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Objectives. Two types of ceramic coatings on commercially pure titanium for dental implant

applications with different Ca/P ratios in the range from 1.5 to 4.0, and two different thick-

nesses (∼5 and ∼15 �m) were examined with the aim of underpinning the effect of coating

composition, thickness and microstructure on the corrosion behavior and hydroxyapatite

forming ability in SBF.

Methods. Bioactive coatings were formed on Ti by plasma electrolytic oxidation (PEO). The

composition, structure, and morphology of the materials were characterized before and

after the immersion in simulated body fluid solution (SBF) at 37 ◦C for up to 4 weeks. All the

materials were screened with respect to metal ion release into SBF.

Results. Only thick PEO coating with overstoichiometric Ca/P ratio of 4.0 exhibited capacity

to  induce the precipitation of hydroxyapatite over the short period of 1 week. Long term Ti4+

ion release from all PEO-coated materials was 2–3 times lower than from the uncoated Ti.
Simulated body fluid Metal ion release is attributed mostly to chemical dissolution of the coating at initial stages

of  immersion.

Significance. The long term stability was greater for thin PEO coating with overstoichiometric
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strate [16,17]. In addition, both in vitro [18] and in vivo [19]
Ca/P ratio of 2.0, wh

coatings present eco
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1.  Introduction

Titanium and its alloys are well known as artificial biomateri-
als used for manufacturing of dental and orthopedic implants
due to their high corrosion resistance and good mechanical
stability [1,2]. Their biocompatibility is related to the chemi-
cal stability and structural integrity of the surface oxide layer
(TiO2) [3]. However, the thin native oxide layer does not form
a strong bond with human bones since it is bio-inert [4].To
overcome this drawback, the structure, composition, and

chemistry of the titanium surface needs to be modified [5–7].

Plasma electrolytic oxidation (PEO), also known as micro-
arc oxidation (MAO), is a relative newcomer in the biomedical
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xhibited ∼95 ng cm of Ti ions release over 4 weeks. Thin PEO

cally more viable option.

of Dental Materials. Published by Elsevier Ltd. All rights reserved.

field, a convenient technique for forming porous ceramic-like
bioactive coatings on surfaces of titanium [8–10]. The porous
oxide layers containing a mixture of anatase and rutile as
well as bioactive elements, such as Ca, P, Si, Mg and Ag orig-
inating from the electrolyte, accelerate calcium phosphate
formation on their surface in simulated body fluid (SBF) and
promote the formation of hydroxyapatite (HA) [11–15]. A fur-
ther advantage of PEO coatings is their good adhesion, since
coating formation involves conversion (oxidation) of the sub-
kina).

evaluations have revealed that PEO treatment considerably
improves the bioactivity of titanium [20] and results in accel-
erated osseointegration of an implant. The latter is being

blished by Elsevier Ltd. All rights reserved.
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Table 1 – Typical physiological media.

Material Physiological solution Reference

Ti6 A4lV SBF [38]
Ti–23Nb–0.7Ta–2Zr–O Ringer’s solution [39]
Ti6Al4V and Ti6Al6Nb Hank’s balanced salt solution [40]
Ti–6Al–4V and Ti–6Al–7Nb Hank’s naturally aerated solution [41]
Ti–Mo Fluoridated physiological serum [42]
Ti CP, Ti6 A4lV and Ti-15Mo Ringer’s solution [43]
Ti–6Al–4V SBF  [44]
Ti Ringer’s solution [45]
Ti Artificial saliva [46]
Ti Artificial saliva [47]
Ti Fusayama and Meyer’s artificial saliva [48]
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Ti–0.5Si–0.65C Phosph
Sinteredporous Ti–10Mo SBF 

Ti–6Al–4V Ringer’s

ttributed to specific topography of PEO coatings as well as
o the presence of Ca and P in their composition. Since one of
he characteristics of the bioactivity of a metallic implant for
one reconstruction is its apatite-forming ability in simulated
ody fluid, latest research on bioactive PEO coatings focuses

n the generation of HA or compounds which act as precur-
ors of HA using one-step approach, where Ca–P phases are
enerated during PEO, or involving post-treatments [21–30].

One of the most important characteristics of an implant
s its service life, which must be extended as long as possi-
le. This will largely depend on the corrosion resistance of the
etal implant material and the release of metal ions: these

re the critical factors that can adversely affect the mechani-
al integrity and biocompatibility [31–33]. It has been reported
hat the stability of the titanium surface oxide layer may be
ffected in physiological environments in vivo [34], increas-
ng the metal ion release. This has been a source of concern
ue to potentially harmful effect of Ti4+ ions in vivo, because
hey have been shown to affect both proliferation and syn-

hesis of extracellular matrix in vitro [35–37]. Therefore, the
lectrochemical behavior of titanium and its alloys in biologi-
al media is of increasing interest.

Table 2 – Composition per litre of the immersion
solution.

Reagents Purity (%) m-SBFa

NaCl >99.5 5.403 g
NaHCO3 >99.5 0.504 g
Na2CO3 >99.5 0.426 g
KCl >99.5 0.225 g
K2HPO4·3H2O >99.0 0.230 g
MgCl2·6H2O >98.0 0.311 g
0.2 M–NaOH – 100 mLb

HEPESc >99.9 17.892 gb

CaCl2 >95.0 0.293 g
Na2SO4 >99.0 0.072 g
1.0 M–NaOH – 15 mL

c HEPES = 2-(4-(2-hydroxyethyl)-1-piperaziny) ethanesulfonic acid.
b HEPES previously was dissolved in 100 mL of 0.2 M-NaOH aqueous

solution.
a Buffered at pH 7.4 at 36.5 ◦C with HEPES and 1.0 M-NaOH aqueous

solution.
uffered saline [49]
[50]

tion [51]

Several types of physiological fluids such as SBFs, artificial
saliva and phosphate buffer solutions are used in electro-
chemical studies performed at body temperature (Table 1). In
these biological media, PEO coatings have shown higher cor-
rosion resistance than unmodified titanium alloy substrates
[52–58]. The composition and, in particularly, the thickness of
bioactive PEO coatings may vary greatly in different studies.
Even in case of today’s only commercial PEO-coated dental
implant TiUnite® (Nobel Biocare), which contains about 5–8%
of phosphorus, the thickness, reportedly, varies from ∼2 to
∼9 �m [59,60]. Due to the mechanism of PEO coatings forma-
tion, their composition will depend on the treatment time,
and therefore, on the coating thickness. The fabrication of
thicker coatings requires greater energy consumption, and
consequently, is more  costly.

In this study two types of PEO coatings on commercially
pure titanium with different Ca/P ratios and two different
thicknesses each, are being examined with the aim of under-
pinning the effect of coating composition, thickness and
microstructure on the corrosion behavior and hydroxyapatite
forming ability in SBF.

2.  Experimental  methods

2.1.  Materials

Specimens of dimensions 30 × 20 × 0.5 mm were cut from
commercially pure (c.p.) Grade I titanium foil (0.2 Fe, 0.18
O, 0.03 N, 0.015 H, and 0.18 C (max wt%)), degreased in iso-
propanol and rinsed in distilled water. Following subsequent
pickling for ∼20 s in a mixture containing 12 mL  HF (40 wt%),
40 mL  HNO3 (70 wt%) and 48 mL  H2O at room temperature, the
specimens were rinsed in distilled water, dried and masked
with Lacquer 45 resin (McDermid plc.) to isolate a working area
of 3 cm2.

2.2.  Surface  treatment

PEO treatment was carried out for 90 and 600 s using a

2 kW regulated AC power supply (EAC-S2000, ET Systems
electronic). A square waveform voltage signal was applied
with a positive-to-negative pulse ratio of 490 V/60 V at 50 Hz
frequency and initial ramp of 60 s to achieve the voltage
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Fig. 1 – Plan view secondary electron images of the titanium
PEO1-600 s, (d) PEO2-600 s.

amplitude. The root mean square (rms) current density limit
was set at 400 mA  cm−2, while the voltage peak-to-peak
value was maintained constant. The rms  voltage and cur-
rent responses were acquired electronically, with a sampling
time of 0.1 s, employing a Keithley KUSB-3116 data acquisi-
tion card (16 bit, 500 kS s−1) and Labview program (National
Instruments). Instantaneous voltage and current values were
monitored and recorded using a 2-channel Tektronix TDS
2012B oscilloscope at 100 MHz  sampling rate.

PEO1 coating was generated in the electrolyte based on
calcium acetate and sodium hexametaphosphate with ratio
of Ca/P = 2; PEO2 coating was formed in calcium acetate and
sodium dihydrogen phosphate solution with Ca/P = 5. Both
electrolytes were suspensions with pH 7.0. The treatment was
performed in a 1 L double-walled cell with re-circulating cool-
ing system that maintained the temperature of the electrolyte
at 20 ◦C. The cathode was made of AISI 316 stainless steel and
had dimensions of 7.5 × 15 cm.  After PEO, the specimens were
rinsed in distilled water and dried in warm air.

2.3.  Surface  characterization

Coating thicknesses were measured by the eddy current
method, using a Fischer ISOSCOPE FMP10 portable instru-
ment, taking the average of ten measurements with a standard
deviation of ∼0.5 �m and later confirmed with cross-sectional

scanning electron microscopy (SEM). Plan views and cross-
sections of coatings were examined by SEM, using a JEOL
JSM-6400 microscope equipped with Oxford Link energy dis-
persive X-ray (EDX) microanalysis hardware. EDX surface area
strate after PEO treatments; (a) PEO1-90 s, (b)PEO2-90 s, (c)

analysis results are cited as an average of three measure-
ments performed at different locations. Cross-sections were
prepared by grinding through successive grades of silicon car-
bide paper, with final polishing to a 1 �m diamond finish.
Phase composition was examined by X-ray diffraction (XRD),
using a Philips X’Pert diffractometer (Cu K� = 1.54056 Å) at a
scanning speed of 0.01◦ per second for a scan range of 2� from
10◦ to 80◦. Surface hardness was measured on polished cross-
sections applying a load of 0.05 kg for 15 s using an AKASHI
MVK-E3 Vickers microhardness machine. The cited values are
the average of ten measurements. Roughness parameter Ra

(arithmetic average of the absolute profile deviations within
the scanning path) was obtained using a Surtronic 25 rough-
ness tester (Taylor Hobson) and TalyProfile software applying
a Gaussian filter of 0.4 mm.  The presented values are the aver-
age of 5 measurements performed over a distance of 4 mm.
The pore population density and pore size of the coatings have
been estimated using UTHSCSA Image  Tool software.

2.4.  Immersion  tests

Coated and untreated substrates of c.p. Ti were exposed to a
simulated body fluid solution (SBF, Table 2) as in [61] with a
pH 7.4 for times up to 4 weeks. Each specimen was immersed
in 25 mL  of the solution, placed in a tightly-sealed container,
and thermostated at 37 ◦C. Two specimens for each type of
material were used for reproducibility.
2.5.  Electrochemical  tests

DC and AC electrochemical tests were carried out using an
AUTOLAB PGSTAT30 (Eco Chemie) potentiostat in naturally
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Table 3 – Surface EDX analysis of the material composition before immersion.

Material Elements (at%)

O P Ca Ti Fe Ca/P Ca/Ti P/Ti

Ti CP – – – 99.7 ± 0.5 0.3 ± 0.1 – – –
3
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PEO1-90 s 61.3 ± 7.5 2.4 ± 0.5 3.7 ± 1.3 

PEO2-90 s 59.9 ± 8.9 2.3 ± 0.5 4.6 ± 1.2 

PEO1-600 s 73.6 ± 8.9 6.5 ± 1.3 11.1 ± 2.7 

PEO2-600 s 66.1 ± 4.6 1.5 ± 0.3 6.0 ± 1.7 

erated SBF solution at 37 ◦C. All measurements were repro-
uced at least twice. Potentials were measured with respect to

 Ag/AgCl reference electrode. Solution concentration inside
he reference electrode compartment was 3 M KCl, providing

 potential of 0.210 V with respect to the standard hydrogen
lectrode. A platinum foil (∼1 cm2) was used as the auxiliary
lectrode. The specimens were polarized at a rate of 0.3 mV  s−1

rom −250 to +3500 mV  relative to the OCP. Electrochemical
mpedance spectroscopy (EIS) or, AC measurements, were car-
ied out applying a sinusoidal perturbation of 10 mV amplitude
nd a frequency sweep from 105 to 10−2 Hz. The frequency
esponse was analyzed using ZView software, the goodness
f fit of the simulated spectra corresponded to chi-squared

square of the standard deviation between the original data
nd the calculated spectrum) values <0.01. The errors for
he individual parameters of the equivalent electrical circuits
such as CPE and R) were <5%.

.6.  Ion  release  analysis

he immersion test solutions were acidified with 200 �L of
itric acid (65 wt%) to dissolve precipitated titanium hydrox-

de. After filtering through a nylon filter with 22 �m pore
ize and 1:6 dilution in Millipore water, the samples were
nalyzed by inductively coupled plasma mass spectroscopy
ICP–MS) using an Agilent 7700 ICP–MS instrument equipped
ith concentric quartz nebulizer and Peltier-cooled nebuliz-

ng camera. The instrument was operated in standard mode,
ithout using the reaction cell.

Argon was used as plasma maintaining carrier gas. ICP–MS
perating conditions were as follows: forward power 1550 W,
rgon flow 0.99 L min−1, nebulizer pump 0.3 rps.

Three titanium isotopes were measured simultaneously
47Ti, 48Ti and 49Ti). Calibrations based on 47Ti were made using
oth deionized water and 1:6 diluted SBF-blank solution in the
ange from 0 to 50 �g L−1. The calibration curve was corrected

ith respect to a background level of Ti detected in blank SBF

22.7 ppb). The other two isotopes reflected to a greater (48Ti)
r lesser (49Ti) extent the effects of the SBF-matrix. The results
re cited as an average of two measurements with the errors

Table 4 – Surface characteristics of the developed coatings.

PEO1-90 s PEO

Microhardness (HV) – – 

Roughness (�m) Ra = 0.91 ± 0.18
Rz = 5.69 ± 1.0

Ra = 0.5
Rz = 3.5

Pore size (�m) 0.4–3 0.4–2 

Pore population density
(pore mm−2)

∼45,000  ∼100,0
2.6 ± 1.2 – 1.5 0.11 0.07
3.2 ± 1.2 – 2 0.13 0.07
.5 ± 1.1 – 1.71 1.31 0.76
6.4 ± 4.1 – 4.00 0.22 0.06

representing the deviation of the maximum and minimum
from the mean.

3.  Results  and  discussion

3.1.  Coating  morphology  and  microstructure

Fig. 1 shows the surface morphologies of PEO1 and PEO2
coatings. The higher magnification images of the surfaces
(insets) reveal submicron-size morphological differences in
the superficial deposits originating from the electrolytes. Local
EDX analysis, conducted in different areas of the coating sur-
face, revealed that the respective surface compositions of each
coating were fairly uniform. The average Ca/P surface ratio
was 1.5 and 1.7 for PEO1-90 s and -600 s, respectively, which
is close to stoichiometric hydroxyapatite (HA). PEO2-90 s con-
tained similar absolute amounts of Ca and P to PEO1-90 s with
an average Ca/P of ∼2, whereas PEO2-600 s showed ∼4 and ∼2
times lower amount of Ca and P, respectively, compared with
PEO1-600 s, and its average Ca/P ratio was ∼4 (Table 3).

As shown in Table 4, after 600 s of PEO treatment, both
coatings exhibited similar microhardness values. PEO1 had
slightly greater roughness than PEO2, increasing this differ-
ence for a longer PEO treatment time. The lower limit of pore
size is similar for all the coatings. The pores arise at the sites
of the discharges channels due to the gas evolution through
the molten oxide material during the PEO process; the upper
limit of the pore size increases with treatment time and is the
largest (∼13 �m)  for PEO1. The pore population density did not
exhibit a clear dependency on the treatment time.

The cross sections of the coatings prepared at the differ-
ent conditions are shown in Fig. 2. The examination of the
backscattered scanning electron micrographs revealed rela-
tively uniform coatings comprising an outer porous layer and
an approximately 0.5–1 �m-thick barrier layer adjacent to the

substrate (Fig. 2). For 90 s of treatment, PEO1 and PEO2 coatings
were ∼6 �m-  and ∼4 �m-thick, respectively, revealing voids
and cavities typical of the coating process. The thickness of
both coatings significantly increased (to ∼16–19 �m) when

2-90 s PEO1-600 s PEO2-600 s

276.5 ± 5.2 270.1 ± 4.2
8 ± 0.11
5 ± 0.71

Ra = 1.63 ± 0.32
Rz = 9.08 ± 1.81

Ra = 1.28 ± 0.26
Rz = 6.5 ± 1.3

0.4–12.7 0.4–6.2
00 ∼50,000 ∼40,000
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Fig. 2 – Backscattered electron images of the coatings cross s
X-ray elemental maps, (d) PEO2-600 s and respective X-ray e

the PEO time was increased to 600 s. X-ray elemental map-
ping of PEO1 coating revealed that Ca and P species were
homogeneously distributed throughout the coating thickness,
whereas for PEO2 coating, these elements were mostly located
in the external part.

XRD surface analysis revealed the presence of anatase and
rutile in all of the studied coatings (Fig. 3). Additionally, PEO1-
600 s comprised apatite, Ca3(PO4)2, and amorphous material,
manifested as a hump between ∼25 and ∼35 2�. No crys-
talline Ca and/or P containing phases were detected for the
other coated materials. PEO2-600 s also contained some amor-
phous material, although to a much lesser extent. According
to the corresponding peak intensities, PEO2-600 s contained
more  rutile than anatase, whereas the reverse was true for
PEO1-600 s. PEO1-90 s and PEO2-90 s were completely crys-
talline with fairly similar phase composition.

After immersion in SBF solution for 7 d, only Ti CP and the
PEO2-600 s coating were covered by the newly formed layer
of HA (Fig. 4), confirmed by X-ray analysis (Fig. 4(c)) with an
apparent thickness of few micrometers. The concentrations

of both Ca and P in PEO2-600 s increased after immersion
in SBF solution to 23.5 and 14.0 at%, respectively. Interest-
ingly, after 28 days of immersion most of the surface of both
PEO1 coatings, was covered by an amorphous film (confirmed
ns(a) PEO1-90 s, (b) PEO2-90 s, (c) PEO1-600 s and respective
ntal maps.

by XRD, not shown) (Fig. 5) with much increased content
of Ca (10.9–12.1 at%) and P (6.1–6.9 at%), compared with the
coating composition before immersion. The ∼1.8 Ca/P ratio of
this deposit suggests that it could be amorphous hydroxyapa-
tite [62,63], although more  analysis are needed to confirm this.
Previously we  have reported that PEO2-600 s induced greater
osteoblast cell proliferation rate than PEO1-600 s, although
both of the coatings were found to increase the bioactivity of
titanium [20].

3.2.  OCP  measurements

The variation of open circuit potentials (OCP) for all the studied
materials in SBF solution at 37 ◦C for a period of 1 h are shown
in Fig. 6. All the PEO coatings reached at the early stage of
immersion a steady OCP value 400–500 mV  higher than that of
Ti CP, whose OCP gradually increased during the test duration
up to −320 mVAg/AgCl, suggesting the formation of a protective
and stable oxide film on the surface.
3.3.  DC  polarization  response

DC polarization curves of tested materials in m-SBF solution
were highly reproducible. The Ti CP showed an Ecorr of about
−200 mVAg/AgCl after 4 weeks of immersion in SBF solution.
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Fig. 3 – X-ray diffraction patterns of 

he anodic branch showed an active corrosion region, typi-

ally associated with the formation of soluble Ti3+ ions [64],
ollowed by a passive region, corresponding to the formation
f a passive TiO2 film, with current densities of ∼0.7 �A cm−2.
his passive region extended from ∼600 to ∼1400 mVAg/AgCl

ig. 4 – PEO2-600 s coating after 1 week of immersion in SBF: (a a
—anatase; R—rutile; +—hydroxyapatite; C—CaCO3.
EO-coated Ti. A—anatase; R—rutile.

and was followed by an increase in current density due to

oxygen evolution on the surface of the oxide (Fig. 7, Table 5).

Ecorr values of PEO coatings were by ∼75 mV (PEO1-90 s),
∼45 mV  (PEO1-600 s), ∼40 mV  (PEO2-90 s) and ∼11 mV  (PEO2-
90 s) nobler than those of Ti CP. No Tafel (active dissolution)

nd b) surface morphology and (c) X-ray diffraction patterns.
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y of
Fig. 5 – Secondary electron images of the surface morpholog
immersion in SBF.

region was present and the passive regions extended from
the Ecorr values to ∼2500 mVAg/AgCl. The passive current
densities for PEO1 (90 and 600 s) and PEO2 (90 and 600 s) were,
respectively, ∼30 and ∼10 times lower than those for Ti CP,
indicating their higher electrochemical stability. PEO1-90 s
exhibited the lowest jpas of all the coated materials, indicating
its greatest passivity, i.e.  the slowest ion exchange at the
metal/coating interface.
3.4.  Ion  liberation

Fig. 8 shows Ti4+ ion release of studied materials following
immersion in SBF for 1 and 4 weeks. Ion release for Ti CP

150010005000

-0.5

0.0

0.5

1.0

O
C

P 
(V

A
g/

A
gC

l)

Fig. 6 – Variation of open circuit potentials (OCP) for all the stu
 (a) PEO1-90 s and (b) PEO1-600 s coatings after 4 weeks of

increased linearly with time, i.e. Ti4+ concentration was 4
times higher after 4 weeks of immersion. The amounts of oxi-
dized titanium calculated using Faraday’s law and icorr values
obtained by DC polarization were 1.74 and 1.92 �g cm−2 for 1
and 4 weeks of immersion, respectively. As can be seen in
Fig. 8, the actual amount of Ti ions released into the media
was ∼1% and ∼25% of the calculated values, respectively. This
indicated that the passivation capacity of Ti CP decreased for
protracted times of immersion, i.e. 25% of generated Ti4+ ions

are being ejected into the solution instead of being built into
the TiO2 film.

All four PEO-coated materials exhibited similar or slightly
smaller Ti4+ ion release than Ti CP after 1 week of

3500300025002000

 Ti  CP 
 PEO1-90s 
 PEO2-90s
 PEO1-600s 
 PEO2-600s 

t (s)

died materials immersed in SBF solution at 37 ◦C for 1 h.
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Fig. 7 – DC polarization curves for all the studied m

mmersion in SBF, and 2 to 4 times lower Ti4+ ion release
fter 4 weeks (Fig. 8). A few inferences can be made
egarding the influence of the coating thickness and com-
osition on the mechanism and level of the metal ion
elease:

(i) After 1 week of immersion the materials with both thick
and thin PEO1 type coatings, showed ∼23–29% higher
Ti4+ release than the uncoated substrate, which suggests
chemical dissolution of the coating material itself. PEO2
coated materials, on the contrary, released ∼25–46% less
Ti4+ than the uncoated substrate, suggesting that these

coatings are chemically more  stable and present a barrier
for the electrochemical dissolution of the substrate.

ii) The increase of Ti4+ release from week one to week four
was negligible in both thick and thin PEO1 coatings and

Table 5 – Parameters of the polarization curves.

Material Time Ecorr (VAg/AgCl

Ti CP 1  h −0.248  

PEO1-90 s 0.123 

PEO2-90 s 0.042 

PEO1-600 s −0.012 

PEO2-600 s −0.123 

Ti CP 1  d −0.106  

PEO1-90 s −0.056 

PEO2-90 s 0.023 

PEO1-600 s −0.073 

PEO2-600 s −0.062 

Ti CP 7  d −0.152  

PEO1-90 s −0.059 

PEO2-90 s −0.113 

PEO1-600 s −0.075 

PEO2-600 s −0.143 

Ti CP 28  d −0.200  

PEO1-90 s −0.125 

PEO2-90 s −0.160 

PEO1-600 s −0.185 

PEO2-600 s −0.189 
ials immersed in SBF solution at 37 ◦C for 4 weeks.

in thin PEO2. However, PEO2-600 s exhibited an almost 4
times increase of the ion release over 4 weeks.

ii) Comparing the stability of the materials with thin coatings
over 4 weeks of immersion, PEO2-90 s revealed ∼40% lower
titanium ion release than PEO1-90 s.

iv) Comparing the stability of the materials with thick
coatings, PEO2-600 s released ∼50% more  Ti4+ than PEO1-
600 s.

(v) After four weeks of immersion, the lowest Ti4+ release was
observed from titanium coated by PEO2-90 s.

The highest level of Ti4+ release into SBF detected from PEO

coated material (PEO2-600 s) over the period of 4 weeks corre-
sponds to 30 ppb; this value is far below the level of 5 ppm,
reported as cytotoxic [65]. Considering that the tested sam-
ple area of 3 cm2 is similar to the area of an average dental

) icorr (A/cm2) ipas (A/cm2)

5.42 × 10−8 1.32 × 10−6

– 1.61 × 10−8

– 1.97 × 10−8

– 1.12 × 10−7

– 5.92 × 10−8

4.62 × 10−9 1.45 × 10−6

– 3.37 × 10−8

– 1.58 × 10−8

– 6.32 × 10−8

– 7.25 × 10−8

5.8 × 10−9 9.31 × 10−7

– 4.31 × 10−8

– 2.11 × 10−7

– 1.93 × 10−7

– 9.38 × 10−8

6.46 × 10−9 6.49 × 10−6

– 7.12 × 10−8

– 2.03 × 10−7

– 1.68 × 10−7

– 3.22 × 10−7
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Fig. 8 – Results of Ti4+ ion release for all the studied ma

implant (2 cm2), it would take about 14 years to reach that
concentration, assuming a linear rate of ion release.

3.5.  EIS  response

Next, electrical characteristics of the coatings will be consid-
ered in order to verify the corrosion behavior observed in-vitro
and to try to underpin the mechanism of the PEO coatings
degradation.

Fig. 9 shows Nyquist (a) and Bode (b) diagrams of EIS
response of Ti CP in SBF measured for up to four weeks of
immersion. Insets in Fig. 9(b) show equivalent circuits used
for simulation of the electrical parameters of the material. A
Randles circuit comprising constant phase element (CPE ) and
b

resistance (Rb), describes the capacitive and resistive behavior,
respectively, of the thin, naturally formed barrier TiO2 film on
the surface of Ti CP for 1 h of immersion. Capacitive behavior
is related to the dielectric nature of TiO2 and the presence of

Fig. 9 – Nyquist (a) and Bode (b) diagrams of EIS response 
ls immersed in SBF solution at 37 ◦C for 1 and 4 weeks.

a double electric layer on the metal/electrolyte interface. Con-
stant phase element reflects the heterogeneous nature of the
oxide film, which behaves as a non-ideal capacitor.

The impedance of a CPE is calculated as Z = 1/[CPE(jω)n];
where ω is radial frequency, n is the exponential factor
(−1 ≤ n ≤ 1) and j = √−1 is the imaginary number. CPE corre-
sponds to a numerical value of admittance of the system, 1/Z,
at ω = 1 rad s−1. With n = 1, constant phase element becomes an
ideal capacitor. Capacitance depends on the thickness of the
oxide film. The capacitance value of 18.4 �F cm−2 derived from
the CPEb of 22.4 �S sn cm−2 (Table 6) can be used to calculate
the oxide film thickness [55] and corresponds to 2 nm-thick
oxide film.

After 1 day of immersion a second time constant appears
(Fig. 9(b)) possibly due to the precipitation of hydroxiapatite

(HA) layer on the surface of titanium, which presents and addi-
tional resistance; the HA layer is simulated with CPEadsRads

element. The HA layer thickens with time, as can be seen
from increase of its resistance, Rads, and capacitive behavior,

of untreated titanium in SBF measured up to 4weeks.
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Fig. 10 – Nyquist (a) and Bode (b) diagrams of EIS re

PEads (Table 5); this, in turn, increases the impedance modu-
us |Z| of titanium at low frequencies as can be seen in Fig. 9(b),

hich indicates the improved electrochemical stability of the
aterial.
For all times of immersion the impedance response for

oth types of PEO coatings (thin and thick) showed two time
onstants (at ∼5 kHz and ∼100 mHz), corresponding, respec-
ively to the impedance of the porous and barrier parts of the
oating, (Fig. 10) which is typical for PEO coatings on titanium
n NaCl solutions [10,27,66,67]. Good fits of the experimental
ata were obtained using a “nested” equivalent electrical cir-
uit (Fig. 10(a), inset), where CPEpor and CPEb correspond to
he capacitive behavior of the porous and barrier parts of the
EO coating, respectively; Rpor is a resistance of the electrolyte
lling the pores and Rb is the resistance of the barrier part.

 finite length Warburg diffusion element with open circuit
erminus, Wo, included in series with the resistance of the
orous part, Rpor, accounts for mass-transfer processes inside
he outer porous part of the PEO coating [68]. Mathematical
xpressions for the impedance of the above parameters are
iven elsewhere [68].

The simulated parameters of the equivalent circuit are
ummarized in Table 7. Some notable correlation between
he variation of the electrical parameters of the coatings

4+
ith time and Ti ion release, discussed above, can be
iscerned.

Regarding the previously described fact of greater ion
elease from the PEO1-90 s material in 1st week of immersion

Table 6 – Simulated parameters of the EIS equivalent circuits ob

Immersion time CPEads (�S sn cm−2) n Rads (k

1 h – – – 

1 d 40.6 1 3.
7 d 105.0 1 3.
28 d 79.2 0.9 14.
se of PEO coatings in SBF measured up to 4weeks.

than from the uncoated substrate: a decrease of the resis-
tance of the porous part of the coating, Rpor, by an order of
magnitude over the course of 28 days, while the resistance of
its barrier part, Rb, steadily increased (Table 7) corroborates the
suggestion that a chemical degradation of the coating occurs
to a certain degree. Further, Rpor of PEO2-90 s is much lower
(approximately equal to the resistance of the SBF solution)
than that of PEO1-90 s and it remains practically unchanged
over time, meaning that the porous part of PEO2-90 s is fully
permeable by the electrolyte, but the degradation of coat-
ing material is negligible. The latter correlates well with the
observed increase of the diffusion resistance Wo − R (from
∼0.4 to ∼10 k� cm2). It was suggested that finite diffusion Wo

element describes not only diffusion of the species through
the open pores, but also diffusion of the vacancies through
the oxide [68], in which case the observed increase of Wo − R
and especially of Wo − T (the life time of the diffusion specie)
suggests decrease of the number of vacancies, i.e.  that the
stoichiometry of the oxide gets closer to pure TiO2.

Similarly, a large drop in Rpor of PEO2-600 s from 2.24 k� cm2

for 7 day to ∼0.43 k� cm2 for 28 days correlates with the
observed increase of Ti4+ released into SBF over that period.
Previously we reported that PEO2-600 s also exhibits a con-
siderable release of Ca and P [55]; also, PEO2-600 s exhibited

greater bioactivity with respect to proliferation of mice
osteoblast cells in-vitro than PEO1-600 s [20]. We have dis-
cussed in [20] that overstoichiometric ratio of Ca/P (with
respect to stoichiometry of hydroxyapatite) determines the

tained for Ti CP up to 4 weeks of immersion in SBF.

�  cm2) CPEb (�S sn cm−2) n Rb (M� cm2)

22.4 0.88 0.48
68 17.3 0.87 4.87
62 17.6 0.91 12.25
14 14.92 0.93 10.04
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Table 7 – Simulated parameters of the EIS equivalent circuits obtained for PEO-coated titanium up to 4 weeks of
immersion in SBF.

Material Time CPEb − T
(�S sn cm−2)

n Rb (k� cm2) Wo − R
(k� cm2)

Wo − T (s) n CPEpor − T
(�S sn cm−2)

n Rpor
(k� cm2)

PEO1-90 s 1  h 271.5 0.99 1.02 7.34 0.33 0.43 2.2 0.81 3.75
1 d 300.5 0.99 93.75 4.86 0.48 0.43 2.8 0.79 4.80
7 d 138.9 1.0 509.42 5.52 0.64 0.35 1.3 0.82 1.69
14 d 88.8 0.97 1166.70 7.34 1.76 0.32 0.8 0.86 1.36
28 d 62.4 0.89 1700.90 6.85 8.86 0.36 1.0 0.84 0.44

PEO2-90 s 1  h 6.6 0.75 19.91 0.41 0.02 0.50 6.4 0.53 0.07
1 d 0.2 0.98 11.65 6.86 0.47 0.51 20.3 0.62 0.08
7 d 238.4 0.96 119.10 3.28 0.5 0.43 8.6 0.76 0.17
14 d 137.7 1.0 965.22 10.46 517.9 0.42 21.3 0.70 0.08
28 d 159.1 0.99 501.00 8.22 107.8 0.46 15.2 0.70 0.06

PEO1-600 s 1  h 312.6 0.87 21.70 14.26 1.37 0.40 5.0 0.73 2.67
1 d 450.0 0.9 21.22 9.65 1.40 0.40 3.5 0.75 3.68
7 d 454.2 0.80 25.35 9.93 0.60 0.37 2.4 0.79 1.58
28 d 179.3 0.82 88.40 7.46 1.87 0.40 2.4 0.77 1.08

7.
9.

13.
13.

r

PEO2-600 s 1  h 538.7 0.83 19.28 

1 d 951.1 0.99 18.42 

7 d 1412.8 0.99 20.78
28 d 470.5 0.99 32.31 

enhanced bioactivity of PEO2-600 s compared with PEO1-600 s.
If Ca and P in PEO2-600 s are doping the lattices of anatase and
rutile, their release will proceed relatively easy, which in turn
will create defects (vacancies) in TiO2, affecting its chemical
stability.

4.  Conclusions

PEO coatings impeded Ti ion release into the SBF over the
period of 4 weeks. The detected metal ion release is attributed
mostly to chemical dissolution of the coatings, which occurs at
initial stages of immersion. The long term stability was greater
for thin PEO coating with overstoichiometric Ca/P ratio of 2.0,
which exhibited ∼95 ng cm−2of Ti4+ ions release over 4 weeks.
The stability of PEO1 coatings with Ca/P ratio of 1.5 and 1.7
was practically independent of the coating thickness over the
period of 4 weeks. The lowest stability, i.e.  the highest metal
ion release was observed for the thick PEO coating with Ca/P
ratio of 4.0. On the other hand, this coating exhibited capacity
to induce the precipitation of a thick uniform hydroxyapatite
layer over the short period of 1 week, whereas other inves-
tigated coatings did not. Further studies in-vitro using cell
cultures are required in order to further elucidate the bioactiv-
ity of thinner PEO coatings; in case found adequate, thin PEO
coatings would present economically more  viable and more
corrosion resistant option to insure long-term service life of
an implant.
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