/dt is roughly
proportional to i [23]. The present study shows general
results well in accordance with Eqs. (4) and (5); the
anodic forming voltage transient with slope (dV/dt) rises
with the applied current density, the anodic oxide for-
ming rate (d/t, nm/s) also increases with the applied cur-
rent density. However, a quantitative analysis of the
anodic forming voltage transient with slope (dV/dt) and
the oxide forming rate (d/t, nm/s) gives considerable dif-
ferences between the employed electrolytes. Regarding
the anodic forming rate (nm/s), the present study shows
especially high increases such as about 480% in phos-
phoric acid and about 600% in sodium hydroxide (Table
2). The reason for this is likely due to the differences of
oxide growth constant between the electrolytes, which
in turn will influence the field strength Ed(dV/dd) and
the oxide forming rate (d/t, nm/s).

The effect of the electrolyte temperature on the elec-
trochemical oxide growth behaviours appears to be a
decrease of the anodic forming voltage in acetic acid as
well as sodium hydroxide by increasing the electrolyte
temperature. The electrochemical oxide growth is a
redox reaction at the oxide film/electrolyte interface:

Ti4+(ox)�4H2O(aq)→Ti(OH)4(ox)�2H2→TiO2−x(OH)2x

�(2�x)H2O.

This reaction is exothermic. For instance, it has been
reported that the temperature rise during anodizing is
directly proportional to the electric power in the pre-
breakdown stage [47], and the temperature rise for the
size and shape of the specimen considered was about
1°C at 1 mA/cm2 and 50 V, about 10°C at 10 mA/cm2

and 50 V, and so on [23]. In other words, the above
electrochemical reaction indicates a change of enthalpy

�H�0 in the system. Therefore, thermodynamically,
when the electrolyte temperature is risen, the increased
temperature favours the reactants. Thereby, an increase
of the electrolyte temperature will inhibit the oxide film
formation and subsequently reduce the anodic forming
rate (nm/s), so that the corresponding field strength Ed

(dV/dd) decreases and, subsequently, the anodic forming
voltage decreases. In addition, in terms of electrolyte
activity, the temperature rise accelerates the ionic
mobility of the used electrolytes and then decreases the
electrical resistance of the electrolytes. Consequently,
the anodic forming voltage will decrease and then the
anodizing time reached to the preset voltage is pro-
longed. Indeed, the electrochemical growth behaviours
presented by increasing the electrolyte temperature from
17 to 42°C are as expected above thermodynamics, and
in general agreement with other studies [48,64–67]; the
decrease of the anodizing time, the increase of the oxide
thickness (growth constant), and the decrease of the cur-
rent efficiency.

The effect of the agitation speed in 0.1 M sodium
hydroxide at 20 mA/cm2 is likely due to the gas evol-
ution (H2 and O2) encountered during the dielectric
breakdown. It has been reported that the dielectric break-
down is usually accompanied by gas evolution and the
current efficiency is less than 100% due to gas evolution
[29,31]. For phosphoric acid, the breakdown voltage in
phosphoric acid is greater than the 80 V preset in this
study, so gas evolution (H2 and O2) may be negligible.
However, for calcium hydroxide, beyond approximately
45 V considered as the breakdown voltage given in this
study, gas evolution (H2 and O2) was obviously
observed. In addition, the differences of the current
efficiency between 250 and 800 rpm in 1.0 M phosphoric
acid was limited within about 6%, compared to approxi-
mately 18% in sodium hydroxide. This different behav-
iour of the gas evolution and the current efficiency
related to the dielectric breakdown phenomenon may be
attributed to the differences of the agitation effect
between phosphoric acid and sodium hydroxide. This
explanation assumes that gas evolution on the anode sur-
face like H2 and O2 impedes the ionic current at the
oxide/electrolyte interface and eventually increases the
anodic forming voltage. Another possible explanation is
regarding the effect of the current density: the gas bubble
entrapped on the anode surface will reduce the surface
area of the anode that takes part in the electrochemical
reaction, which in turn will have effects in the form of an
increase of current density and finally the anodic forming
voltage will increase. Therefore, if the agitation speed is
sufficient to remove the attached gas bubbles on the
anode surface, the anodic forming voltage is to decrease
as indicated by the result of sodium hydroxide shown in
this study. As far as the anodic forming voltage is con-
cerned, the electrical double layer represented in Fig. 18
may also be an explanatory model. When there is a cer-
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tain gradient of the concentration distribution of the elec-
trolyte at the oxide film/electrolyte interface, i.e. the
inner layer of the lower concentration (C–D layer in Fig.
18) and the outer layer of the higher concentration (D–
E layer in Fig. 18), this double layer acts as an electrical
barrier. If the agitation speed can circulate the electrolyte
enough to disturb the formation of the electrical double
layer, i.e. elimination of the barrier D, the electrical
resistance will be reduced and the ion–electron reactions
at the oxide film/electrolyte interface will be accelerated.
As a consequence, the anodic forming voltage decreases
with increase of the agitation speed as shown in
sodium hydroxide.

In spite of considerable effects of the ratio of the sur-
face area of anode to cathode on the electrochemical
behaviours and growth behaviours(Figs. 10 and 13Table
2), the importance of the surface area ratio of anode to
cathode seems not to have been reported previously.
Here, we present a probable explanation based on Ohm’s
law. Total resistance R=Rc+Ra/e+Re+Rc/e, where Rc is the
resistance of the circuit, Ra/e the resistance of
anode/electrolyte interface, Re the resistance of electro-
lyte, and Rc/e a resistance of cathode/electrolyte interface.
Rc is assumed to be almost zero. Under the constant cur-
rent density mode a decrease of the surface area of the
cathode, e.g. to about 50% in the present study increases
a corresponding Rc/e value and consequently the voltage
in cathode/electrolyte interface (Vc/e) decreases. Recipro-
cally the relative voltage drop of anode to cathode
increases. Therefore, finally the anodizing time to reach
the preset voltage gets shorter when the surface area of
the cathode is reduced.

The effect of the chemical composition of the titanium
electrode shows no significant difference comparing
grade 1 to grade 2 in 0.1 M acetic acid at 80 V
(According to ASTM standard [68], the difference of
chemical composition between grade 1 and grade 2
titanium is predominantly 0.20% and 0.30% in iron con-
tent, 0.18% and 0.25% in oxygen content, respectively).
For grade 2 titanium electrode the current density
(nm.cm2/C) and the oxide forming rate (nm/s) decreased
to about 78% and the oxide thickness was almost the
same, i.e. 154.3 vs 153.8 nm. In the literature, it has
been reported that growth constant (nm/V) was more or
less smaller for the titanium alloy than for commercially
pure titanium [19,69].

In the light of the possible changes of the electro-
chemical oxide growth behaviours of the titanium metal
presented in this study by various electrochemical para-
meters, further investigations are needed for a better
understanding of the electrochemical and oxide growth
behaviours in extensive applications to the field of the
bone-anchored fixed oral and craniofacial reconstruc-
tions.

5. Conclusions

The galvanostatic anodic oxide films demonstrate the
interference colours of the titanium oxide. These inter-
ference colours can be utilized for a quick identification
purposes of oxide thickness which linearly increases
with increased applied voltage below breakdown volt-
age. The growth behaviours of the titanium oxide
strongly depend on the nature of the electrolytes. All
electrolytes employed have particularly intrinsical spe-
cific growth constant (a, nm/V). The anodic forming
voltage with slope (dV/dt) is in a hierarchial order:
higher in the acid electrolytes, lower in the alkaline elec-
trolytes. The oxide thickness increases with increase of
the total charge passed to the oxide films, while the cur-
rent efficiency (nm.cm2/C) and the anodic oxide forming
rate (nm/s) decreases with increase of the oxide thick-
ness. The electrochemical oxide growth behaviour is gre-
atly dependent upon the electrochemical parameters as
well as the electrolytes employed, whatever electrolytes
were tested in this study, in the following hierarchial
order: the current density�the electrolyte concen-
tration�the electrolyte temperature �the agitation
speed�the chemical composition of the titanium elec-
trode in terms of the anodic forming voltage transient
with slope (dV/dt). With respect to the qualitative change
of the galvanostatic oxide growth the present study
reveals that the anodic forming voltage, the oxide for-
ming rate (nm/s), and the current efficiency (nm.cm2/C)
increases with increase of the current density and the
surface area ratio of the anode to cathode, while the
anodic forming voltage, the oxide forming rate (nm/s),
and the current efficiency (nm.cm2/C) decreases with
increase of electrolyte concentration and temperature.
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[2] Albrektsson T, Brånemark PI, Hansson HA, Lindström J. Osseo-
integrated titanium implants. Acta Orthop Scand 1981;52:155–
79.



345Y.-T. Sul et al. / Medical Engineering & Physics 23 (2001) 329–346

[3] Kasemo B, Lausmaa J. Aspect of surface physics on titanium
implants. Swed Dent J 1983;28(Suppl.):19–36.

[4] Lausmaa J, Kasemo B. Surface spectroscopic characterization of
titanium implant materials. Appl Surf Sci 1990;45:133–46.

[5] Olefjord I, Hansson S. Surface analysis of four dental implant
systems. Int J Oral Maxillofac Impl 1993;8:32–40.
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