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A B S T R A C T

The performance of biomaterials in general and orthopaedic biomaterials in particular is dependent on both the
chemistry and topography of their surfaces. It is therefore important to tailor both of those aspects through an
appropriate surface modification technique. Here, we examined the influence of hydrothermal treatment on the
surface characteristics and electrochemical behavior of Ti-6Al-4V specimens whose surfaces were modified using
plasma electrolytic oxidation (PEO). Even though no calcium-phosphorous related crystalline compound was
identified in the XRD spectra of PEO layers, hydroxyapatite crystals were clearly detectable after the applied
hydrothermal treatment. The partial water absorption of the HA crystals and their needle-like morphology re-
sulted in a significant increase in the wettability of the surfaces. However, the application of post-PEO hydro-
thermal treatment also decreased the corrosion resistance of the PEO layers. The numerical results of electro-
chemical impedance spectroscopy demonstrated that the optimized surface properties and corrosion resistance
were achieved in one of the groups, namely PEO-HT3, where the HA nanocrystals homogenously covered the
entire surface of the specimens.

1. Introduction

Orthopaedic and dental implants are often manufactured from ti-
tanium-based alloys [1–3]. This is due to their unique physical and
mechanical properties, such as high strength to weight ratio, superior
corrosion resistance, and good biocompatibility [4–6]. However, the
native oxidized, stressed, and contaminated surface resulting from the
conventional manufacturing processes of titanium implants is not ap-
propriate for biomedical applications [7,8]. Similar to other conven-
tional metallic biomaterials, titanium alloys are classified as bio-inert,
meaning that they are designed to not elicit any undesirable effects [9].
An appropriate surface modification method should be able to not only
retain the great bulk properties of titanium alloys but also further en-
hance some specific surface-related properties that could be essential
for biological applications [10,11]. In this respect, various types of
surface treatment techniques have been investigated to improve the
integration of implants in the bony environment. Different mechanical
and chemical treatments such as blasting, acid etching, and simple
anodic oxidation have, therefore, been applied to generate a rough
implant surface while increasing the contact area and physical cell

adhesion [11–14]. There are also various techniques for attaching
bioactive compounds onto implants surfaces. These techniques include
plasma/thermal spraying, electrophoretic deposition, and sol-gel
[4,15–17]. In particular, it has been consistently shown that the pre-
sence of hydroxyapatite (HA) on the surface of titanium alloys has the
potential of improving the osseointegration of orthopaedic implants
[18–20]. Recently, researchers have proposed that the synergistic ef-
fects of surface chemistry and topography could be very effective for
achieving a more stable bond between the surrounding bony tissue and
the implant surface [21–24]. One of the approaches in this respect is the
formation of an HA layer using plasma/thermal spraying techniques on
previously roughened surfaces [4,15]. It has also been reported that
large amounts of tricalcium phosphate (TCP) particles can be deposited
on an anodized surface using the electrophoretic deposition technique
[16]. However, the adhesion of these kinds of deposited coatings is
often not satisfactory [19]. The coating could therefore be severely
damaged through the mechanically demanding procedures that are
often required for the implantation of (uncemented) implants.

A recently developed PEO technique allows for the fabrication of
rough and porous coatings enriched with bioactive elements present in
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the electrolyte [25,26]. The chemical composition of the electrolyte,
therefore, significantly influences the behavior of the resulting PEO
layers. This process consists of individual plasma discharge events that
collectively give rise to the growth of a firmly attached oxide layer with
a specific chemistry and microstructure [27–29]. It has, however, been
reported that the incorporated Ca and P ions are usually dissolved
within the titanium oxide matrix of the PEO layers [30–33]. A few other
studies have shown a mixture of some crystalline phases such as TCP,
HA, and CaTiO3 that are formed through the PEO process [34,35]. Even
when a specific electrolyte developed for osteointegrative coatings [34]
has been used for PEO treatment, only a very minor amount of low-
crystallized or amorphous apatite is formed in the coating [21].

The application of a post-PEO hydrothermal treatment (HT) enables
the dissolved ions to interact with each other and to form a highly
crystalline hydroxyapatite phase. Song et al. [36] have shown that post-
PEO hydrothermal treatment is an effective way for forming HA crys-
tallites on top of oxide layers. Chen et al. [33] have demonstrated that
the improved cell response of hydrothermally treated samples is at-
tributed to two factors. The first factor is the presence of Ca and P ions
in the early stages of cell adhesion while the second factor is the HA
pillars that could mechanically stimulate the cells to continue flattening
and spreading on the surface. They have also reported that high surface
stress caused by the formation of HA pillars can further stimulate the
cell adhesion. It has been also reported that the nanopillars formed on
the titanium surface are able to decrease biofilm formation [37]. It can,
therefore, be concluded that post-PEO HT treatment not only is capable
of maintaining the previously formed porous structure, but can also
create a more favorable topography through the formation of HA
crystals. This kind of stresses can, however, increase the surface energy,
thereby influencing some other key properties such as the corrosion
resistance. In this study, we created PEO layers using a calcium acetate-
calcium glycerophosphate electrolyte and the constant current-constant
voltage technique. Different surface properties such as the morphology,
phase structure, wettability, and the electrochemical behavior of the
PEO-treated samples before and after the applied HT treatment were
also investigated to find the conditions giving rise to the best surface
properties.

2. Experimental

Disk-type specimens (14mm in diameter and 3mm thick) were cut
from a biomedical-grade (grade 23-ELI) Ti-6Al-4V rod. The surfaces of
the as-received specimens were first ground using SiC abrasive papers
(down to 1200#) and then polished using alumina powder
(diameter= 0.5 μm) on a wet pad. Prior to the PEO treatment, the
specimens were ultrasonically cleaned in ethanol and distilled water.
The surface of the specimens was then oxidized using a PEO treatment
where a stainless-steel plate was used as the cathode. The PEO process
was performed in an electrolyte consisting of 0.02M calcium acetate
(Sigma–Aldrich, 114460-21-8) and 0.02M calcium glycerophosphate
(Sigma–Aldrich, 58409-70-4). A constant current-constant voltage
method was employed to form the oxide layers, where the unipolar
electric rectangular pulses were generated using a pulsed-DC power
supply. In the first stage, a constant current of 20 A/dm2 at a pulse
frequency of 1 kHz and a positive duty cycle of 80% was applied. When
the anodic potential reached the target voltage (470 V), the process was
continued in the potentiostatic mode for 20min. Finally, the PEO-
treated specimens were rinsed in distilled water and dried in warm air.
Two groups of the PEO-treated specimens were vertically placed in a
high-pressure autoclave containing 300ml alkaline water (pH=11)
and hydrothermally treated at 200 °C for 3 (group PEO-HT3) or 6
(group PEO-HT6) hours.

A scanning electron microscope (SEM; JSM-6500F, JEOL, Tokyo,
Japan) equipped with energy-dispersive X-ray spectroscopy (EDS) was
used to investigate the morphology and the chemistry of the oxidized
samples.

X-ray diffraction profile was determined using a Philips X'pert MPD
diffractometer, employing Cu Kα radiation (40 kV and 40mA) at brag
angles of 20–80°.

The wettability of the coatings was measured using high purity
water droplets of 2 μl in volume. Images were collected using a video
camera to measure the contact angle (ImageJ 1.51 k software).

Electrochemical experiments including the potentiodynamic polar-
ization test and electrochemical impedance spectroscopy (EIS) were
performed using a Potentiostat/Galvanostat device (model PARSTAT
2273) equipped with the PowerSuite software. A standard three-elec-
trode cell was applied for the electrochemical tests where titanium
specimens, a platinum electrode, and a saturated Ag/AgCl electrode
were used as the working, auxiliary, and reference electrodes, respec-
tively.

The specimens (with 1 cm2 exposed surface area) were immersed in
the Ringer's solution (8.6 g/l NaCl, 0.33 g/l CaCl2.2H2O and 0.3 g/l KCl)
at 37 ± 1 °C with a resting time of 60min, which was required to allow
for the open circuit potential (OCP) to be stabilized. The potentiody-
namic polarization experiments were carried out where the scan rate
was 1mV s−1 in the range of −250mV (vs. OCP) to +1000mV. The
impedance spectra were obtained in the frequency range from 100 kHz
to 10 mHz at a bias potential of 10mV. The EIS data was fitted to an
equivalent electric circuit model using the Z-view software.

3. Results and discussion

3.1. Surface characterization and thickness measurements

SEM micrographs of PEO layers before and after hydrothermal
treatment are shown in Fig. 1. A porous and rough oxide layer was
created on the basis of swarming micro-discharges, which has been
previously reported [29]. Despite the presence of numerous pores in the
range of< 1 μm and>3 μm, the majority of the pores were in the
range of 1–3 μm, which is the most appropriate pore size to enable
bonding with the globular bone matrix [21,28]. Ribeiro et al. [38] have
reported that even though some cytoplasmic extensions penetrate such
porosities, some others tend to create bridges across them. This could be
attributed to the difference in the chemistry and the distribution of
different phases between the top surface and the inside of the porosities.

The EDS analysis of the PEO layers (Fig. 2) showed the presence of
oxygen within the anodic film, along with Ti, Al, and V that originate
from the substrate as well as P and Ca that are incorporated from the
PEO electrolyte. Even though different theories are proposed to explain
the mechanisms through which ionic species from the electrolyte are
incorporated into the coatings [39–42], the effects of the plasma state
occurring in the solution during the PEO process seem to be the most
dominant ones [43]. The presence of calcium ions within the anodic
oxide layer, despite their positive charge, strongly supports this ex-
planation. Furthermore, it is reasonable to assume that the electro-
phoretic force of the positively charged titanium specimen results in the
adsorption of the phosphate anions from the electrolyte. Therefore, a
combination of plasma discharges and the electrophoretic mobility of
the anionic species during the PEO process caused a high concentration
of calcium and phosphorous in the outermost surface of the PEO-treated
specimens.

Since it is very difficult for the phosphate ions to diffuse from the
inner parts of the oxide layer towards the surface, a higher amount of
phosphorous is required in the coating to interact with the calcium ions
and form hydroxyapatite during the hydrothermal treatment [36]. As is
seen in Fig. 2, even though the atomic percentage of P did not change in
different groups, the Ca content significantly increased after the hy-
drothermal treatment, where Ca/P ratio reached 1.67 for the group
PEO-HT6. Fig. 3 shows that Ca and P were well distributed at the center
of the PEO layer as well as on the top surface. However, after the hy-
drothermal treatment, a higher amount of these elements (especially
calcium) was visible underneath the surface. This suggests that through
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the HT treatment, the calcium ions move from the center of the oxide
layer towards the surface, which is in line with what has been reported
by others [36]. In other words, the aim of the hydrothermal treatment is
to recrystallize previously incorporated calcium and phosphorous ions
in the PEO layer. As a result of 3 h of this treatment, the surface was
completely covered with a large number of HA nanocrystals (Fig. 1).
The supersaturation of Ca2+, PO4

3−, and OH– ions (from the hydro-
thermal environment) provides an appropriate condition for homo-
geneous nucleation all over the surface. Once the nucleation process is
concluded, the growth process becomes dominant and HA nanocrystals
preferably grow along the c-axis [44]. Therefore, a mixture of larger
needles and pillars of hydroxyapatite (0.5–5 μm in length and
50–800 nm in diameter) appeared on the surface of the specimens from
the PEO-HT6 group (Fig. 1). The formation of tightly bonded HA
crystals inside the pores, as well as on the top surface provides a de-
veloped structure of PEO layers on the surface.

PEO-HT3, and PEO-HT6 groups.
Fig. 4 shows the evolution of the XRD pattern through the hydro-

thermal treatment of PEO layers. PEO layers mainly contained anatase
(A) and rutile (R) TiO2 accompanied by titanium peaks from the sub-
strate (T). Even though Ca and P were detected in the EDS analysis, they
appear to have been dissolved throughout the titanium oxide matrix
without formation of any significant crystalline phase, which is in
agreement with the results of other studies [23,45]. However, after
hydrothermal treatment, the peaks related to hydroxyapatite crystals
appeared in the spectra (Fig. 4). Because the hydrothermal solution was
completely free of calcium and phosphorus, the crystalline structure of
hydroxyapatite was formed through the interaction of previously in-
corporated calcium and phosphate ions under high-temperature and
high-pressure steam water.

The wettability of the PEO and PEO-HT groups were investigated by
measuring the static water contact angles (Fig. 5). Given the fact that

inside the human body, the first contacts occur between the implant
surface and the body fluids, the hydrophilicity of the surface is one of
the most important factors influencing the cell response. As is seen in
Fig. 5, the hydrothermal treatment significantly increased the wett-
ability of the surface. It should be noted that the surface wettability is
controlled by surface chemical structure and topography. It has been
shown that the hydrophilicity and the cell adhesion increase as the
roughness of HA increases [46]. Formation of HA crystals in sample
PEO-HT6 provided a developed hybrid micro-nano topography with a
relatively large contact area and surface energy that significantly
modified the wettability of the surface. However, for the PEO-HT3
group, the water droplet spread out on the surface after 15 s. This
suggests that, in addition to the effects of surface topography, the
chemical structure of HA crystals and their hydrophilic nature also
influences the surface wettability of the specimens [47,48]. The pre-
sence of hydrophilic Ca2+ and PO4

3− components in the oxide layer
resulted in a more surface hydration and therefore, the lower contact
angles.

3.2. Corrosion behavior

Potentiodynamic polarization plots are presented in Fig. 6. As is
clear from this figure, the PEO process caused a positive shift towards
more noble potentials. It could, therefore, be concluded that the PEO
process decreases the corrosion tendency of the Ti-6Al-4V alloy ther-
modynamically. Moreover, the anodic part of the polarization curves
shifted towards lower corrosion current densities, indicating a higher
corrosion resistance can be obtained, if anodic reactions are restricted
in the PEO-treated specimens.

The PEO-HT3 group showed a slightly lower corrosion potential
than of the PEO-treated specimens, while the Ecorr values dropped to
−20mV after 6 h of hydrothermal treatment.

Fig. 1. The SEM micrographs of the PEO layers before and after 3 h (PEO-HT3) and 6 h (PEO-HT6) of hydrothermal treatment.
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Fig. 2. The elemental composition obtained using EDS maps and the spectrum analysis of the top surface of the specimens from the PEO, PEO-HT3, and PEO-HT6
groups.
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Fig. 3. Cross-sectional SEM micrographs and EDS elemental maps of the specimens from the PEO,
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A similar behavior was also observed for the corrosion and passive
current densities (Table 1), where jcorr and jp decreased from
0.05 μA·cm−2 and 0.71 μA·cm−2 for the group PEO-HT3 to
0.112 μA·cm−2 and 1.7 μA·cm−2 for the group PEO-HT6, respectively.
Furthermore, the specimens from the PEO-HT6 group showed an un-
stable passive behavior, as the values of the corrosion current density
continuously increased with the potential (Fig. 6). The different po-
larization behaviors of the hydrothermally-treated samples are mainly
caused by their different surface topographies and structures. On the
one hand, HA crystals were formed under the interaction of dissolved
calcium and phosphate ions. The dissolved ions should have therefore
moved from the inner parts of the oxide layer towards the surface,
thereby leaving some vacancies and defects at their original location
that has led to a reduction in the corrosion resistance. On the other
hand, the stresses released by the growth of nano-sized HA spicules to
thicker pillars may have also created different kinds of mechanical
defects, which facilitated the diffusion of aggressive ions and ac-
celerated the degradation of the oxide layer [49].

To investigate the influence of the applied hydrothermal treatment
on the physical structure and corrosion properties of PEO layers, elec-
trochemical impedance spectroscopy measurements were also con-
ducted in the Ringer's solution (Fig. 7). There are at least two time
constants in the Nyquist and Bode plots both before and after the hy-
drothermal treatment that represent the double-layer structure of the
PEO coatings. The time constant appearing in the low-frequency range
represents the properties of the inner barrier layer while the one present
in the higher frequencies corresponds to the responses of the outer
porous layer.

The values of the EIS parameters were obtained by fitting the
electrical equivalent circuit (Fig. 8) to the experimental data. As no new
layers were deposited in the case of the hydrothermally treated speci-
mens and the HA needles formed through the already existing layers,
the same circuit model with different parameter values was used. Fur-
thermore, constant phase elements (Q) with non-ideal capacitive re-
sponses were used instead of pure capacitance to achieve better fitting
results. The constant phase element (Q) acts as a capacitor when the
impedance parameter (n) is equal to 1. For n=0, Q is a real resistor and
for n=0.5, it acts as a Warburg element. The electrical elements of the
proposed model include the solution resistance (Rs), the porous layer
resistance (Rp), the barrier layer resistance (Rb), the constant phase
elements for the porous (Qp) and barrier (Qb) layers, respectively, as
well as a constant phase element (Qd) that was added in-series to Rb to
describe the diffusion of ions through the PEO layer.

The Nyquist plots showed a diagonal line with a slope of 45° for all
the groups, indicating the indefinite length diffusion of the barrier
layer. According to Table 2, the constant phase elements related to the
barrier layer (Qb) represents an indefinite length Warburg diffusion,
where the impedance parameter (nb) values are close to 0.5. Further-
more, the more compact structure of the inner layer can be concluded
from the fitting results, where the real part of barrier layer resistance is
much higher than the values related to the porous layer.

According to the numerical data (Table 2), the resistance of the
porous layer in the PEO-HT3 group (61,500Ω·cm2) was almost 25 times
higher than that of the group PEO-HT6 (2400Ω·cm2). This observation
suggests that the nucleated nanocrystals through the oxide layer filled
some of the porosities and cracks at the first stage. However, with the
domination of the growth process and formation of the larger pillars,
new physical and mechanical defects appeared through the oxide layer
and caused a remarkable decrease in the cohesion of the outer layer.

However, the polarization resistance, which is inversely propor-
tional to jcorr [35], can be defined as the sum of Rp and Rb. Since the
barrier layer has much higher values of resistance as compared to the
porous layer, the corrosion current density of the coatings strongly
depends on the properties of the barrier layer. There are also big dif-
ferences between the capacitance and resistance values of the barrier
layers. If the Bode |Z| plot is divided into two parts, the lower

Fig. 4. The XRD patterns of the Ti-6Al-4V substrate and the PEO-treated spe-
cimens before and after the application of the hydrothermal treatment (T: Ti, A:
anatase, R: rutile, H: hydroxyapatite).
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impedance values of the hydrothermally treated specimens at low fre-
quencies (< 1–10 Hz), clearly show a significant decrease in the re-
sistance of the barrier layer. Indeed, after 3 h of hydrothermal treat-
ment, Rb decreased from 2.9MΩ·cm2 to 0.6MΩ·cm2 for the group PEO-
HT3 and to 0.07MΩ·cm2 for the group PEO-HT6. This could be at-
tributed to the ionic diffusion from the inner barrier layer that reduces
the high density of this layer. In other words, by increasing the duration
of the hydrothermal treatment, Ca2+ and PO4

3− ions start to diffuse
from the lower parts of the oxide layer. After 6 h of hydrothermal
treatment, some imperfections are left behind within the inner barrier
layer and reduce its protective behavior. Therefore, it can be concluded
that the corrosion resistance of the specimens from the group PEO-HT6

Fig. 5. The water contact angle of the specimens from the PEO, PEO-HT3, and PEO-HT6 groups after 5 and 15 s.

Fig. 6. The potentiodynamic polarization plots of the specimens from the untreated, PEO-treated, and PEO-HT-treated specimens.

Table 1
The polarization data measured for the specimens from the untreated, PEO, and
PEO-HT groups.

Parameter Group

Ti6Al4V PEO PEO-HT3 PEO-HT6

Ecorr (mV) −415 240 195 −25
jcorr (μA·cm−2) 0.140 0.023 0.050 0.112
jp (μA·cm−2) 3.98 0.23 0.71 1.70
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was significantly lower than both other groups, which also agrees with
the results of the potentiodynamic polarization curves. It should,
therefore, be noted that even though the formation of HA crystals can
improve the surface properties and cell adhesion [33,36], they could

also make the surface more prone to energy-related phenomena such as
corrosion. Consequently, it is important that the right balance between
a protective layer and the formation of HA crystals is maintained
through optimization of the parameters of both surface treatment

Fig. 7. The Nyquist, Bode phase angle, and Bode impedance plots corresponding to the EIS experiments of the specimens from the PEO and PEO-HT-treated groups.

Fig. 8. The equivalent electrical circuit used for the fitting of the impedance data.
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processes. In this respect, PEO-HT3 group showed a developed surface
structure, which was completely covered with hydroxyapatite nano-
crystals and also revealed a good corrosion resistance in the Ringer's
solution.

4. Conclusions

Rough and porous PEO layers containing Ca and P elements were
successfully synthesized on Ti-6Al-4V specimens, but no calcium-
phosphorous related crystalline compounds were detected in the X-ray
diffraction patterns. However, after hydrothermal treatment, homo-
genously distributed HA nanocrystals were formed through the porous
PEO layer. XRD spectra of the specimens from the PEO-HT3 and PEO-
HT6 groups demonstrated a mixed structure of HA, anatase, and rutile
phases on the surfaces treated by both PEO and HT. The presence of the
HA crystals caused a remarkable increase in the wettability of the hy-
drothermally treated groups. However, the corrosion resistance of the
specimens from the PEO-HT6 group was significantly lower than that of
both other groups, which is attributed to the formation of defects after
growing HA nanocrystals to larger and thicker pillars. The specimens
from the PEO-HT3 group showed both high corrosion resistance and
uniform coverage of their surface by HA nanocrystals.
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