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thickness of the anodic films
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Q6 ABSTRACT: Titanium surface characteristics determine the degree of success of permanent implants. The topography,
morphology of the surface in micro and nano scales, the impurities present and other characteristics are a main concern,
and therefore a multi-technique approach is required in order to evaluate modification process effects on the surface.

Surface modification of titanium in the nanometrical range was performed by means of anodisation in phosphoric with the
aim of improving both the biocompatibility and the corrosion resistance in the biological media. Biocompatible characteristics
of the modified titanium surface, as the presence of anatase in the oxide film and the incorporation of phosphate to the
surface, were determined. Moreover, the electronic properties of the surface oxide presented a carrier number adequate for
biomedical applications.

The increase in the film thickness from 3 to 42 nm was estimated from EIS results when anodising potentials from 0 to 30 V
were applied, whereas a bi-layer structure of the protective oxides formed was determined. Copyright © 2012 John Wiley &
Sons, Ltd.
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Introduction

The osseointegration capability of titanium and its alloys may be
improved by surface modification in different length scales from
a few microns to tens of nanometers.[1–4] With this aim, big
efforts are being conducted in the development of better surface
finishing of these materials, mainly devoted to the study of the
effect of modification of the surface in the nano and microscale.
The chemistry of the surface, topological features and also the
electronic properties are believed to play important roles on
the tissue response to materials implanted.[5]

Two design criteria are proposed to elaborate surface modifi-
cation routes to improve osseointegration.

One is the coating of the metal surface with bioactive ceramics
(hydroxyapatite or bioactive glasses). The osseointegration
process is accelerated by the presence of Ca-P rich compounds,
as was demonstrated by several authors.[6–8] Coating processes
includes plasma spray,[9,10] magnetron sputtering,[11] cathodic
electrodeposition,[12–14] electrophoresis [15–17] and biomimetic
methods.[3,18–23]

In the other direction, the modification of the chemistry or the
topography of the surfaces to induce them in vivo deposition of
bioactive materials (apatite) or to promote cell adhesion or other
specific responses of the tissue/material interactions are
proposed. These methods include alkaline treatments,[24–28]

peroxide immersion [29–31] acid immersion,[32,33] mechanical
treatments to induce controlled roughness,[34,35] thermal treat-
ments [36] and anodisation.[36–47]

Anodisation is presented as a non expensive one-step method
to induce controlled chemical, topological and also electronic

modifications on titanium surface. Acid and alkaline media and
multiple processing parameters were explored. However, the
relation of the anodisation process parameters with the surface
characteristics of the oxide layer is still not fully developed, and
therefore, an increasing number of articles are being published
in this area.[48,49] Despite the numerous data available related to
anodic film characteristics and in vitro and in vivo response, the
strong influence of the anodisation parameters on the final sur-
face condition gives a somehow contradictory picture of the
modified surfaces performance, due to the spread of the results
presented.

Additionally, the majority of the work is focused on anodisation
at high potentials, near the breakdown of the oxides, with the
aim of promoting high roughness in the micrometrical range. How-
ever, decrease in corrosion resistance,[42,50] poor bond strength to
themetal substrate [51] and the presence of cracks [52,53] were found
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in porous surface oxides growth in those conditions. Moreover,
anodic films obtained at low potentials require lower cost equip-
ment to perform the surfacemodification. In this context, a system-
atic study of the growth process, structure characterisation and
electrochemical behaviour of anodic oxide films on titanium in a
low potential range with respect to the breakdown potential in
H3PO4 1 mol/l [45,51,54] is presented.

Experimental

Materials and surface modification treatment

Flat specimens of 20 � 15 � 0.127 mm of titanium grade 2 were
used. A copper wire on one extreme of the sample was used as
electrical contact, conveniently isolated from electrolyte.
The specimens were anodised in a two electrode cell, in 1mol/l

H3PO4 solution at a constant potential difference between 3 and
30 V for 60min. The samples conditioning and oxide growth details
were previously reported.[55] Phosphoric acid was selected as the
anodising electrolyte with the aim of promoting the incorporation
of P to the oxide film.
Before and after each test, the samples were cleaned with

acetone, dried in air and stored in a dryer.

Colors of anodic oxide films

The colors of anodic oxide films are the result of interference
phenomenon of incident light on surface films. While anodic oxide
colors are mainly related to the thickness of the films, there are
several factors that influence the resulting color observed at each
anodising condition. The main of them are: substrate roughness,
non-uniform film thickness on the entire sample, the surface oxide
stoichiometry, the presence of defects or impurities.[58] However,
when starting conditions are maintained (i.e. substrate characteris-
tics and electrolyte), the colors of oxide films can be used for a quick
identification purpose of the resultant oxide thickness in associa-
tion with the anodic forming voltage.[38]

With the aim of developing an accurate and systematic manner
to facilitate the study of reproducibility, and to further relate with
the film thickness, a computer program was developed by the
Image Analysis Laboratory of the Electronic Department at the
Faculty of Engineering of the National University of Mar del Plata.
This software quantifies the contribution of the primary colors
red, green and blue (RGB), according to the scale widely used in
commercial programs for image analysis, on each pixel of high-
resolution images of the samples. This program assigns a value
between 0 and 255 for each primary colors contribution and finally
determines the average for each color on the entire sample.
This method to characterise the coloration of anodic oxides

was developed and successfully used to characterise zirconium
anodic oxides,[55] and therefore the method was used to evaluate
the colors obtained for each anodising condition on titanium.

Surface characterisation

The overall surface morphology of the specimens corresponding to
all the anodising conditions was observed by scanning electron
microcopy (SEM) (JEOL JSM-6460LV, Japan) at 15 kV. Surface
elemental analysis was simultaneously determined by energy
dispersive X-ray spectroscopy (EDS) (EDAX Genesis XM4 – Sys 60).
The surface topography was characterised by atomic force

microscopy (AFM) using an AFM Agilent 550 in contact mode. Image

analysis was performedwith Gwyddeon free software. The roughness
average (Ra) and rootmean square roughness (RMS) parameters were
determined on square regions with side lengths of 10 �10 mm.

The crystalline phases corresponding to anodic oxides were deter-
mined by Raman spectroscopy using an Invia Reflex confocal Raman
microprobe (Renishaw, UK). The Raman spectra were obtained using
an argon laser of 514 nm using a 50� objective lens. No thermal
effects were observed on the samples during the measurements.

Species present on the surfaces were identified by X-ray
photoelectron spectroscopy (XPS) using a VG Microtech ESCA
3000 system. Survey scans and high-resolution detailed scans of
the main spectral peaks detected in the survey spectra were
recorded. All the values of the binding energy (BE) are referenced
to a BE for C 1s of 284.5 eV.

Electrochemical studies

After anodisation, the electrodes were electrochemically studied
in a conventional three-electrode cell using a saturated calomel
electrode (Radiometer Analytical, France) as reference electrode
and a platinum wire as counter electrode. The electrolyte used
was 1 mol/l H3PO4. The electrode was stabilised for 40 min at
open circuit potential before each measurement. Impedance
measurements to obtain the corresponding Mott–Shottky plots
[56] were performed at a fixed frequency of 1000 Hz. A 10 mV
RMS perturbation signal was superimposed to a fixed potential,
which was varied in a wide potential range using a Reference
600TM Potentiostat-Galvanostat-ZRA (Gamry Instruments, USA).

Electrochemical impedance spectroscopy (EIS) measurements
were carried out using a PCI4 750/potentiostat/galvanostat/
ZRATM (Gamry Instruments, USA). The amplitude of the perturba-
tion signal was 10 mV RMS, and the impedance was measured
between 10�2 and 106 Hz. The impedance data was fitted to
equivalent circuit models with Zplot for Windows software.[57]

Results and discussion

Surface characterisation of the anodic oxides

Color

Colors of the surface films obtained at each anodising potential
on titanium, along with the RGB values determined and a digital
image colored according to the values obtained are shown in
Table T11. It was verified a good reproducibility of the RGB values
attained for different samples anodised at the same potential,
and for different images taken for a given sample..

It is known that the colors of surface oxide films on valve metals
can be related to films thickness.[55] However, other characteristics
as roughness, stoichiometry, homogeneity and defects influence
the color of thin oxide films,[58] and they are the origin of discrepan-
cies in anodic films on titanium obtained in similar conditions (and
therefore, with similar thickness expected). Besides, a good correla-
tion of colors obtained in this work is found when comparing colors
reported for similar anodic growth conditions.[38,54,59,60] These results
allow the method described to be used to check the reproducibility
of the anodising process pointing to a future industrial process to
typify the surface finish with an easy and cheap technique.

Surface morphology

SEM micrographs corresponding to titanium as-received and
anodised at 30 V are presented in Fig. F11. No major evidence of
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surface modification is observed on titanium surface. EDS spec-
trum presented in Fig.F2 2 shows the increase in oxygen propor-
tion, evidenced by the increase of the corresponding peak, for
anodised film with respect to the as-received titanium, together
with the incorporation of P to the surface, further corroborated
with XPS (See Figs. 6 and 7).

The morphology of the growing oxide was also observed with
contact mode AFM. Besides the fact that the parallel band struc-
ture resulting from the lamination of the titanium sheets is
observed as the main topology feature, globular structures cover-
ing the titanium surface were detected on anodised samples
(Fig.F3 3). From AFM image analysis, the roughness parameters Ra
and RMS were calculated. Both parameters remain almost
constant (60–70 nm over a scaling surface of 10�10 mm) in all
the anodised conditions. The low incidence of anodisation

process on surface roughness is in agreement with previously
reported results when the oxide films were growth at low
potentials.[46,61]

Crystallographic phases corresponding to the anodic films on titanium

Titanium dioxide presents three main crystallographic phases:
rutile, anatase and brookite.[64] Anodic growth conditions on
titanium determine the degree of crystallinity and the crystallo-
graphic phases obtained.[65] Since then, a variety of results are
reported. At low potentials, amorphous films were often found
with XRD,[66] whereas in studies performed by transmission
electronic microscopy, the presence of anatase and rutile phases
was reported.[67–70] At intermediate potentials (with respect to
the breakdown potential), various authors agree the presence

Table 1. Colors obtained after anodisation at different potentials. The corresponding red-green-blue (RGB) values digitally obtained are shown in
the circle

Anodising condition As received 3 V 6 V 12 V 18 V 24 V 30 V

Color Gold Dark gold Brown – violet Blue – violet Light blue Light blue - green Green

R 65� 5 68� 1 63� 5 56� 1 51� 4 70� 2 90� 4

G 71� 5 73� 1 62� 3 70� 1 86� 5 102� 3 114� 2

B 75� 5 73� 1 62� 1 90� 4 120� 10 124� 1 124� 2

Figure 1. SEM micrographs of: a. As-received titanium. b. Titanium ano-
dised at 30 V.

Figure 2. EDS spectra corresponding to titanium a. As-received b. Ano-
dised at 30 V.

Biocompatible nanometric anodic oxide films on Ti were developed

Surf. Interface Anal. (2012) Copyright © 2012 John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/sia

3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130



of a limited degree of crystallinity and a mixture of rutile and
anatase.[71,72] In anodic films obtained at potentials higher than
100 V, where the film thickness is thicker than 200–300 nm, the
correlation between the growing conditions and the degree of
crystallinity and crystallographic phases presented have been
determined with high detail with XRD, and a high influence of
the anodisation parameters with the crystallographic structure
was found.[39,47]

Although XRD is a powerful and versatile tool to characterise
crystallographic phases of thin films, some authors stated that
the technique fails when applying on anodic films on titanium
due to the small thickness and partial crystallinity of oxide films
obtained in some electrolytes, even at potentials near the break-
down potential.[72,73] In this work, the determination of crystalline
phases of TiO2 was not possible with XRD, even at low angles.
Crystalline phases were determined by Raman spectroscopy in
as-received titanium (Fig.F4 4) and in titanium anodised at 30 V
(Fig.F5 5). The determination of various Raman spectra on different
positions through a line made on an optical micrograph was per-
formed with the aim of studying the growth morphology of the
oxide films. Despite that the peaks detected with Raman spec-
troscopy were broad and with low intensity, evidencing the low
crystallinity of the films, crystalline phases were clearly identified
both on titanium in the as-received condition and anodised at 30 V.
The spectrum corresponding to each surface condition were
compared to those previously reported for anodic oxide films on
titanium [39,42,66,74–76] (see TableT2 2). Raman spectra of anodic films
on titanium are characterised by broad peaks with a shift respect

of the powder samples [76–80] or even respect of TiO2 sol–gel
films.[81] The most intense Raman peak of anatase is reported for
TiO2 powder samples at 144–146 cm�1. However, on anodised tita-
nium, Sul et al. determined that anatase peak was at 150–153
cm�1,[39] whereas Liu et al. reported the anatase peak at 158
cm�1.[66]

The micrograph corresponding to as-received titanium is
presented in Fig. 4.a., along with the 3D representation of the
spectra taken trough the line. Anatase peaks were detected, in
a few points along the line. These results account the presence
of isolated regions with crystalline order on the as-received
titanium, in opposition to the reports of amorphous structure of
native TiO2.

[39,60,82]

In Fig. 5, titanium anodised at 30 V micrograph and
corresponding Raman spectra along a line are presented. The main
anatase peak (146–151 cm�1), together with some broad bands
corresponding to the crystallographic phase, is presented on the
line where the Raman spectra were taken. Additionally, some peaks
ofminor intensity assignable to rutile were detected in a few points.

The above results evidences that the films obtained at low
potentials are non homogeneous and partially crystalline.

Chemical species on anodised titanium

Survey spectra of as-received and anodised titanium at different
potentials are presented in Fig. F66. Peaks corresponding to C, O
and Ti are characteristic of the as-received condition, with minor
intensities of N and Ca peaks, attributed to impurities from the

Figure 3. Contact mode AFM images of titanium a. As-received. b. Anodised at 18 V. c. Anodised at 30 V.
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Figure 4.Q5 a. Optical micrograph of as-received titanium, with the line
where the Raman spectra were taken. b. Raman spectra on different
points along the line.
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Figure 5. a. Optical micrograph of titanium anodised at 30 V, with the
line where the Raman spectra were taken. b. Raman spectra on different
points along the line.
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Table 2. Raman peaks assignable to TiO2 Anatase and Rutile peaks, with the peaks corresponding to titanium anodised at 30 V

Anatase Rutile Anodic

oxide

Shibata and Zhu

(1995)

Liu et al.

(2009)

Sul et al.

(2002)

Hardcastle et al.

(2009)

Shibata and Zhu

(1995)

Liu et al.

(2009)

Sul et al.

(2002)

Hardcastle et al.

(2009)

145 144–145 144 143 150–153

197 197 204–207

236 236 238

319–323

400 380–450 397–399 396

447 445 447 446

515 515–516 514 512–520

607 612 612

635 624–632

640 600–650 639–641

Biocompatible nanometric anodic oxide films on Ti were developed
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sheet lamination process.[83] On anodised samples, peaks
corresponding to P2s and P2p are also present. The chemical
shift on P2p spectrum (Fig.F7 7) may be related to the presence
of pyrophosphates on the surface of the anodised samples.[84]

Similar reports of P incorporated on anodic oxides surfaces
during anodisation were previously reported from XPS and Auger
spectroscopy results,[85–87] whereas with XRD, titanium
phosphates were identified on anodic oxides growth in H3PO4

1 mol/l at potentials between 100 and 250 V.[51]

Many authors agree in the beneficial effect of the incorporation
of phosphates to anodic surface oxides on titanium and some of
its alloys to the in vitro capability of precipitation of bioactive Ca-P
compounds during immersion in simulated body fluids.[5,88–90]

The multi-technique evaluation performed evidences of some
improvement in surface characteristics when comparing the as-
received titanium with the anodised at 30 V. Although the surface
morphology in the micrometrical scale does not present modifi-
cations, as it was observed by SEM analysis, the topography of
titanium oxide surface was modified by anodisation in the nano-
metrical range. Thus, an increase in roughness parameters was
detected, which may be beneficial for the implant fixation.
Moreover, the crystalline phase present on titanium anodised

at 30 V was those considered as more biocompatible, and also
the incorporation of phosphate on the anodic film is presented

as an improvement in the biocompatible characteristics of the
oxide film obtained by anodisation.

Electronic properties of the anodic films

Besides the topography and the chemical modification of
titanium with different surface modification treatments, in recent
articles, it is pointed out that the semiconducting characteristics
of the surface oxide film on titanium may play a role in the
in vivo behaviour of implants.[91] Titanium oxide films behave as
n type semiconductors, as it was widely stated.[92–97] However,
the electronic characteristics of these films are strongly influ-
enced by the surface conditioning, even when native oxides are
compared.[91]

The semiconductive behaviour of the films was evaluated by
means of the Mott–Shottky model,[56] which describes a linear
relationship between the space charge capacitance of the film
and the applied potential (Eqn 1)).

1

Csc
2 ¼

2

qNdee0
V � Vfb �

kT

q

� �
(1)

where Csc is the capacitance of the space charge region, q is the
charge of the charge carriers, Nd is the carrier number density
(cm�3), e is the relative dielectric permittivity of the film, e0 is the
permittivity of free space (8.85 � 10–14 F cm�1), V is the applied
potential, Vfb is the flat band potential, k is the Boltzman constant
and T the absolute temperature. The sign of the slope in Eqn (1)
indicates the type of semiconductor film present (n- or p-); the
number density of charge carriers can be calculated from its value,
and the intercept with the V axis at 1/C2 = 0 gives the flat band
potential. In the absence of additional series components of the
capacitance or when the semiconductor-solution interfacial capac-
itance is very large compared with Csc, the space charge capaci-
tance can be determined from the imaginary component of the
impedance (Z”) at high frequencies according to:

Z’’ ¼ � 1

oACSC
(2)

o is the angular frequency andA is the electrode area. The semicon-
ductor behaviour of the anodic oxide films was investigated from
Mott–Schottky plots constructed using capacitance measurements
at 1000 Hz for potentials between 0 and 3 V, which is a range wider
than that usually investigated for titanium anodic oxide films. In
Fig. F88, the Mott–Schottky plot corresponding to titanium anodic
films obtained at different potentials is presented. The n type semi-
conductive behaviour is verified.

To determine the carrier number using Eqn (1), the permittivity of
the anodic films has to be assumed. Shultze and Lorherengel in a
review devoted to titanium oxide films reported a range of permit-
tivity of TiO2 from 3 to 104.[98] The permittivity of a material is
related with its crystalline structure, and therefore the wide range
takes into account the various crystalline phases of TiO2 films and
also the degree of crystallinity. In this work, despite the presence
of crystalline order in some regions of the surface films, the degree
of crystallinity is low, and the permittivity of anatase (e=30) or rutile
(e=100) are not adequate.[99] The permittivity of anodic films was
determined by other authors from impedance spectroscopy, ellip-
sometry or capacitance determinations, and values between 30
and 65 were obtained.[42,99–102] In all these experimental determi-
nations, besides the growing conditions of the films, some starting
assumptions are needed in the result analysis (film structure, den-
sity, refractive index, thickness, among others) that have influence

Figure 6. Survey spectra of Ti (�) as-received and anodised at (�) 12 V
and (�) 30 V.

Figure 7. P 2p spectra for Ti anodised at (�) 30 V and (�) 12 V.

A. Gomez Sanchez et al.

wileyonlinelibrary.com/journal/sia Copyright © 2012 John Wiley & Sons, Ltd. Surf. Interface Anal. (2012)

6

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130



on the outcoming value. Taking these matters in mind, a value of
e=46 was assumed, according to that reported by Badekas and
Panagopoulos for anodic oxide films growth on titanium in compa-
rable conditions of potential range and type of electrolyte with the
ones used in this work.[52]

The carrier numbers obtained using Eqn 2 are presented in
Fig.F9 9 as a function of the growing potential. The results are in
good agreement with those reported by other authors (between
1018 and 1023 cm�3) and also the decrease of the carrier number
when increasing anodising potential (and therefore anodic film
thickness).[91,103,104] Moreover, the Nd values obtained are in
the range studied by Petersson et al. as adequate for titanium
dental implants.[91]

EIS

EIS results corresponding to titanium as-received and anodised at
different potentials are presented in Fig.F10 10. The impedance
response for titanium in the different surface conditions evalu-
ated showed a typical capacitive behaviour, characterised by a
wide range of frequencies for which the phase angle remains
close to �90º. For all the conditions investigated, the slope of

the line in the Bode plot of the impedance modulus versus fre-
quency differs, however, from unity, an indication of a non-ideal
capacitor.[114] This behaviour is characteristic of passive films
and has been observed for valve metals native oxide films.[96,113]

The impedance modulus also increases by increasing the anodis-
ing potential, indicating the formation of a more resistive film. An
increase in the impedance modulus of one order of magnitude
between the anodic oxides and the as-received surface takes into
account the presence of the anodic film, which enhances the bar-
rier effect.[105,106]

The circuital fitting of EIS results of titanium oxide films has been
extensively discussed in literature both related to native oxides and
anodic films.[42,65,97,107–110] The simplest circuit used to describe a
dense oxide film on a metallic substrate is that composed by an
ideal capacitor (Cox) with a parallel resistance (Rox), in series with
the resistance corresponding to the electrolyte.[96,111] The circuit
was used by Badawy et al. to describe the behaviour of native oxi-
des on tantalum and titanium.[112] They found that an accurate
description of tantalum native oxide was possible, whereas it was
not appropriated to describe titanium native oxide.

The circuital model used to represent the native oxide is
presented in Fig. F1111.a. This circuit includes a constant phase

Figure 8. Mott–Schottky plots of titanium ( ) as received and anodised
at (■) 12 V and (▲) 30 V in 1 mol/l phosphoric acid.

Figure 9. Dependence of the charge carrier number density on anodis-
ing potential determined from the Mott–Shottky analysis.

Figure 10. Bode plots of the as-received and anodised titanium at
different potentials in 1.0 mol dm�3 phosphoric acid: Anodising poten-
tials: 0 V (■), 12V (●), 24 V (▲) and 30 V (*). Solid lines show the equivalent
circuit fitting.

Figure 11. Equivalent circuits employed for data fitting: a. as-received
titanium b. anodised titanium.
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element (CPE) instead of a capacitor to describe the oxide layer,
where the electrolyte resistance (Rsol) is in series with the interfa-
cial impedance. The impedance of a CPE is given by:

ZCPE ¼ 1=Q joð Þa (3)

where Q is a parameter independent of frequency, and a is a
coefficient associated with system homogeneity [62,89–93].
When a= 1, Q has units of capacitance (F cm�2) and represents
the capacitance of the interface. When a< 1, the system shows
a behaviour that can be attributed to surface heterogeneity or
to a distribution of time constants, and in this case, Q has units
of sa Ω�1 cm�2.
The behaviour represented by the circuit 11.a. may be related

to the transition between a porous surface layer and a capacitive
film, where the response of the metal/film system is dominated
by the charge transfer, thus leading to the presence of a single
time constant.[62,113] The CPE takes into account the distribution
of relaxation times of the system, often attributed to the pres-
ence of surface defects or inhomogeneities. The circuit proposed
for the native oxide has been previously used to describe native
oxides on polished and electropolished zirconium,[114] instead of
the circuit proposed by Harrison and Williams, because the values
corresponding to Rox tend to infinite values, losing its physical
meaning in the description of the structure of the film.
The EIS response for the anodic oxides is more complex. Two

time constants are present, corresponding to a two-layer model
of the anodic oxide structure (Fig. 11.b.). The inner layer domi-
nates the EIS response in high frequencies; meanwhile an outer
porous layer dominates the low frequencies impedance. This
two-layered model has been extensively discussed in the litera-
ture related to anodic titanium, using as in other valve metals,
different configurations of resistances and capacitors or
CPEs.[42,66,100] A possible reason for the numerous models pro-
posed for titanium anodic oxides may be attributed to the differ-
ences in growth conditions, and therefore, the actual structure of
the films. Moreover, the EIS response is dependent of the electro-
lyte used, since many surface interactions may occur during the
immersion (absorption or adsorption of species, thickening of
the film, dissolution, precipitation of compounds from the elec-
trolyte on the surface, among others). Finally, the use of a circuit
is not unique, since several circuital elements arrangements may
lead to identical mathematical behaviour that results in a good
correlation with the experimental EIS result.[115]

In Fig. 11.b., Q1 corresponds to the inner pseudocapacitance,
and Q2 is related to the dispersion in frequencies due to the
porous outer layer, describing the processes occurring inside
the pores. Q2 with a values close to 0.5 is used to model the
increase of the ionic conductivity due to corrosion processes
and the increase of diffusivity in the pores. The decrease in a
when increasing the anodising potential indicates the increase

in the diffusion process in the porous outer layer. R1 in the circuit
is related to the charge transfer and the resistance to the ionic
conductivity. The increment of R1 along with the decrease in
Q1 when increasing the anodising potential describes the effect
of the increasing thickness of the anodic films.

Thickness of the anodic surface films

Thickness determinations from EIS results have been previously
reported for anodic films on titanium. However, the validity of
the method remains controversial. Blackwood postulated that
due to the influence of the space charge on EIS response, the
capacitance is dominated by this region and therefore the

Figure 12. Anodic film thickness of anodised titanium samples
calculated from the Brug model.

Figure 13. Anodic film thickness obtained in this work compared with
previously published results.

Table 3. Detail of the anodising conditions used to obtain films compared in Fig. 13

Anodising process Electrolyte Thickness determination Ref.

Potentiostatic 60 min. H3PO4 1 mol/l. Electrochemical Impedance Spectroscopy Este trabajo

Potentiostatic 1 min. H3PO4 1,4 mol/l. Contact mode AFM Kuromoto et al. (2007)

Galvanostatic 5 mA/cm2 H3PO4 1 mol/l. AES depth profiling Sul y col (2002)

Potentiodinamic 100 mV/seg H2SO4 3 mol/l. Elipsometry Blackwood y col. (1989)

Galvanostatic 12 mA/cm2 H2SO4 1 mol/l. Rutherford Backscatter Spectroscopy Serruys y col. (1993)
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thickness of this region instead of the actual film thickness is eval-
uated.[96] Recently, Peterson et al. determined experimentally
that the space charge has not major effect on EIS response on
native and anodic films, and then the determination of the film
thickness may be calculated from EIS results when an adequate
circuit is used to fit the experimental results.[91] In numerous
works, the film thickness is determined assuming an ideal
capacitive behaviour of the films, and using the parallel plate
capacitor equation,[52,65,91] or when considering a CPE, taking
the pseudocapacitive parameter as an ideal capacitor.[29]

Previously, the determination of the film thickness of the films of
anodic oxides when EIS results include CPEs was evaluated in zirco-
nium anodic films, and the Brug and Hsu and Mansfeld approaches
were discussed.[118,119] It was concluded that when the CPE behav-
iour is due to inhomogeneities in the properties of the electrode
surface a parallel combination of local impedances is considered,
and the Brug et al. relation between circuital parameters and the
effective capacitance (Ceff) associated with the CPE element may
be adequate:

Ceff ¼ Q1=a Rsol
�1 þ Rt

�1
� � 1�að Þ=a

(4)

In this relation, Rsol is the electrolyte ohmic resistance, Rt relates
to the charge transfer resistance associated with the kinetics of
oxide growth and Q is the pseudocapacitance of the film.

The oxide thickness can be estimated from Ceff, assuming that
the film behaves as a pure capacitor. In this case, the capacitance
is given by:

Ceff ¼ ee0A=deff (5)

where deff is the film thickness. Figure 10 shows the dependence of
film thickness on growth potential taking e=46 for TiO2.

[52]

Regardless of the complexity of the film structure, the EIS results
can be conveniently employed to estimate film thickness through
the measured values of Ceff. A linear dependence of the calculated
thickness on anodising potential is observed for most of the poten-
tial range, as expected if the constant field approximation for film
growth is applicable,[120] which is indeed the case here (Fig.F12 12).
Moreover, as it is evidenced in Fig.F13 13 and TableT3 3, the thickness
values obtained in this work from EIS results, using the Brug equa-
tion to extract the effective capacitance of the film are in good
agreement with those obtained for other authors using different
experimental techniques.

The electrochemical studies performed evidence that the anodi-
sation in phosphoric acid on titanium allows the increase of a bar-
rier film with electronic properties compatible with the biological
media. Further studies in simulated body fluid solution are needed
in order to evaluate the stability of the films obtained in vitro.

Conclusions

Adequate techniques were selected and critically compared with
previous results in literature, in order to present an accurate
comprehension of the surface modification performed with the
anodisation process at low potentials with the aim of induce
bioactivity with increasing corrosion resistance in vitro.

Beneficial characteristics for permanent implant Ti implants, as
the presence of anatase on the anodised surface, and phosphate
incorporation from the electrolyte were determined. Carrier num-
ber in the range reported from other titanium implant materials

was also verified, showing a decrease of the carrier number when
increasing anodising potential,

From the circuital fitting of EIS results and according to the
Brug model, film thickness was estimated, and the values
obtained were in good agreement with those available from
independent techniques, thus validating the estimation. The
native oxide is present in the as-received condition, increasing
thickness with anodising potential. The barrier effect is also
enhanced with the increase of the thickness.

Further in vitro electrochemical and immersion tests in SBF
results will correlate the characteristics determined in this work
with the response in a simulated biological media.
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Author Query Form

Journal: Surface and Interface Analysis

Article: sia_5210

Dear Author,

During the copyediting of your paper, the following queries arose. Please respond to these by annotating your proofs with the
necessary changes/additions.
• If you intend to annotate your proof electronically, please refer to the E-annotation guidelines.
• If you intend to annotate your proof by means of hard-copy mark-up, please refer to the proof mark-up symbols guidelines. If
manually writing corrections on your proof and returning it by fax, do not write too close to the edge of the paper. Please
remember that illegible mark-ups may delay publication.

Whether you opt for hard-copy or electronic annotation of your proofs, we recommend that you provide additional clarification
of answers to queries by entering your answers on the query sheet, in addition to the text mark-up.

Query No. Query Remark

Q1 AUTHOR: Please check this presentation if correct.

Q2 AUTHOR: Reference “63” has not cited in the text. Please indicate where it should be
cited; or delete from the reference list and renumber the references in the text and
reference list.

Q3 AUTHOR: Reference “116” has not cited in the text. Please indicate where it should be
cited; or delete from the reference list and renumber the references in the text and
reference list.

Q4 AUTHOR: Reference “117” has not cited in the text. Please indicate where it should be
cited; or delete from the reference list and renumber the references in the text and
reference list.

Q5 AUTHOR: Figure(s) 4 and 5 has been supplied in colour. Academic authors receive
one page of colour in print free of charge where colour is justified to the journal
editor. There is a charge of £350 for the second page and £150 per page for page(s)
5. Additional colour costs available on application. Industrial and government
authors do not receive free colour. Please confirm if this figure is to be reproduced in
(a) colour in print, (b) colour online only (at no charge to author) or (c) black and
white. Colour will be invoiced when article is published in print. Also please note
that for the option ‘‘(b) colour online only (at no charge to author)’’ could you
kindly identify andmake necessary text amendments thatmay need to bemade in the
caption or text with regard to this change.

Q6 Author: As per style sheet Abstract should be in one paragraph.



 

USING e-ANNOTATION TOOLS FOR ELECTRONIC PROOF CORRECTION  

 
Required software to e-Annotate PDFs: Adobe Acrobat Professional or Adobe Reader (version 7.0 or 
above). (Note that this document uses screenshots from Adobe Reader X) 
The latest version of Acrobat Reader can be downloaded for free at: http://get.adobe.com/uk/reader/ 
 

Once you have Acrobat Reader open on your computer, click on the Comment tab at the right of the toolbar:  

 

 
 
 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Replace (Ins) Tool – for replacing text. 

 

Strikes a line through text and opens up a text 
box where replacement text can be entered. 

How to use it 

 Highlight a word or sentence. 

 Click on the Replace (Ins) icon in the Annotations 
section. 

 Type the replacement text into the blue box that 
appears. 

This will open up a panel down the right side of the document. The majority of 
tools you will use for annotating your proof will be in the Annotations section, 
pictured opposite. We’ve picked out some of these tools below: 

2. Strikethrough (Del) Tool – for deleting text. 

 

Strikes a red line through text that is to be 
deleted. 

How to use it 

 Highlight a word or sentence. 

 Click on the Strikethrough (Del) icon in the 
Annotations section. 

 

 

3. Add note to text Tool – for highlighting a section 
to be changed to bold or italic. 

 

Highlights text in yellow and opens up a text 
box where comments can be entered. 

How to use it 

 Highlight the relevant section of text. 

 Click on the Add note to text icon in the 
Annotations section. 

 Type instruction on what should be changed 
regarding the text into the yellow box that 
appears. 

4. Add sticky note Tool – for making notes at 
specific points in the text. 

 

Marks a point in the proof where a comment 
needs to be highlighted. 

How to use it 

 Click on the Add sticky note icon in the 
Annotations section. 

 Click at the point in the proof where the comment 
should be inserted. 

 Type the comment into the yellow box that 
appears. 
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For further information on how to annotate proofs, click on the Help menu to reveal a list of further options: 

5. Attach File Tool – for inserting large amounts of 
text or replacement figures. 

 

Inserts an icon linking to the attached file in the 
appropriate pace in the text. 

How to use it 

 Click on the Attach File icon in the Annotations 
section. 

 Click on the proof to where you’d like the attached 
file to be linked. 

 Select the file to be attached from your computer 
or network. 

 Select the colour and type of icon that will appear 
in the proof. Click OK. 

6. Add stamp Tool – for approving a proof if no 
corrections are required. 

 

Inserts a selected stamp onto an appropriate 
place in the proof. 

How to use it 

 Click on the Add stamp icon in the Annotations 
section. 

 Select the stamp you want to use. (The Approved 
stamp is usually available directly in the menu that 
appears). 

 Click on the proof where you’d like the stamp to 
appear. (Where a proof is to be approved as it is, 
this would normally be on the first page). 

7. Drawing Markups Tools – for drawing shapes, lines and freeform 
annotations on proofs and commenting on these marks. 

Allows shapes, lines and freeform annotations to be drawn on proofs and for 
comment to be made on these marks.. 

How to use it 

 Click on one of the shapes in the Drawing 
Markups section. 

 Click on the proof at the relevant point and 
draw the selected shape with the cursor. 

 To add a comment to the drawn shape, 
move the cursor over the shape until an 
arrowhead appears. 

 Double click on the shape and type any 
text in the red box that appears. 




