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Abstract

In this study, hydroxyapatite and calcium apatite-based bio-ceramic composite coatings were produced on Ti6Al4V alloy by plasma
electrolytic oxidation (PEO) in the electrolyte consisting of calcium acetate (CA) and β-calcium glycerophosphate (β-Ca-GP) for different
treatment times. Coating thickness, phase structure, coating morphology of the cross section, elemental composition, adhesion strength, wear
resistance and tribological property of the PEO coatings were analyzed by eddy current method, X-ray diffraction (XRD), scanning electron
microscope (SEM), energy dispersive spectroscopy (EDX mapping), micro scratch tester and tribometer, respectively. The average thickness of
the coatings varied from 28 to 52 mm with increasing times. The XRD results indicated that anatase (TiO2), rutile (TiO2), TiP2, TCP (Ca3(PO4)2),
perovskite – CaTiO3 and hydroxyapatite (Ca10(PO4)6(OH)2) phases were formed on the Ti6Al4V alloy after PEO. According to the EDS
mapping results, uniform Ca and P elemental distributions were observed on the surface of PEO coatings. The adhesion strengths of the PEO
coatings enhanced with increasing time. The wear resistances and tribological properties of the PEO coatings were greater than those of the
uncoated Ti6Al4V alloys, and they were increased with increased time.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium and its alloys have been widely used in medical,
orthopedic and dental implant materials because of their high
load strength bearing capacity, high strength to weight ratio,
low toxicity, chemical stability, superior mechanical proper-
ties, excellent corrosion resistance and high biocompatibility
[1–3]. However, titanium and its alloys exhibit poor bioactivity
[4]. In addition, they are not chemically integrated with bone
tissue, although they directly connect to the bone [5,6].
Therefore, the hydroxyapatite (Ca10(PO4)6(OH)2), which exists
in bone structure and consists of about 70% weight of bone, is
coated on titanium implant surface. The hydroxyapatite
provides chemical bonding between bone and implants owing
to its biological and chemical similarity to the body hard
tissues such as bone [7,8]. The hydroxyapatite which improves
the bone tissue osseointegration is bioactive and biocompatible for
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biomedical applications [9,10]. However, the hydroxyapatite is
not used in load bearing applications due to the poor mechanical
properties [11]. Thus, their osteoconductive properties of hydro-
xyapatite are combined with superior mechanical properties of
titanium and its alloys by using various coating processes such as
plasma spray coating [12–14], electrochemical deposition [14],
electrophoretic deposition [15,16], sol–gel technique [17,18],
immersion in SBF (simulated body fluid) [19], laser ablation
[20] and bio-mimetic techniques [21], etc. Among them; the
hydroxyapatite coatings produced by the plasma spray method are
widely used in the bio-medical sector. However, the hydroxya-
patite coatings produced by the plasma spray method have some
problems such as chemical in-homogeneity, structure control,
maintaining phase purity, poor fracture toughness and adhesion
strength [22–25].
The plasma electrolytic oxidation (PEO) produces thick,

hard and strong ceramic coatings on Ti, Mg, Al, Zr and their
alloys by electrochemical oxidation process [26–29]. The PEO
technique is also called as micro arc oxidation (MAO), anodic
spark oxidation or micro plasma oxidation. The PEO is based
on the principle of anodic oxidation of light metals and alloys
ghts reserved.
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such as Ti, Al, Mg in aqueous electrolyte solutions under a
condition of plasma discharge at exceeding the critical values
of the polarization potential [30,31]. The major advantage of
PEO process is the possibility of incorporating Ca and P ions
into the titanium surface by controlling the coating parameters
such as composition of the electrolyte, applied voltage, current
density and treatment times [32,33]. The Ca2þ and PO4

3� ions,
which occur at high temperatures in micro discharge channels
during PEO process, react with each other to form the
hydroxyapatite phase in the coatings [34,35]. The existence
of the hydroxyapatite on the surface increases the bioactivity
potential of titanium implant. In addition, the PEO coatings
which are uniformly coated on complex shaped metal surfaces
are thick and porous [36]. These porous surfaces produced by
the PEO method beneficially contributes to cell attachment,
propagation and bone growth in biomedical implant applica-
tions. The average pore sizes of the PEO coatings that depend
on coating time, voltage and electrolyte composition can vary
between 1 and 20 mm as given in the literature [34].

The hydroxyapatite coatings on titanium and its alloys by
plasma electrolytic oxidation are presented in the literature
[22,23,33,37,38]. However, in various studies, a two- step
process has been used for formation of hydroxyapatite. In the
first step, titanium or its alloys were coated by PEO in an
alkaline aqueous electrolyte to produce the oxide ceramic
surface. This oxide surface contributes to the formation of
hydroxyapatite on the metal. As the second step, the PEO
coatings were placed in the bottom of autoclave and hydro-
thermally treated at high temperatures for long duration times
[22,23,37] or immersed in the SBF (simulated body fluid) and
kept under body temperature conditions (36.5 1C) up to long
times (56 days) [33] or recoated to form hydroxyapatite by the
sol–gel method [38]. In our previous study, the hydroxyapatite
and calcium apatite-based phases such as TCP, CaTiO3 were
directly formed on Ti6Al4V surface coated by PEO method in
a single step. The formation of hydroxyapatite and other
calcium apatite-based phases were investigated and character-
ized by XRD, SEM, XPS and ATR FT-IR [34]. There are no
reports on the mechanical and tribological properties of
hydroxyapatite coatings on titanium and its alloys by one-
step PEO in the literature, although there are some studies in
the literature [39–42] on the wear properties of only TiO2

based coatings on titanium and its alloys produced by the PEO
method. In a different study, the wear properties of micro arc
oxidized and hydrothermal treated Ti6Al4V were investigated
by Vangolu et all [41]. However, the mechanical and wear
properties of hydroxyapatite-based phases directly formed on
the Ti6Al4V coated by one-step PEO method has not been
investigated in the literature.

2. Experimental details

2.1. Materials and preparation of PEO coatings

The rectangular samples (65 mm� 25 mm� 5 mm) of
Ti6Al4V alloys were used as substrates. The surface of the
Ti6Al4V specimens was ground by using 400, 800 and 1200
grids SiC papers. And then, the specimens were cleaned in
distilled water and acetone. The coatings were produced on
Ti6Al4V specimens by using plasma electrolytic oxidation
(PEO). The PEO method was carried out in the electrolyte,
containing calcium acetate (Ca(OOCCH3)2 � xH2O) and
β-calcium glycerophosphate (β-C3H7CaO6P) at 0.123 A/cm2

current density for 20, 40, 60 and 90 min. The PEO equipment
(100 kW) was composed of an AC power supply, a stainless
steel container as well as cooling and stirring systems. For this
process, the titanium substrate was used as the anode, while
the stainless steel container was used as the cathode. The
temperature in the electrolyte was maintained below 30 1C
during the PEO process. After the PEO, the coatings were
washed with distilled water and dried out under the warm air.
2.2. Characterization of the coatings

The thickness of the PEO coatings was measured by using
an eddy current method (Fischer Dualscope MP40) at 20
randomly selected locations. The phase structures of the PEO
coatings and uncoated Ti6Al4V substrate were detected by
X-ray diffraction method (XRD; Bruker D8 Advance) using
Cu-Kα radiation between 201 and 801 angles with a step size
0.021 /min. The cross-sectional morphologies of the coatings
were examined by scanning electron microscope (SEM; Philips
XL30 SFEG). The elemental mappings of the coatings were
analyzed by energy dispersive spectroscopy (EDX-Mapping).
The adhesion strengths of the coatings to the substrate were

evaluated by the micro scratch tester (Nanovea Series). The
progressive load was applied from 0.3 to 10 N along five mm
on the PEO coatings. The critical loads (Lc1, Lc2 and Lc3) at
which adhesive failure of the coating occurred were deter-
mined by optical microscope imaging of the scratch track after
the test. Lc was used as a measure for the coating bonding
strength. The friction and wear tests on the coatings were
carried out on a ball-on-disk tribometer (CSM Instruments)
under dry experiment conditions at room temperature (25 1C)
in the ambient atmosphere. An alumina ball with the diameter
of 6 mm was tightly fixed in the ball holder as the static
friction partner against the PEO coatings and uncoated
Ti6Al4V. The wear test was carried out at a normal load of
1 N samples reciprocated against the ball with the maximum
linear speed of 5 cm/s, amplitude of 8.5 mm and the cycles
of 2941.
3. Results and discussion

3.1. Phase structure of the coatings (XRD)

Fig. 1 illustrates the X-ray diffraction patterns of the PEO
coatings produced at different treatment times and uncoated
Ti6Al4V alloy. The anatase – TiO2, rutile – TiO2, TiP2 (Titanium
phosphide), Ca3(PO4)2 (TCP-tri calcium phosphate), perovskite –

CaTiO3 and Ca10(PO4)6(OH)2 (Hydroxyapatite) phases were
obtained on the PEO surfaces; and only the Ti peaks were detected
on Ti6Al4V alloy.



Fig. 1. The X-ray diffraction patterns of the PEO coatings produced at
different duration times and uncoated Ti6Al4V alloy.

Table 1
The phase structures of uncoated Ti6Al4V alloy and the PEO coatings.

Coating time (min) The phase structure

Substrate Titanium
20 Titanium, Anatase, Rutile, Titanium phosphide, TCP,

Perovskite – CaTiO3, HAp
40 Anatase, Rutile, Titanium phosphide, TCP,

Perovskite – CaTiO3, HAp
60 Anatase, Rutile, Titanium phosphide, TCP,

Perovskite – CaTiO3, HAp
90 Rutile, Titanium phosphide, TCP,

Perovskite – CaTiO3, HAp
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The anatase – TiO2 as a minor phase and rutile – TiO2 as a
major phase exist in the PEO coatings produced at all
treatment times. The anatase and rutile phases on the surface
are formed by the reacting of Ti4þ and OH� ions under high
temperature and high pressure in micro discharge channels
during PEO process. The anatase forms earlier than rutile due
to the effect of low temperatures in micro discharge channels
at initial stages of PEO process. And then, it transforms into
rutile with increasing treatment times, current density or
applied voltage during PEO process because the stable phase
of TiO2 is rutile at high temperatures [34,43]. The anatase–
rutile transition does not take place at a definite temperature,
and the transition temperatures range between 700 and 1300 K
[44]. Moreover, it is claimed in the literature [45,46] that the
local temperatures in micro discharge channels vary from 800–
3000 K to 2000–10,000 K because of electron collision during
PEO process. The amount of anatase and rutile increases up to
40 min. And then, they decrease in the coating produced from
60 to 90 min. In addition, the Ca2þ and PO4

3� ions, which
come from electrolyte consisting of CA and β-Ca-GP, react
with Ti4þ and OH� ions. And then, perovskite phase forms in
the coating structure as shown in Fig. 1. After 40 min, the
amount of perovskite increases while the amount of anatase
and rutile decrease in the coating structure. It is concluded that
the Ca2þ , Ti4þ and OH� ions react to form perovskite –

CaTiO3 due to the existence of high temperature in micro
discharge channels with increasing treatment time. The TCP,
which forms in the PEO coating produced at all treatment
times exists during PEO process. Up to 60 min, the amount of
TCP increases in the coating structure. After 60 min, the TCP
phase begins to dissolve and the amount of it decreases as seen
in Fig. 1. The TCP is formed by the reactions between Ca2þ

and PO4
3� ions in micro discharge channels. Similarly, the

hydroxyapatite phase presents in the coating produced at all
treatment times. In addition, the amount of hydroxyapatite
increases with treatment time. The formation mechanism of
hydroxyapatite is similar to the one of TCP; however, unlike
the formation of TCP, the Ca2þ and PO4

3� ions that come
from the electrolyte to form hydroxyapatite react with H2O
molecules. It can be concluded that crystallization of perovs-
kite – CaTiO3 and hydroxyapatite were enhanced by increas-
ing time. In addition, the decomposition of TCP is highly
effective on the forming of hydroxyapatite after 60 min. As a
result, the local temperature in micro discharge channels rises
with increasing duration time. This situation contributes to
form crystalline perovskite – CaTiO3 and hydroxyapatite
during PEO process as seen from XRD results. The phase
structures of uncoated Ti6Al4V alloy and the PEO coatings are
given in Table 1.

3.2. Elemental mapping of the coatings (EDX-mapping)

Fig. 2(a)–(d) shows the elemental mapping results of the
PEO coatings produced at 20, 40, 60 and 90 min, respectively.
The elements of Ti, O, Ca, P and Al are observed on the PEO
coatings. The concentrations of the Ca and P increase with
increasing duration time as seen in Fig. 2(a)–(d). The elements
of Ca and P in the electrolyte consisting of CA and β-Ca-GP
ionize due to the existence of electric field during PEO
process. Afterwards, they react with each other in micro
discharge channels. The elements of Ca and P required to
form hydroxyapatite enter the coating structure with increasing
time. And then, they react with each other and oxygen. The Ca
and P exist as amorphous structure on the outer surface of
coating owing to the rapid cooling rate of melted compounds
during PEO process [34,47]. The elements of Ca and P are
uniformly distributed on the coating surfaces as seen in Fig. 2
(a)–(d). The elements of Ca and P cause the formation of the
hydroxyapatite and calcium apatite-based phases as major
phases with increasing duration time because they exist as
dominant elements in the coating. As a result of these mapping
images, it can be concluded that the hydroxyapatite and
calcium apatite-based phases are homogenously distributed
on the PEO coating surfaces.

3.3. Cross sectional morphologies of the coatings (SEM)

Fig. 3(a)–(d) shows the cross-sectional morphologies of the
PEO coatings produced at 20, 40, 60 and 90 min, respectively.
The thickness of the PEO coatings enhances with increasing
duration time as seen in Fig. 3. Furthermore, the size of the
pores in the coating structure increases with duration time. The



Fig. 2. The elemental mapping results of the PEO coatings produced at different duration times: (a) 20 min, (b) 40 min, (c) 60 min and (d) 90 min.
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Fig. 3. The cross sectional SEM morphologies of the PEO coatings produced at different duration times: (a) 20 min, (b) 40 min, (c) 60 min and (d) 90 min: (1)
epoxy resin region, (2) PEO coating region and (3) substrate region.

Table 2
The average pore sizes of the PEO coatings via the coating
times.

Coating time (min) The average pore size (mm)

20 6
40 7
60 8
90 15
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PEO coatings are very porous and rough due to the existence
of micro discharges during PEO process. The outer layer of the
PEO coatings is amorphous owing to the rapid cooling rate of
electrolyte. In addition, the interior layer of the PEO coatings
is crystalline and dense due to the effects of high temperature
and high pressure. Therefore, the inner layer of the coatings is
denser and harder than the outer layer of the coatings. The
thickness of dense layer which is close to substrate increases
with duration time as seen in Fig. 3. However, the coating
produced at 60 min is denser than the one produced at 90 min
due to the increased the sizes of pores. Table 2 shows the
average pore sizes of the PEO coatings produced at different
coating times. The coatings that have a dense and hard layers
exhibit greater mechanical and tribological properties than one
with the porous layers [30]. Thus, the thicker and the denser
layer show greater coating quality in terms of excellent the
mechanical and tribological properties.
3.4. Adhesion strength of the coatings

The adhesion strength of the PEO coatings produced on
Ti6Al4V at different treatment times was measured by the
micro scratch tester. The micro scratch test results obtained at
200 mm radius Rockwell C diamond tip for PEO coatings were
given in Table 3. The critical load, Lc1, which occurs as the
first failure, corresponds to initial cracking. Lc2, which occurs
as the second failure, corresponds to extensive cracking. Lc3,
which occurs as the final failure, corresponds to delamination
of the coating from the titanium surface. The critical load
values such as Lc1–Lc3 at which failures of the coatings
occurred were determined by optical microscopy examination
of the scratch track after the test. The Lc values measured after
the scratch test is a characteristic value for each coating. The
Lc values depend on various parameters such as thickness,
hardness, and phase structure. Load carrying capacity of the
coating increases by varying these parameters as reported in
the literature [48]. Therefore, the higher critical load is, the
greater adhesion and bonding strength of the coatings are
provided for each coating.
Fig. 4(a)–(d) illustrates the load–sliding distance curve and

optical micro graph imaging of the PEO coatings produced at
20, 40, 60 and 90 min, respectively. After the scratch test, an
adhesive failure at the edge of scratch track and cohesive
failure in the inner layer of scratch track occur as seen in Fig. 4
(a)–(c). It is reported in the literature [49] that increasing
cohesion strength prevents the coating from detachment of
particles. As a result of increasing applying load and critical
load, the coating is removed from the substrate. In addition, the



Table 3
Experimental scratch test results obtained at 200 mm radius tip for PEO coatings produced at different coating times.

Coating time
(min)

Average
thickness (mm)

Lc1 Lc2 Lc3

Normal load
(N)

Frictional
force (N)

Distance
(mm)

Normal load
(N)

Frictional
force (N)

Distance
(mm)

Normal load
(N)

Frictional
force (N)

Distance
(mm)

20 33.070.7 4.434 2.815 2.274 4.851 2.863 2.495 5.214 3.801 2.581
40 42.771.7 4.743 2.822 2.146 4.952 2.781 2.322 5.382 3.308 2.432
60 47.071.9 5.282 3.671 2.514 6.230 3.192 2.907 6.654 4.890 3.116
90 52.273.4 – – – – – – – – –

Fig. 4. The load–distance curves and optical micro graph imaging of the PEO coatings produced at different duration times: (a) 20 min, (b) 40 min, (c) 60 min and (d) 90 min.

Table 4
Wear test results obtained under dry conditions for uncoated Ti6Al4V and
PEO coatings.

Coating time (min) Sample wear
rate (mm3/N m)

Sample worn track
section (mm2)

Substrate 18.8� 10�4 5516.0
20 3.74� 10�4 1099.9
40 3.17� 10�4 933.5
60 0.48� 10�4 141.5
90 1.64� 10�4 484.3
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thickness of the coatings increased with duration times due to
fact that a larger volume metal enters into micro discharge
channels during PEO process. This is one of the effective
factors to increase the adhesion strength of the PEO coatings
with increasing of duration time as seen in Table 1. There is no
failure for the coating produced at 90 min, although the coating
produced at 90 min is more porous and looser than the one
produced at 60 min. This could be explained by high coating
thickness and the existence of the high amount of perovskite –
CaTiO3 in the structure because the CaTiO3 increased
adhesion strength between the titanium substrate and hydro-
xyapatite based coating structure [50]. In addition, the hardness
of dense perovskite – CaTiO3 is 8.070.2 GPa [51]. It can be
concluded that the dominant parameters for adhesion strength
of the coatings are phase structure, hardness and thickness of
the coating.

3.5. Wear resistance of the coatings

The wear rates of the PEO coatings and uncoated Ti6Al4V
alloy are summarized in Table 4. The wear rates of PEO coatings
were between 0.48� 10�4 and 3.74� 10�4 mm3/N m while the
wear rate of Ti6Al4V was determined as 18.8� 10�4 mm3/N m.
The wear mechanism of Ti6Al4V alloy refers to adhesive type as
seen in Fig. 5(a). This is because Al2O3 ball is harder than the one
of Ti6Al4V alloy [52]. There are many plastic deformations on
the worn track of the Ti6Al4V alloy. Therefore, the wear
mechanism of Ti6Al4V combined with a little adhesive wear is
dominantly abrasive wear.
The wear resistance of the PEO coatings was significantly

improved. The wear rates of the PEO coatings produced at 20, 40,
60 and 90 min were measured as 3.74� 10�4, 3.07� 10�4,



Fig. 5. The wear tracks of untreated Ti6Al4V alloy and the PEO coatings: (a) Ti6Al4V, (b) 20 min, (c) 40 min, (d) 60 min and (e) 90 min.
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0.48� 10�4 and 1.64� 10�4 mm3/N m, respectively. Generally,
the wear resistance of the PEO coatings increases with coating
time as indicated in the wear results. However, the wear rate of
coating produced at 90 min is higher than the one produced at
60 min because the coating produced at 60 min is denser than the
one produced at 90 min as seen in Fig. 3. It can be concluded that
the wear resistance of the coatings depends on the morphology
and the phase structure of the coatings.

Fig. 5(a)–(e) shows the wear track SEM images of the
uncoated Ti6Al4V alloy and the PEO coatings produced at 20,
40, 60 and 90 min, respectively. The wear track of Ti6Al4V
alloy is wider and deeper than the ones of PEO coatings as
seen in Fig. 5. The coatings produced by the PEO method are
very rough and have much porosity due to the presence of
micro discharge channels during the process. The outer layer
of the PEO coatings is looser and softer than the inner layer of
the PEO coatings. Therefore, the fine crumbs or particles on
the outer layer of the PEO occur during the wear test. The fine
crumbs or particles were removed from the outer surface
during the wear test. It is assumed that these fine crumbs or
particles act as a lubricant between dense coating layer and
Al2O3 ball through wear test, leading to less wear rates of the
coatings. After the wear test, the micro cracks were observed
on the wear tracks as seen in Fig. 5(b)–(e). The long micro
cracks occur on the surface after the wear test because the PEO
coatings produced at high duration times are very porous and
rough. The average surface roughness of the PEO coatings
produced at 20, 40, 60 and 90 min measured as 2.26, 2.21,
3.00 and 4.50 mm. In addition, after the wear test, the compact
coating structure appears under the outer layer because the
exterior layer of the PEO coatings with low hardness is very
porous, rough and loose. As a result, it is concluded that wear
mechanism of the PEO coatings is an abrasive type due to the
presence of the fine crumb particles during the wear test.

4. Conclusions

The hydroxyapatite and calcium apatite-based phases such as
TCP and perovskite – CaTiO3 were coated on Ti6Al4V alloy at
different duration times in the electrolyte consisting of CA and β-
Ca-GP by PEO method. The mechanical properties such as
adhesion strength and wear properties of hydroxyapatite-based
PEO coatings were investigated in detail. The following results
were obtained as below:
1.
 The PEO coatings contained TiO2, TiP2, TCP (Ca3(PO4)2),
perovskite – CaTiO3 and hydroxyapatite (Ca10(PO4)6(OH)2)
phases. The amount and the intensity of hydroxyapatite and
calcium apatite-based phases increased with coating time.
Hydroxyapatite and perovskite – CaTiO3 were observed as
major phases at the coating produced at 90 min.
2.
 According to the EDX mapping results, Ca and P elements
were uniformly distributed on the PEO coatings. In addi-
tion, the amounts of Ca and P increased with coating time.
3.
 The PEO coatings adhered much firmly to the Ti6Al4V
metal. The adhesion strength of the PEO coatings increased
with coating time. There was no failure and delamination at
the coating produced at 90 min due to the high thickness
and the presence of perovskite – CaTiO3 phase. This
indicates that the greater adhesion strength of the PEO
coating is produced at 90 min.
4.
 The PEO coatings significantly improved the wear resis-
tance of Ti6Al4V alloy. The wear properties of the PEO
coatings increased with increasing duration time, although
the wear resistance of the coating produced at 90 min is
lower than the one produced at 60 min. This could be due to
the fact that the coating produced at 90 min is much porous
and looser than the one produced at 60 min.
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