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A clear surface was polished using electrolytic polishing (EP). The mean roughness (Rz) of
the polished surface was 1.966 nm, as measured by atomic force microscopy (AFM) over a
2 × 2 um2 scan area. The various directions of the grains could be observed clearly
following EP. The multiple beam interference effect generated various colors of the grains
after anodic treatment at constant anodic voltage. A template with ordered
nanochannel-array of anodic titanium oxide (ATO) was formed at 20 V. The template formed
by self-assembly. The long-range ordered nanochannel had a thickness of 170 nm film, a
pore size of 100 nm, an inter-pore distance of 120 nm, pore walls with a thickness of 25 nm ,
a pore density of 8 × 109 pores/cm2, and a porosity of 68.2% , after anodizing for 90 s. When
the applied voltage exceeded the breakdown voltage (90 V) of titania, the corrosion rate
increased and the color of the titanium became as measured electrochemically by Tafel
polarization and AC impedance methods, and observed by optical microscopy.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The technique of anodizing titanium has been consid-
ered for many years to improve the surface properties
of metal (including corrosion in reducing environments,
wearing, galling, adherence of flue or paint) and to be
useful in the development of new products, such as ca-
pacitors or templates [1–4]. In recent years, titanium
oxides have found new areas of applications in con-
verting solar energy, photocatalytic syntheses, photo-
catalytic degradation of certain organic pollutants and
the electrolytic production of chlorine, among others
[5–7]. The surfaces of Ti to be treated must be free of
impurities must be planar so that electrolytic polish-
ing can generate a bright and uniformly colored film
adhered the Ti surface. Electrolytic polishing is exten-
sively applied in research and industry [8–10]. Attain-
ing high-quality surfaces by mechanical polishing is
difficult even for the most competent metallographers.
The idea of replacing at least the polishing stage of
sample preparation with a relatively simple electrolytic
treatment that can generate high-quality surfaces with
good reproducibility, is highly appealing [11–13]

The surface of titanium metal is spontaneously cov-
ered with a 1–10 nm thick transparent film of titania on
[14] if in air at room temperature. Additionally, increas-
ing the thickness of the oxide film by anodizing causes
it to become colored. The color of titanium oxide has

been explained by multiple-beam interference theory
[15]. Interference occurs between the beam reflected
by the oxide surface and the beam that penetrates the
oxide surface before being is reflected from the inter-
face of the oxide surface and the titanium substrate.
Hence, the non-uniformity of the oxide film on the
specimen influences the interference colors. Restated,
color is useful for identifying the thickness of titanium
oxide. Moreover, the thickness of the oxide is deter-
mined by the applied voltage, with a growth constant
of 2–3 nm/V [16]. Various colors are observed at con-
stant voltage, but not if mechanical polishing is applied.
The growing rates of films vary with the orientations
of the surfaces of the grains, so the titanium surface
has various colors at constant voltage. This technique
is useful in identifying easily the specific orientation of
a grain in a specimen by optical microscopy. A dense
oxide film, such as anodic titanium oxide, is suitable
to form a film of ordered nanochannel array. Anodic
films with array ordered nanochannels are defined as
films with nano-pores of sizes between 1 and 100 nm.
They have attracted considerable attention because they
have due to their special characteristics. Investigations
have demonstrated that various characteristics, such as
melting point, optical characteristics, electrical charac-
teristics, and mechanical behaviors depend upon pore
size [17–20]. Numerous nanochannel arrays of anodic
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aluminum oxide (AAO) have been fabricated and stud-
ied; [11, 13, 22–29] however, few nanochannel arrays
of ATO have been fabricated or studied [4, 39]. Titania
is a useful catalytic and gas-sensing material. Titanium
oxide thin films with nanoporous structures are desir-
able for use in these applications because due to their
large surface areas and high reactivities. A dense ATO
has been easily formed by anodizing titanium to pro-
mote anti-corrosion characteristics [16]. However, an
array of nanoporous ATO cannot be easily formed be-
cause critical electrochemical conditions are required.
In Dawei Gong’s [4] work, the conditions used to fab-
ricate nanochannel ATO on titanium foil were anan-
odizing voltage of 20 V for 20 min in 0.5% hydroflu-
oric at 18◦C; however, when the anodizing time was
under 20 minutes, sponge-like randomly porous struc-
tures were formed. In the experiment performed herein,
the titanium substrate underwent electro-polishing and
anodizing for 90 s, forming the nanochannel-array
of ATO when the electrolyte was 1.2%HF + 10%
H2SO4.

2. Experimental method
2.1. Electrolytic polishing
Highly pure titanium plates (99.995%) with an area of
2 cm × 2 cm were used. The specimen was annealed be-
low the temperature of—phase transformation in an air
furnace for one 1 h at 850◦C, and was then abraded
using1500-grit SiC paper. The electrolytic polishing
conditions involved a platinum sheet (2 cm × 2 cm) as
a cathode, titanium plates as an anode, 5% perchloric
acid (HClO4) + 53% ethylene glycol monobutylether
(HOCH2CH2OC4H9) + 42% methanol (CH3OH) as an
electrolyte at 15◦C, 52 V for one minute followed by 28
volts for 13 minutes, at a constant stirring rate of 200
rpm. Electrolytic polishing yielded a clear and planar
surface on the titanium specimen.

2.2. Anodizing
The plane surface of titanium offers an area which an-
odizing can be studied. The anodizing conditions in-
clude a platinum sheet (2 cm × 2 cm) as a cathode,
titanium plates as an anode and 10 vol.% sulfuric acid
(H2SO4) as an electrolyte at 15◦C. Constant voltages
of 8, 15, 20, 30, 45, 60, 70, 80, 90 and 100 V were ap-
plied in the anodizing system, and the anodizing time
at each constant voltage was five seconds. Anodiz-
ing yielded various colors of hypotitanous hydroxide
(Ti(OH)4) from the surface of the titanium. Addition-
ally, 1.2 vol.%. hydrofluoric acid (HF) was added to
the electrolyte of 10 vol.% H2SO4, and a long-range
ordered nanochannel-array of ATO was obtained by
applying for 90 seconds an anodizing voltage of 20 V.

2.3. Electrochemical measurement
A classical three-electrode electrochemical arrange-
ment was used to test the electrochemical character-
istics of the specimens [30–35]. The three-electrode
electrochemical arrangement included a glass cylinder

Figure 1 The electro-polishing curve of titanium.

with a diameter of 1 cm fixed to the surface of the
working electrode (titamium) via an O-ring, covering
an area of 0.785 cm2. The counter electrode was a plat-
inum sheet (2 cm × 2 cm), and a saturated calomel
electrode (SCE) was used for reference. The elec-
trolyte was 0.9% NaCl solution. The electrochemical
measurements of polarization curves were made using
an EG&G Model 273A Potentiostat/Galvanostat. Elec-
trochemical impedance spectroscopy (EIS) data were
obtained using Solartron equipment—a 1286 electro-
chemical interface and a 1255 frequency response ana-
lyzer. This equipment covered a frequency range (of OR
from) 1 MHz to 1 MHz, and the signal amplitude was
10 mV rms.

3. Results and discussion
3.1. Morphology of electrolytically polished

specimen
Fig. 1 shows the electrolytic polishing (EP) curve of
titanium. Polishing is performed at the plateau (C); the
oxide film is removed from the substrate at low volt-
age (A), etching is performed at (B), and gas is evolved
and pitting occurs at high voltages (D). The appropri-
ate polishing voltage for titanium was between 20 and
39 V; 28 V was chosen as the working voltage of an-
odization in this experiment. The EP process initially
formed the black porous film, which had to be removed
as quickly as possible. Two methods could be used to
remove the film: the first is to increase the voltage;
the second is to increase the rate of stirring. However,
increasing the stirring rate can easily cause over polish-
ing. In this study, the voltage was initially modified to
53 V for one minute and then the working voltage re-
duced to 28 V for 14 minutes. Hence, the cleaning and
plating of the grains of α-phase Ti could be observed
clearly. Fig. 2 displays a series of optical micrographs
of EP obtained after various polishing times. EP was
rough after it was abraded using 1500-grit SiC papers,
as in (a). Polishing from 1 to 13 minutes, as shown in
Figs b–h) did not suffice; the black porous film was re-
moved first and the surface of the substrate was bright.
The grain-boundary was observed but unclearly, af-
ter three minutes. Increasing polishing time caused the
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Figure 2 The optical micrographs of electro-polishing progress from 1 to 21 minutes on the titanium surface; (a) original titanium surface; (b)–(h)
insufficient polishing, 1 to 13 minutes; (i) suitable polishing, 15 minutes; (j)–(k) excess polishing, 17 to 21 minutes.

grain-boundary to become distinct and the surface to
become smooth. A favorable polishing time was 15
minutes, after which time the surface was flat, without
scrapes with no pitting: as in Fig. i, in which the rough-
ness of the polished surface, measured by AFM, was
∼1.966 nm over a 2 × 2 um scan area. When the pol-
ishing time exceeded 15 minutes, the grain-boundary
was over-etched and the grain became pitted, as shown
in Figs j–l.

3.2. Various colors of anodized
electro-polished substrate

The literature [16] reveals that the applied voltage de-
termines the thickness of oxide which grows at 2–3
nm/V. The color of the anodized titanium varies uni-
formly with the applied voltage, covering 6 V (light
brown), 10 V (golden brown), 15 V (purple blue),
20 V (dark blue), 25 V (sky blue), 30 V (pale blue),
35 V ((steel blue), 40 V (light olive), 45 V (greenish
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Figure 3 The optical micrographs of anodizing on the surface of titanium at different voltages; the films are porous-like when the applied voltage
excess than 50 V; (a) 5 V, (b) 10 V, (c) 15 V, (d) 20 V, (e) 25 V, (f) 30 V, (g) 35 V, (h) 40 V, (i) 45 V, (j) 50 V, (k) 55 V, (l) 60 V, (m) 70 V, (n) 80 V, (o)
90 V, (p)100 V.

yellow), 50 V (lemon yellow), 55 V (golden), 60 V
(pink), 75 V (blue) [16]. However, the EP surface of ti-
tanium does not vary uniformly with anodic treatment.
Fig. 3 presents the different colors of the grains. When
the applied voltage was under 40 V, the oxide film on
the substrate was dense, as in Figs. 3a–h. Additionally, a
large applied voltage generated a porous film on the spe-

cific grain, as in Figs 3i–l. When the voltage exceeded
90 V, a large quantity of gas escaped from the substrate,
enabling the porous film to form on the substrate, as in
Figs 3o and p. After EP, each grain at the surface could
be observed clearly; additionally, the growth rate of the
oxide films varied among the grains, so various colors
were observed from the surface. The lack of uniformity
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Figure 4 The Pourbaix diagram of titanium.

of the color of the grains was useful in identifying the
grains and detecting changes to specific grains.

3.3. Pourbaix diagram of titanium
Immersing the titanium in electrolyte generated var-
ious substances. They included nine solids: titanium
(Ti), titanium monoxide (TiO), hypotitanous hydroxide
(TiO·H2O or Ti(OH)2), titanium sesquioxide (Ti2O3),
titanium hydroxide (Ti2O3·H2O or Ti(OH)3), blue ox-
ide (Ti3O5), titanium dioxide or rutile (TiO2), hy-
drated dioxide (TiO2·H2O or Ti(OH)4), hydrated per-
oxide (TiO3·2H2O) and seven dissolved substances hy-
potitanous: ions (Ti+2), titanous ions (Ti+3), titanyl
ions (TiO+2), titanate ions (HTiO−

3 ), pertitanyl ions
(TiO+2

2 ), acid pertitanate ions (HTiO−
4 ) and pertitanate

ions (TiO−2
4 ) [36]. A complex reaction occurs among

the 16 forms of titanium in aqueous solution. The Pour-
baix diagram is useful in simplifying the complex re-
action. The diagram is constructed by considering the
Gibbs free energy and the Nernst equation. The tita-
nium is not a noble metal. When an electrode potential
of over −1.81 V (SHE) (which corresponds to an ion
concentration of 10−6) is applied, a passivating film of
oxide is formed on its surface. Titanous: check ions,
including Ti+2, Ti+3, TiO+2 and TiO+2

2 , are formed
when the titanium is attacked by non-oxidizing strong
acids (HF, HCl, HClO4, . . .). TiO or Ti(OH)2 and Ti2O3

Figure 5 10% H2SO4 + 1.2% HF as the electrolyte, the ordered nanochannel array of ATO formed on the surface of titanium; (a) nanochannel of
top view, (b) barrier layer of bottom view.

or Ti(OH)3 are unstable in water [36]. In the presence
of acid solutions without an oxidizing agent, these ions
dissolve with the evolution of hydrogen, generating and
Ti+2 and Ti+3. Ti3O5 is thermodynamically unstable
with respect to TiO2 and Ti2O3, and tends to decom-
pose into a mixture of these two oxides. TiO3·2H2O is
unstable in the presence of water and much more solu-
ble than TiO2 and Ti(OH)4. It dissolves in acid solutions
(with the formation of TiO+2

2 , and in alkaline solution
with the formation HTiO−

3 , HTiO−
4 and/or TiO−2

4 . TiO2
or Ti(OH)4 are more stable than all titanoul oxide. The
oxide is quite soluble in strongly acidic solution, and is
reduced to Ti+3 or TiO+2.

The literature does not contain thermodynamic data
on HTiO−

4 , TiO−2
4 or TiO3·2H2O; however, the domains

of these substances can be described on the Pourbaix di-
agram in Fig. 4, by considering the relationship among
domains of TiO+2, Ti(OH)2 and HTiO−

3 . The oxide /
hydrated oxides Ti3O5, Ti(OH)2, Ti(OH)3, TiO3·2H2O,
and Ti(OH)4 in the solution are easy to dissolve, form-
ing ion substances so the hydrated oxide Ti(OH)4 is
more stable than other hydrated oxides in the titanium
Pourbaix system.

3.4. Forming array of nano-channels
on ATO

A dense oxide film was formed on the titanium surface
when the electrolyte was 10% H2SO4; however, an or-
dered nanochannel-array of ATO was obtained when
1.2% HF was added to the electrolyte. In addition, the
color on the titanium surface changed from blue to al-
most transparent during the anodizing process, because
a 68.2% porous film formed on the ATO, reducing the
interference between the titanium and ATO. Numer-
ous gases TiF(g), TiF2(g), TiF3(g), TiF4(g), TiOF(g) and
TiOF2(g) are formed in the Ti-F-O system, according to
the thermochemical data [37, 38]. When the titanium
is anodized, the above gases and H2(g) escape from the
titanium substance, leaving nanopores. Fig. 5a presents
aplane view of an SEM micrograph image of ATO that
was anodized in 1.2 vol.% HF + 10 vol. % H2SO4
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as an electrolyte at 25◦C and 20 V for 90 seconds.
The long-range ordered nano-channel had a 170 nm-
thick film, pores with a diameter of 100 nm , an inter-
pore distance of 120 nm, a 25nm-thick pore wall, a
pore density of 8 × 10−9 pores/cm2 and a porosity of
68.2%. Fig. 5b shows the barrier layer on the bottom of
ATO.

The Pourbaix diagram of titanium shows that Ti dis-
solved as cations when the pH of the electrolyte wasun-
der 2.5, and the standard electrode potential exceeded
−1.81 V(SHE). Applying a constant voltage of 20 V
to the titanium effectively dissolved Ti according to
Ti → Ti+2 → TiO+2. TiO+2 combined easily with
OH− to form TiO2·H2O or Ti(OH)4 when the pH of the
solution of titanly ions TiO+2 was increased to yield
strongly acidic conditions. The enthalpy of formation
of the precipitate of Ti(OH)4 is unknown. It is an un-
stable substance, which changes gradually, by dehy-
dration, into TiO2·H2O. A thin film of titania always
forms on the surface of titanium after it is anodized.
The thin film interference effect makes the thin TiO2
film formed on the titanium surface easy to observe. In
the experiment performed herein, when the electrolyte
was 10% H2SO4 as, anodizing produced a dense dark
blue oxidized layer on the titanium. The reaction equa-
tions were,

TiO+2 + 6OH− + 2e− → Ti(OH)4 + H2 + 3O−2 (1)

and,

TiO+2 + 2OH− → TiO2·H2O (2)

3.5. Electrochemical test
A thin and dense layer of titanium oxide is always
present on the surface of titanium, acting as an anti-
corrosive film. The thickness of the film is proportional
to the applied voltage and the rate of corrosion declines
as the applied voltage increased; however, gas escapes
and the titanium becomes heated when the applied volt-
age is excessive, increasing the corrosion rate. Table I
presents the results of the electrochemical of Tafel po-
larization and the AC impedance test on the titanium
oxide at various anodic voltages. The polarization of
resistance were large, of the order of K�; the corrosion

TABLE I The results of electrochemical of Tafel polarization and AC impedance test on the ATO with varied anodic voltage in the 0.9% NaCl
solution

Volts 0 10 20 40 60 70 80 90 100

Tafel polarization
Polarization resistance (RP, K Ohm) 11.8 47.6 314.7 408.9 483.2 501.2 519.6 434.7 117.2
Corrosion voltage (Ecorr, mV) −62.45 −54.6 −60.87 −23.5 15.03 23.7 52.2 63.3 68.3
Corrosion current density (Icorr, nA/cm2) 448.7 111.2 16.86 12.9 10.8 5.2 3.1 8.9 45.2
Corrosion rate (C. R., mmpy) 256.6 63.2 9.5 7.6 6.5 3.6 2.1 14.3 25.8

AC. Impedance
Solution resitance (Rso, Ohm) 4.2 6.2 8.1 5.8 4.5 6.5 4.8 4.6 6.4
Passive capacitance (Cpf, uF) 322 25.3 20.1 6.9 2.92 2.95 16.9 47.3 62.7
Passive resistance (Rpf, K ohm) 8.4 12.4 63.2 140.3 280 320.6 326.8 93.5 31.6

Figure 6 The curve of corrosion rate with anodic voltage.

voltage was below 70 mV, the corrosion current density
was of the order of nA/cm2 scale, and the rate of corro-
sion was in the order of mmpy: . These results indicate
the effectiveness of the anti-corrosion film on the sur-
face of titanium after anodizing. Fig. 6 plots the curve
of corrosion rate versus applied voltage; the corrosion
rate declined as the voltage was reduced, especially be-
low 20 V. When the voltage exceeded 90 V, the number
of large pores in the film, and therefore the rate of cor-
rosion, increased.

In the AC impedance test, the resistances of the so-
lution remained in the range 4 to 8 � , revealing that a
static reaction occurred between buck and electrolyte.
Additionally, the passive resistances increased with the
applied voltage up to 90 V. When the applied voltage
exceeded 90 V, the passive resistances declined as volt-
age further increased, which results agreed with those
obtained in the Tafel polarization test. The density of the
oxide film was evaluated by measuring passive capac-
itance. A denser oxide film has a lower passive capaci-
tance. Table I lists the densities of the film with various
anodic voltages up to 90 V. The results of the electro-
chemical test indicated that the ATO was stable below
90 V; however, when the applied voltage exceeded 90 V,
a porous film was formed. Therefore, the polarization
resistance, the corrosion voltage and the passive resis-
tance all declined; the rate of corrosion and the passive
capacitance increased.
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4. Conclusions
A uniformly colored anodic film was observed at con-
stant voltage after mechanical polishing. The interfer-
ence colors on the metal can be considered to identify
quickly the thickness of the oxide below the breakdown
voltage. Additionally, both of the optical micrograph
and electrochemical testing revealed that the break-
down voltage of the ATO was 90 V. In this investi-
gation, anodic films on the surface were not uniformly
colored after the substrate was electro-polished. Anodic
films on differently orientated grains were differently
colored. The colors can be used to detect quickly the
thickness of the oxide and the rate of growth rate on
particular grains In addition, the appearance of various
colors on the grains can be used to identify specific
grains or detect changes in the thickness of the film on
a specific grain. When 1.2% HF was added to the elec-
trolyte at 20 V, the ordered nanochannel-array of ATO
was formed. ATO had a film with a thickness of 170 nm,
pores with diameters of 100 nm, an inter-pore distance
of 120 nm, 25 nm-thick pore walls, a pore density of
8×109 pores/cm2 and 68.2% porosity. Like AAO, ATO
can be used in templates.
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