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Abstract

The present study is focussed at establishing an appropriate electrolyte system for developing electrochemically stable and fluorine (F)

containing titania (F-TiO2) films on Cp Ti by micro-arc oxidation (MAO) technique. To fabricate the F-TiO2 films on Cp Ti, different

electrolyte solutions of chosen concentrations of tri-sodium orthophosphate (TSOP, Na3PO4 � 12H2O), potassium hydroxide (KOH) and

various F-containing compounds such as ammonium fluoride (NH4F), potassium fluoride (KF), sodium fluoride (NaF) and potassium

fluorotitanate (K2TiF6) are employed. The structural and morphological characteristics, thickness and elemental composition of the

developed films have been assessed by X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive

spectroscopy (EDS) techniques. The in-vitro electrochemical corrosion behavior of the films was studied under Kokubo simulated

body fluid (SBF) environment by potentiodynamic polarization, long term potential measurement and electrochemical impedance

spectroscopy (EIS) methods. The XRD and SEM-EDS results show that the rutile content in the films vary in the range of 15–37 wt%

and the F and P contents in the films is found to be in the range of 2–3 at% and 2.9–4.7 at% respectively, suggesting that the anatase to

rutile phase transformation and the incorporation of F and P into the films are significantly controlled by the respective electrolyte

solution. The SEM elemental mapping results show that the electrolyte borne F and P elements are incorporated and distributed

uniformly in all the films. Among all the films under study, the film developed with 5 g TSOPþ2 g KOHþ3 g K2TiF6 electrolyte system

exhibits considerably improved in-vitro corrosion resistance and therefore best suited for biomedical applications.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ti and Ti based alloys are extensively being used in
orthopaedic and dental applications because of their non-
toxicity, biocompatibility, corrosion resistance and good
mechanical properties such as high strength, durability and
light weight [1]. The good corrosion resistance and bio-
compatibility of these materials are attributed to a thin
oxide film formed naturally on the implant surface when
exposed to air and/or moisture at room temperature.
0 & 2012 Elsevier Ltd and Techna Group S.r.l. All rights rese
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However these materials, when implanted for dental and
orthopaedic applications, are prone to be affected by
bacterial infection caused by the growing bacterial plaque
on the implant surface. It has been reported that microbial
plaque accumulation around the implant surface may
increase the risk of bacterial infection and further develop
into peri-implantitis, accompanied with tissue destruction
and even bone loss [2].
In order to reduce the probability of implant-associated

infections during surgery and healing process, extensive
research on Ti implant materials possessing anti-bacterial
activity has been undertaken. Liu et al. [2,3] have reported
that fluoride ion incorporated Ti implant surface showed
improved antibacterial activity and biocompatibility compared
rved.
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Table 1

Identification codes for the MAO films with their respective electrolyte

systems, final voltage values, phase contents and coating thickness.

Sample

code

Electrolyte

composition

Vf (V) Film

thickness

71 (mm)

Anatase

(wt%)

Rutile

(wt%)

NF 5 g TSOP 425 11 80.1 19.9

þ3 g NH4F

þ2 g KOH

KF 5 g TSOP 406 13 69.9 30.1

þ3 g KF

þ2 g KOH

NaF 5 g TSOP 390 15 64.4 35.6

þ3 g NaF

þ2 g KOH

KTF 5 g TSOP 431 10 62.7 37.3

þ3 g K2TiF6

þ2 g KOH
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to that of the bare Ti implant surface. Similarly Cooper et al.
[4] have shown that fluoride ion treatment of TiO2 grit-blasted
titanium substrates enhanced osteoblastic differentiation of
human mesenchymal stem cells and significantly increased the
bone-to-implant contact in the rat tibia model. Further, it has
been reported that dental implants with fluoride-modified
titanium dioxide showed improved bone response and clinical
performance by inducing topographical changes at the nanos-
cale level and incorporating fluoride ions in the surface
structure. Consequently, fluoride is considered to play a role
in the chemical bonding between the newly formed bone and
the modified dental implant surface [5]. Similarly Ellingsen
found that NaF-treated Ti implants showed greater retention
in bone compared to non-treated Cp titanium. He also
suggested that the presence of a fluoride coat on the titanium
implant surface stimulates the bone response leading to a
connection between titanium and phosphate from body fluids.
In addition, he proposed that the free fluoride ions will
catalyze this reaction and induce the formation of fluoridated
hydroxyapatite in the surrounding bone [6]. Hence from the
reported literature it can be inferred that the presence of
fluoride in the Ti implant surface can make the implant best
suited for both dental and orthopaedic applications.

However, the application of NaF coat directly on to the
implant surface is detrimental to its corrosion resistance and
limits its long term applications [7]. Hence a comparatively
successful implant material should be capable of withstanding
long term biological corrosion as well as preventing the
implant from infections. Therefore, the development of corro-
sion resistant titania films containing a significant amount of
fluoride in its surface layer can serve the purpose of a
successful implant material. Micro-arc oxidation (MAO) is a
relatively convenient and effective technique to develop thick,
adherent, corrosion and wear resistant films on the surfaces of
Ti, Mg, Al and their alloys [8–10]. In addition, the technique
can also introduce various desired elements into the MAO
films and produce various functional films with a porous
structure [11,12]. With the above objectives in mind, in the
present study, the corrosion resistant and fluoride containing
titania films were developed on CpTi by MAO technique with
different electrolyte solutions comprising of various fluoride
containing compounds such as NH4F, KF, NaF and K2TiF6.
Further, a comparative study of the effect of the various
fluoride containing electrolyte solutions on the structural,
morphological and corrosion characteristics of titania films
was performed and thereby an appropriate electrolyte system
for fabricating corrosion resistant titania films was optimized.

2. Experimental

2.1. Fabrication of MAO films

The test coupons for the MAO treatment were prepared
as mentioned in our previous work [13]. The MAO
experiments were conducted with 4 different electrolyte
systems consisting of decisively chosen concentrations
of tri-sodium orthophosphate (TSOP, Na3PO4 � 12H2O),
potassium hydroxide (KOH), ammonium fluoride (NH4F),
potassium fluoride (KF), sodium fluoride (NaF) and potas-
sium fluorotitanate (K2TiF6). The conductivity of the pre-
pared electrolyte solutions was measured by an ECtestr11þ
(Oakton Instruments, Singapore) multi-range conductivity
meter. The compositions of the four electrolytes employed in
the present study are shown in Table 1. All the chemicals
used were obtained from Merck India Pvt. Ltd. A stainless
steel bowl of 15 cm diameter containing the electrolyte
solution was used as cathode and the test coupons immersed
in the electrolytes served as anode. A DC power supply unit
(Milman Thin Films Pvt. Ltd, Pune, India) with a maximum
peak voltage of 900 V and a maximum output current of
15 A was employed to carry out the MAO process. All the
samples were treated for 8 min at a constant current of 1 A
corresponding to a current density of about 150 mA/cm2.
The electrolyte bath was water cooled during the process to
maintain the bath temperature close to the room temperature
to avoid thermally driven growth process. The electrolyte
solution was kept under continuous stirring during the
process by a digital magnetic stirrer [Q 20A, REMI, India]
to ensure uniform electrolyte concentration and dissipation
of heat generated. The breakdown voltage corresponding to
each electrolyte system was recorded by a careful observation
of the appearance of the initial micro-spark on the anodic
surface. This was triplicated and the average values are
reported in the present study. Similarly the final voltages
observed at the end of 8 min processing time were also
recorded. After the MAO treatment, the samples were
cleaned with distilled water and air dried at room tempera-
ture. The identification codes for the MAO treated samples
with their respective electrolyte composition, final voltage,
relative amounts of anatase and rutile and the respective film
thickness values obtained are presented in Table 1. The
MAO treated samples are further referred to with these
identification codes and the substrate is referred to as ‘‘S’’.
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2.2. Morphology, elemental composition and phase analysis

of MAO films

The surface morphology, thickness and the elemental
composition of the test samples were assessed using a
Hitachi-S3000N scanning electron microscope equipped
with energy dispersive spectroscopy (EDS) facility. The
phase composition of the prepared films was analyzed by a
Rigaku X-ray diffractometer (Ultima III, Rigaku, Japan)
using Cu Ka radiation at 40 kV and 30 mA over a 2y range
of 201–601 with a scan speed of 11/min and a step size of
0.051.
Fig. 1. Voltage–time response curves during MAO process of NF, KF,

NaF and KTF films.
2.3. In-vitro electrochemical corrosion study

The in-vitro electrochemical corrosion characteristics of
the substrate and the MAO films were studied under SBF
conditions (7.4 pH and 37 1C) by both potentiodynamic
polarization and electrochemical impedance spectroscopy
(EIS) tests using fresh samples for each of these tests.
The SBF test medium of pH 7.4 was prepared following
the procedure suggested by Kokubo et al. [14]. A computer
controlled corrosion testing unit (Gill AC, ACM
Instruments, UK) was used to obtain the polarization
and EIS plots and a three electrode cell, with sample as
working electrode, saturated calomel electrode (SCE) as
reference electrode and platinum foil as counter electrode,
was employed in the present study. All the experiments
were conducted in aerated conditions and the SBF medium
was kept under continuous stirring during the tests. An
exposed area of 0.5 cm2 was kept in contact with the test
solution during the test. Prior to these tests all the samples
(S, NF, KF, NaF and KTF) were immersed in the test
solution for 4 h to attain a stable open circuit potential
(OCP). The OCP measurements were conducted for every
5 min during the immersion time of 4 h. The cathodic and
anodic Tafel constants (bc and ba), corrosion current
density (jcorr) and corrosion rate of the films were obtained
from the Tafel extrapolation method of the Tafel plots
obtained, over a potential range of 7200 mV with
reference to OCP employing a scan rate of 0.166 mV/s
[15]. Similarly, the passivation behavior of the films in the
test solution was studied over a potential range of
�500 mV to 3000 mV by performing potentiodynamic
polarization tests. The polarization resistance (Rp) of all
the test samples was calculated using the Stern–Geary
equation [16]

Rp ¼
ba � bc

2:303jcorrðbaþbcÞ
ð1Þ

In addition, the frequency response of the fabricated
films was also tested by EIS studies over a frequency range
of 10�2 Hz–100 kHz by applying a small perturbation AC
signal with amplitude of 710 mV. The obtained EIS data
was analyzed by curve fitting and circuit modeling using
ZViews software.
3. Results and discussion

3.1. Voltage–time (V–T) response characteristics

The V–T response curves of the MAO process for the
four electrolyte systems employed in the present study are
depicted in Fig. 1. Based on the difference in the process
voltage rising rate and sparking behavior, the whole film
growth process can be mainly divided into three stages
namely the anodic oxidation stage (up to breakdown
voltage), the dynamic MAO (sparking) stage and the near
steady state MAO (arcing) stage. In the anodic oxidation
stage the process voltage increases linearly at a very high
rate to maintain the initially set current value. In this stage,
a thin transparent barrier film forms at the interface of
anode and electrolyte with no apparent sparks on the
anodic surface as follows:

Ti4þ þ2OH�þ2H2O-TiO2þ2H3O
þ
þ4e� (2)

The above equation suggests that the anodic film
formation requires the Ti metal dissolution. The electrolyte
conductivity and breakdown voltage (Vb) values corre-
sponding to each electrolyte solution are shown in Fig. 2.
It is evident from Fig. 2 that the electrolyte conductivity
and the breakdown voltage for each electrolyte solution
are inversely related. This trend is in accordance with the
theoretical model proposed by Ikonopisov for the break-
down caused by an avalanche of electron injection into the
oxide conduction band at the electrolyte/oxide interface
[17]. According to this model, the breakdown voltage (VB)
and the electrolyte conductivity (k) for a given electrolyte
solution are related by the following Eq. (3)

VB ¼ aBþbBlogð1=kÞ ð3Þ

where aB and bB are constant values for a given metal and
electrolyte composition. The decrease in breakdown vol-
tage with an increase in the electrolyte conductivity is due
to the increase of incorporation rate of electrolyte anionic
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species such as OH� into the oxide film which subse-
quently results in a higher density of primary electrons that
is injected into the conduction band of the oxide. This
higher primary electron current density subsequently
results in reaching the critical value of the secondary
electron current density at comparatively lower voltages
and film breakdown occurs soon [18]. Thus the observed
lowest breakdown voltage for the NaF film and the highest
breakdown voltage for the KTF (�NF) film are justified
as per their electrolyte conductivities measured and shown
in Fig. 2.

In the second stage, during dynamic MAO, the V–T

curves exhibited a sharp decrease in their slope due to the
Fig. 2. Electrolyte conductivity and breakdown voltages for NF, KF,

NaF and KTF electrolyte solutions.

Fig. 3. SEM surface micrographs of
occurrence of small and dense micro-sparks associated
with the electron current. In the first stage, during anodic
oxidation, the current passed through the grown oxide film
could be represented by the ionic current only, whereas in
the second stage, during dynamic MAO, both ionic species
and electrons contribute to the current. Thus the total
current should be represented by the sum of the ionic
current and the electronic current caused by the sparking.
Hence, a relatively low voltage is sufficient to maintain the
same current value compared with the first stage. This
results in a rapid fall in the rising rate of process voltage in
the second stage.
In the third stage, during near steady state MAO, the

anodic voltages reached a relatively stable value with a
V–T curve slope close to 0 V/s attesting to the fact that no
further increase in anodic voltage is required to maintain
the same current value. This may be attributed to the
significant increase in the fraction of the electronic current
associated with the dielectric breakdown and constant
resistance of the film due to the variation of the composi-
tion or structure of the film [19]. Thus the addition of
various fluoride containing compounds to the reference
electrolyte solution could affect the MAO process char-
acteristics significantly.
3.2. Morphological studies

Fig. 3 shows the surface morphologies of NF, KF, NaF
and KTF MAO films where all the films exhibit a common
characteristic feature of a porous network structure.
However, the surface morphologies of all the films differ
significantly with respect to the pore features. In our
NF, KF, NaF and KTF films.
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previous study [20], we observed that the morphological
features such as the nature (closed or opened or inter-
connected), size and number of pores over the surfaces of
MAO films can be related to the nature (isolated or inter-
connected), size and number of micro-spark discharges
occurred during the film growth process. Further we
noticed that the density of the micro-spark discharges is
mainly controlled by the conductivity of the employed
electrolyte solution and these two are observed to be in
direct relation with each other. In the present study it
could be observed that, for the same treatment time, the
surface of KTF film exhibited comparatively less number
of pores due to the less micro-spark discharge density
ensued from its lower electrolyte conductivity (as measured
and shown in Fig. 2). In addition, the surface of KTF film
looks more compact with well dispersed oxidation pro-
ducts thereby forming a pancake like structure [21] which
closes the surrounding pores. On the other hand, for the
same treatment time, the surface morphologies of KF and
NaF films are similar and have more number of pores
compared to that of KTF film, which is due to the higher
micro-spark discharge density resulted by their higher
electrolyte conductivities. In addition, the pores over the
surfaces of KF and NaF films exhibit a moderate inter-
connectivity due to the inter-connected micro-spark dis-
charges occurred during the process. Further the surfaces
of KF and NaF films exhibited thermal stress driven
micro-cracks, indicated by the black circles in Fig. 3,
resulting from the rapid quenching of the oxidation
products. Similarly, in spite of lower conductivity (less
spark density) of its electrolyte solution, the surface of NF
film apparently shows a larger number of fine and coarse
pores compared to that of KF and NaF films which may
be attributed to the insignificant dispersing nature of the
oxidation products that left the existed pores unclosed.
Consequently, the surface of NF seems less compact due to
its higher pore size and density compared to the others.
Thus the different surface morphologies of the films
fabricated using different electrolyte solutions comprising
of various fluoride containing compounds may be related
to the dissimilar characteristics such as the density,
intensity, size, number of micro-sparks and the dispersing
nature of the oxidation products occurring during the
MAO process.

3.3. Film thickness measurement

The values of the thickness of the NF, KF, NaF and
KTF films measured from SEM cross-sectional analysis
are reported in Table 1. It could be noticed that for the
same treatment time the thickness of the films is decreasing
in the order NaF4KF4NF4KTF suggesting that the
nature of the fluoride containing compound in the respec-
tive electrolyte solution has a marked influence on the film
growth rate. The final thickness of a film is determined
by the dominance of ‘‘anodic dissolution rate’’ or ‘‘film
formation rate’’ during the MAO process. As evidenced
from Eq. (2), the formation of anodic film is a consequence
of the reaction between the Ti4þ ions and anions such as
OH� existing in the electrolyte solution. Therefore, the
film formation requires the anodic dissolution to provide
metal ions for subsequent reactions with the anions leading
to the film formation. The ‘‘rate of anodic dissolution’’ and
the ‘‘rate of film formation’’ are two opposing factors
which reversely influence the final thickness of the film. In
effect the film starts to grow in thickness as the rate of the
film formation gets higher than the dissolution rate of
the anode [22]. Thus the obtained trend in the thickness of
the films (NaF4KF4NF4KTF) is attributed to their
dominant film formation rates rather than that of their
anodic dissolution rates. Further, the dominant anodic
dissolution rate of the films is inversely related to their
respective electrolyte conductivities (shown in Fig. 2). In
other words, among the employed electrolytes, the one
with higher electrolyte conductivity resulted in compara-
tively lower anodic dissolution rate. Thus among the NF,
KF, NaF and KTF films the highest thickness of NaF and
the lowest thickness of KTF films are in accordance with
their highest and lowest electrolyte conductivities. Thus it
can be concluded that the film formation rate of the MAO
films can be tailored by selecting an electrolyte solution
comprising of a suitable fluoride containing compound.

3.4. Compositional analysis

Apart from Ti and O, the chemical composition of the
MAO films also includes the anionic species such as
PO4

3� and F� derived from the electrolyte that could be
incorporated during the film growth process. These ionic
species can remain as such in non-crystalline form or can
form complex phases with the metal ions during the course
of MAO treatment time. Since, the properties of the MAO
films strongly depend on their chemical composition, their
determination will be helpful for a better understanding of
its properties. Fig. 4 depicts the SEM-EDX spectra and the
respective elemental mapping results obtained from the
EDS analysis conducted on the substrate and NF, KF,
NaF and KTF treated MAO films. It can be observed
from Fig. 4 that the boxes, showing the mapping of F and
P present in the substrate, showed only a dark back
ground indicating the absence of F and P. On the other
hand, all the MAO films consisted of F and P in addition
to O and Ti. The presence of F and P in the developed
films demonstrates that the electrolyte species enter the
discharge channels during the film growth process. In
addition, it is evident from the EDX spectra and elemental
mapping results for the element ‘P’ in Fig. 4, that the
incorporation of ‘P’ into the film is significantly controlled
by the respective electrolyte solution. The addition of KF
and NaF inhibited the ‘P’ incorporation while the addition
of NF and KTF promoted the ‘P’ incorporation into their
respective films. Thus the content of the element ‘P’ in the
films is decreased in the order KTF4NF4KF4NaF
indicating that the extent of incorporation of ‘P’ strongly



Fig. 4. SEM-EDX spectra and elemental mapping results of substrate and NF, KF, NaF and KTF films.
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depends on the conductivity of the respective electrolyte.
The probability of the incorporation of electrolyte ele-
ments is decreased with increasing electrolyte conductivity
or by processing at lower voltages. This is in accordance
with the reported fact that high processing voltages
employed during MAO process result in large discharges,
which can sinter more elements arising from the electrolyte
into the film [23]. Thus the content of electrolyte borne
elements in the films is attributed to the process voltages
employed during the film growth process. In addition, the
elemental mapping results shown in Fig. 4 suggest that the
electrolyte borne F and P elements are uniformly distrib-
uted over the surface of the films. Though the SEM
elemental analysis results show a significant amount of
‘P’ especially in the films of NF and KTF, no phosphate
containing phases are found in the XRD results, as
discussed below, confirming that either it remains in
amorphous form or the crystalline content is below the
detection limit of XRD.

3.5. Phase analysis

The XRD patterns of the Cp Ti substrate (S) and the
NF, KF, NaF and KTF films are shown in Fig. 5. In
addition to the substrate diffraction peaks, the XRD
patterns of all the MAO films exhibit the characteristic
peaks of both anatase (at 2y�25.31, JCPDS no: 21-1272)
and rutile (at 2y�27.71, JCPDS no: 21-1276) forms of
TiO2. A variation in the area under the characteristic
diffraction peaks of anatase and rutile can be observed
from the XRD patterns of the MAO films depicted in
Fig. 5. This indicates that the phase transformation from
the metastable anatase to the stable rutile phase occurs at
different rates based on the nature of the fluoride contain-
ing compound present in the electrolyte solution. This can
be attributed to the variations in the micro-spark discharge
characteristics such as spark frequency, density and inten-
sity during the respective film growth process. The weight
Fig. 5. XRD patterns of the NF, KF, NaF and KTF films.
fractions of the anatase and rutile phases in the respective
film were determined by considering the intensities of the
characteristic peaks of each oxide phase in the XRD
patterns. The relative amounts of anatase (XA) and rutile
(XR) in the fabricated films as calculated by the following
formula [24] are given in Table 1.

XR ¼
1

1þ0:8ðIA=IRÞ
and XA ¼ 1�XR ð4Þ

where IA and IR are the characteristic peak intensities of
anatase (101) and rutile (110), respectively. It can be seen
from Table 1 that the rutile content in the film is 19.9%,
30.1%, 35.6% and 37.3% for NF, KF, NaF and KTF,
respectively. This result confirms the possibility of devel-
oping an ‘F’ containing titania film with appropriate
contents of anatase and rutile phases by employing an
electrolyte solution comprising of a suitable F-containing
compound. However, among the films the rate of anatase
to rutile phase transformation decreases in the order
KTF4NaF4KF4NF. This is due to the variations in
the film forming voltages and the electrolyte conductivities
which subsequently result in different micro-spark dis-
charge characteristics and thermal gradients across the
thickness of the films. In other words, higher the film
forming voltage more is the intensity of the sparks in the
discharge channels and thereby more is the sparking
energy that results in a higher local temperature that
promotes the transformation from the metastable anatase
phase to the thermodynamically stable rutile phase. Simi-
larly, higher the electrolyte conductivity more is the density

of the micro-sparks that result in a lower thermal gradient
through the grown oxide film, which in turn leads to a
local flux concentration that promotes further phase
transformation. Thus the spark discharge characteristics
and the low thermal conductivity of the oxide film could be
responsible for the anatase to rutile phase transformation
at different rates during the process. The formation of an
initial amorphous oxide film and its conversion to crystal-
line anatase form and its subsequent transformation to a
thermodynamically stable rutile phase is reported else-
where [25].
3.6. In-vitro electrochemical corrosion characteristics

In the present study, the corrosion characteristics of the
developed films in Kokubo’s SBF medium were analyzed
based on the thermodynamic as well as the kinetic
information obtained by performing OCP or corrosion
potential (Ecorr) measurement tests and Tafel analysis tests
respectively. In addition, the passivation behavior of the
films was studied over a potential range of �500 to
3000 mV Vs SCE by performing the potentiodynamic
polarization tests. To describe the corrosion mechanism
of the MAO films, EIS tests were performed and the
obtained data were analyzed by curve fitting and equiva-
lent circuit modeling.
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3.6.1. OCP measurements (thermodynamic studies)

The OCP is a parameter that indicates the thermody-
namic tendency of an electrode to undergo electrochemical
reactions in a corrosive medium. The higher the OCP of a
working electrode, lesser is its tendency to participate in
the electrochemical reactions. Fig. 6 shows the OCP curves
for the substrate and the MAO films recorded for every
5 min during an immersion time of 4 h in SBF test medium
and the corresponding values are reported in Table 2. As
can be observed from Fig. 6 and Table 2, the OCP values
of all the MAO films are shifted considerably in the noble
direction compared to that of the substrate indicating their
higher thermodynamic stability, consequent to their parti-
cipation in the electrochemical reactions. However, the
OCP curves of the substrate and the MAO films exhibit
different features during the immersion time of 4 h. For
example, initially the OCP of the substrate increases
linearly and reaches a stable potential of �42.6 mV after
an immersion time of about 40 min and continues to
remain stable over the remaining immersion time. This
can be attributed to the formation of a thin and adherent
film at the metal/solution interface. On the other hand,
initially the OCP of NF film increases linearly due to the
formation of a thin oxide film at the metal/oxide interface
and reach a maximum OCP value of about 203 mV over
an immersion time of 20 min. Subsequently, it again
decreases and reaches a comparatively stable potential of
Fig. 6. OCP curves of the NF, KF, NaF and KTF films for an immersion

period of 4 h.

Table 2

Thermodynamic (OCP) and kinetic parameter values of the NF

Sample code OCP (mV) 9bc9 (mV) ba (mV)

S �42.6 132.7 189.2

NF 35.3 127.6 160.5

KF 67.9 144.8 102.3

NaF 93.8 94.3 138.8

KTF 136.4 103.7 226.9
35.3 mV after an exposure time of nearly 3 h. This
subsequent decrease in OCP over an immersion time of
20 min–3 h can be attributed to the increased activity [26]
due to the defective nature of the newly formed oxide film
at the metal/oxide interface. Further, the steady behavior
of OCP over the remaining immersion time (3–4 h) can be
ascribed to the stable nature exhibited by the formed oxide
film. Likewise the OCPs of KF and NaF increase slowly
and reach their respective stable potentials of 67.9 and
93.8 mV, respectively after an immersion time of 3 h and
remain unchanged during the remaining immersion time.
In contrast to the OCP trends shown by all the other films,
the OCP of KTF exhibits almost a constant higher OCP
value of 136.4 mV after an immersion time of 35 min and
remains unaltered over the remaining period of immersion.
It can be observed that all the MAO films attain a stable
OCP value after an immersion time of 3 h and continue to
exhibit almost the same value up to 4 h. It can be inferred
from the OCP results that the thermodynamic tendency of
the MAO films towards the electrochemical oxidation
reaction follows the sequence; S4NF4KF4NaF4
KTF. Thus it can be concluded that the KTF film has
shown more passive behavior towards the anodic reactions
compared to the other films.
3.6.2. Tafel analysis (kinetic studies)

The Tafel plots of the substrate and the MAO films
obtained over a potential range of 7200 mV with refer-
ence to their stable OCP are shown in Fig. 7. The cathodic
and anodic Tafel constants (bc and ba), the corrosion
potential (Ecorr), the corrosion current density (jcorr) and
the corrosion rate of the substrate and the films derived by
the Tafel extrapolation method for KTF film as an
example, are shown in Fig. 8. Thus kinetic parameter
values so obtained are reported in Table 2. It is noteworthy
that the jcorr values of all the MAO films are significantly
lower than that of the substrate. Among the films, the jcorr

of KTF is the least at a value of 0.08 mA/cm2 and the jcorr

of NF is the highest at a value of 0.67 mA/cm2, corrobor-
ating with their Rp values. The jcorr of all the tested samples
decreases in the order S4NF4KF4NaF4KTF, attest-
ing to the fact that the corrosion resistance values of the
MAO treated samples are improved considerably com-
pared to that of the untreated substrate. The film devel-
oped in the electrolyte solution containing K2TiF6 has the
highest corrosion resistance compared to all the other
, KF, NaF and KTF films.

jcorr (mA/cm2) Rp (kohm cm2) Corrosion rate

(mm/year)

2.78 1.52 1.93E-3

0.67 46.06 1.68E-3

0.21 123.95 1.45E-3

0.13 187.55 1.39E-3

0.08 386.30 6.97E-4



Fig. 8. Tafel extrapolation plot of the KTF film in 7.4 pH SBF medium.

Fig. 9. Potentiodynamic polarization curves of the NF, KF, NaF and

KTF films in 7.4 pH SBF medium.
Fig. 7. Tafel polarization curves of the NF, KF, NaF and KTF films in

7.4 pH SBF medium.
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films. Further, the inverse relationship between the corro-
sion current density values and their respective Rp, is
confirmed.

3.6.3. Potentiodynamic polarization studies

The passivation behavior of the substrate and the films
was studied by conducting potentiodynamic polarization
tests. Fig. 9 depicts the polarization curves of the substrate
and the MAO films obtained over a potential range of
�500 mV to 3000 mV Vs SCE. It can be observed that all
the tested samples exhibit mainly two regions in their
anodic sections, namely the active region at lower anodic
potentials and the passive region at comparatively higher
anodic potentials. In addition, for the substrate ‘S’ a trans-
passive region at a positive potential of about 1400 mV Vs
SCE can be observed as shown in Fig. 9. The maximum
current densities (jactive) of all the test samples attained in
their respective active regions is found to decrease in the
order S4NF4KF4NaF4KTF, which can be attribu-
ted to the variations in the rate of metal oxidation process.
In fact, the rate of metal oxidation at the metal/oxide
interface is strongly influenced by the rate of diffusion of
corrosive ions towards the interface and the rate of metal
ion transfer away from the metal surface which is further
controlled by the resistance offered by the surface oxide
film. Thus among the MAO films, the observed least jactive

of KTF film can be attributed to its highest resistance
offered to the diffusion of ionic species due to mainly its
less porous structure and higher rutile phase content. Since
the rutile titania phase structure is more compact, it offers
better corrosion resistance in comparison to anatase
titania. Similarly, the observed highest jactive of NF film
can be attributed to mainly its high porous structure and
lower rutile phase content as evidenced by the structural
and morphological results of the films reported above. It
can also be observed that the anodic current density of the
substrate is virtually independent of the sweep potential in
the passive region (shown in Fig. 9) which is mainly due to
the formation and thickening of a protective oxide layer
over its surface. Further, the sudden increase of current
density in the trans-passive region is due to the breakdown
of the formed protective film and/or due to the evolution
of oxygen at sufficiently higher positive potentials. On the
other hand, the NF film exhibits an extended active state
up to an anodic potential of around 1400 mV and then
attains a passive state over the remaining anodic potentials
(1400–3000 mV). Similarly, the NaF film shows a passive
state in the lower anodic potential region and a compara-
tively active state at around 750 mV up to 1600 mV and
then again shows a passive state over the remaining
potential region. This can be attributed to the formation,
thickening followed by breakdown at sufficiently higher
potentials and subsequent re-passivation of the film
formed at the metal–oxide interface. In contrast, the
anodic current density of KF film increases gradually with
the increase in applied potential and becomes insignificant



Fig. 10. Experimental and fitted results of Bode impedance (a), phase

angle (b) and equivalent circuit for the substrate (c) and circuit for the

NF, KF, NaF and KTF films (d).
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above 1500 mV of applied potential. Similarly the anodic
current density of KTF film increases slightly over the
entire potential region. However, the anodic current
density of KTF film is significantly lower than that of all
other MAO films and substrate, presumably due to the
controlled electrochemical reactions over its surface. It can
also be noticed from Fig. 9, that the potentiodynamic
polarization curves of KF and KTF have not shown any
breakdown indicating that they remain passive almost over
the entire range of the applied potential. In summary, the
passivation tendency of all the samples is found to decrease
in the order KTF4NAF4KF4NF4S which can be
attributed to their respective structural and morphological
characteristics.

3.6.4. EIS studies

The Bode impedance and phase angle plots of experi-
mental and fitted results for the samples S and NF, KF,
NaF and KTF films are presented in Figs. 10(a) and (b)
respectively. It can be observed from Fig. 10(a) that the log
9Z9 of all the test samples decreases with an increase in the
frequency. However the frequency vs impedance plots over
log scale of all the samples exhibit different features over
the low frequency (LF, 0.01–1 Hz) and the high frequency
(HF, f41 Hz) regions. The impedance of all the films is
nearly constant in the LF region and decreases to their
respective lowest impedance values at different rates in the
HF region. Among the Bode impedance plots, the plot of
KTF film exhibits a straight line over the frequency region
of 1–104 Hz indicating its higher corrosion resistance and
capacitive behavior of its outer surface film compared to
the other films [27]. The protective behavior of the films is
also evident from the near constant phase angle (shown in
Fig. 10(b)) in the LF region.

The impedance spectra obtained for uncoated and
coated Cp Ti were fitted using electrical equivalent circuit
as shown in Figs. 10(c) and (d) respectively and the
obtained fitted results are presented in Table 3. The
various circuit elements such as resistor and capacitor
were checked in different series and parallel combinations
to obtain a best fit of the experimental data with the least
possible errors. In the fitting procedure, instead of a pure
capacitance, a constant phase element (CPE) is used for
taking the surface inhomogeniety factor into consideration
to get a better fit. The fitting quality was evaluated by the
chi-squared values (w2) which are of the order of 10�3–
10�4 as shown in Table 3. Fig. 10(c) clearly indicates the
presence of one CPE in parallel to the polarization
resistance (Rp) and in series with the solution resistance
(Rs) due to the presence of passive oxide layer over the
surface of uncoated Cp Ti. The presence of a passive film
over the surface of uncoated Cp Ti is also evident from the
OCP and potentiodynamic polarization studies. On the
other hand, the equivalent circuit for all the MAO films as
shown in Fig. 10(d) consists of two time constants namely
CPEo with a resistor (Ro) in parallel, corresponding to the
high frequency characteristics of the outer porous layer
and CPEb with a resistor (Rb) in parallel, corresponding to
the low frequency characteristics of inner barrier layer of
the films. This suggests that the corrosion process is
controlled by the charge transfer phenomena. It can be
observed from Table 3 that for all the films, the resistance
(Ro) of the outer porous layer is small compared to that of
their inner barrier layer indicating that the outer porous
layer does not contribute significantly to the corrosion
protection of the substrate. The resistance of the inner



Table 3

Various electrical parameter values obtained from the equivalent circuit fitting of the EIS data for the substrate (S)

and NF, KF, NaF and KTF films.

Sample code Rs (O cm2) CPEo-T CPEo-P Ro (O cm2) CPEb-T CPEb-P Rb (O cm2) w2

S 21 – – – 6.68E-5 0.66 1.25E3 1.4E-3

NF 31 1.47E-5 0.49 1.15E2 1.94E-6 0.21 4.73E3 3.4E-4

KF 27 1.01E-5 0.54 5.58E2 2.74E-7 0.37 3.79E4 3.6E-3

NaF 35 3.97E-6 0.30 6.10E2 1.76E-7 0.40 5.92E4 4.2E-4

KTF 23 1.93E-6 0.47 9.26E2 1.18E-7 0.61 8.17E4 2.4E-3
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barrier layer (Rb) of the films decreases in the order
KTF4NaF4KF4NF. It has been reported that the
corrosion resistance mainly depends on the inner barrier
layer of the film which is in direct contact with the
substrate [28]. As KTF has shown the highest Rb value
(Table 3) compared to that of all others, it exhibits better
corrosion resistance as evidenced by all the electrochemical
tests namely OCP, potentiodynamic and EIS tests con-
ducted in the present study.

Based on the results of all the electrochemical corrosion
tests conducted in SBF medium, it becomes evident that
the KTF film fabricated in the electrolyte solution contain-
ing K2TiF6 exhibits better corrosion resistance due to
mainly its less porous surface structure, stable inner barrier
layer and higher rutile phase content. On the other hand,
the higher porosity and lower rutile phase content might
have mainly contributed to the higher corrosion rate of NF
film. Though the high surface porosity of NF film is
beneficial to provide mechanical interlocking between the
implant surface and the surrounding tissue, it can be
detrimental for the implant corrosion resistance and limits
the effective life time of the implant in the body fluid
environment. Hence an optimal porosity level can make
the implant best suit for the intended application. In the
present study, the KTF film with significant level of
porosity over its surface and with better corrosion resis-
tance can fulfill the requirements of an implant compared
to the other films. In addition, the KTF film also contains
an appropriate amount of F in its surface structure which
can facilitate the better performance of the implant
material. Thus the electrolyte solution comprising of 5 g
TSOPþ2 g KOHþ3 g K2TiF6 is preferable for the devel-
opment of electrochemically stable F-TiO2 films on Cp Ti
for implant applications.

4. Conclusions

From the present investigation it can be concluded that
the use of different electrolyte solutions, comprising of
various fluoride containing compounds namely NH4F,
KF, NaF and K2TiF6 has resulted in a variation of the
structural, morphological, rate of film growth and corro-
sion characteristics of MAO films on Cp Ti as follows:

The NH4F containing electrolyte solution resulted in a
more porous surface structure with the least stable barrier
layer which subsequently led to its highest corrosion rate
among the films.
Though the electrolytes containing KF and NaF

resulted in a similar morphology, the presence of NaF
promoted the anatase to rutile phase transformation at a
higher rate compared to that of KF. Further, the NaF
containing solution comparatively inhibited the incorpora-
tion of P and F into the film during the film growth
process.
On the other hand, the K2TiF6 containing solution

resulted in the highest rutile content and a more stable
barrier layer compared to all the other films. The results
confirm that the KTF film with sufficient content of F
(3 at%) in its surface structure and with highest corrosion
resistance compared to all the other films can serve as a
successful implant material. Additionally, of all the elec-
trolyte solutions employed in the present study, the one
comprising 5 g TSOPþ2 g KOHþ3 g K2TiF6 was found
to optimal for the fabrication of corrosion resistant F-TiO2

films on Cp Ti.
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