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Abstract

In this work, an aerospace-grade Ti6Al4V alloy was coated by electro spark deposition
(ESD), micro-arc oxidation (MAO), and combined ESD + MAO coating methods to im-
prove mechanical properties and wear resistance. The results obtained from the coatings were
compared with the bare Ti6Al4V. The phase structure, surface-cross sectional morphologies,
elemental distribution, surface-cross sectional mechanical and wear properties of the bare alloy
and the coatings were investigated by XRD, SEM, EDX-mapping, nanoindentation, micro-
-Vickers hardness, and tribometer. The XRD results revealed that the MAO and ESD +
MAO duplex coatings contained rutile-TiO2 and γ-Al2O3 phases, while Al3Ti, Al2Ti, and
AlTi3 phases were observed in the ESD coating. The average hardness of all coatings was sig-
nificantly improved with respect to bare Ti6Al4V due to the crystalline and dense structure
of the inner layer. In addition, the wear resistance of the coatings was significantly improved
compared to that of bare Ti6Al4V.

K e y w o r d s: micro-arc oxidation (MAO), electro spark deposition (ESD), Al2O3/TiO2
composite, mechanical properties, tribological properties

1. Introduction

The titanium alloy (Ti6Al4V) is used in chemi-
cal industries, medical implants, and aerospace ap-
plications due to its special properties, such as high
strength-to-weight ratio, corrosion resistance, and bio-
compatibility [1, 2]. However, Ti6Al4V alloy has low
hardness and poor wear resistance [3, 4]. Thus, its
surface properties are improved by various coating
processes such as physical vapor deposition (PVD)
[5], chemical vapor deposition (CVD) [6], and plasma
spray [7, 8]. However, the preparation processes of
these methods are complicated, the equipment cost
is relatively high, and the adhesion is poor [2].
The ESD technique, which uses rapid electrical

power discharges to transfer material from the con-
ductive electrode to a conductive substrate, is a pulsed
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micro-welding process under environmental conditions
(atmosphere/argon). A plasma arc is generated from
8000 to 25,000◦C by the direct current between the
substrate and the electrode tip when the capacitor
energy is released. Eventually, the consumable elec-
trode is ionized by the plasma arc, and a small amount
of molten electrode material is transferred onto the
substrate [9]. ESD technique can be applied to the
complex-shaped surface and has some advantages such
as excellent effect–cost ratio, small heat-affected zone,
and metallurgical bond interface. The ESD can pro-
long the service life of the materials by using high-
temperature oxidation-resistant material, hardening
material, and wear-resistant material [10–12].
The MAO technique, an electrochemical surface

treatment process, is widely used to form a ceramic
film on nonferrous metal surfaces to improve hard-
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ness, corrosion resistance, and wear resistance [13, 14].
A passive layer forms on the substrate at the first
stages of the MAO process. At the next stage of the
MAO process, numerous gas bubbles are generated.
This stage refers to anodic oxidation resulting in a
porous insulation film [15, 16]. A plasma discharge
occurs when the applied voltage exceeds the break-
down voltage. Subsequently, a localized molten chan-
nel is formed at the micro-discharge zone. After elec-
trochemical reactions, the produced molten oxides are
ejected from micro-discharge channels with a volcano-
like movement, and they are solidified rapidly by the
electrolyte. This led to forming porous pancake-like
regions. The coating repeatedly grows throughout its
thickness by repeating steps of micro-discharge forma-
tion [17].
There are a few literature studies on the fabrica-

tion and characterization of duplex coatings on ferrous
metals by combined ESD and MAO in the last decade
[18–20]. In our previous works, the duplex coatings
were fabricated on steel substrates by using combined
ESD and MAO techniques [18–20]. However, there is
no study on the fabrication, characterization, and in-
vestigation of mechanical (hardness) and tribological
(friction and wear) properties of the ESD + MAO
coating system together with ESD and MAO coating
techniques on ASTM B205-90 Grade 5 Ti6Al4V alloy.
In this work, the intermetallic- and oxide-based

single and duplex coatings were produced on Ti6Al4V
alloy (AMS4911F&H, ASTM B205-90 Grade 5) by us-
ing ESD, MAO, and combined ESD + MAO tech-
niques to improve the mechanical and tribological
properties of Ti6Al4V. Subsequently, bare Ti6Al4V
and all coatings were characterized by surface charac-
terization techniques such as XRD, SEM, EDX, and
thickness measurements. Furthermore, their surface
and cross-sectional mechanical properties and tribo-
logical properties were examined in detail.

2. Experimental details

2.1. Sample preparations

The rectangular Ti6Al4V alloy sheets (manufac-
tured per Aerospace Materials Standard (AMS4911F
&H, ASTM B205-90 Grade 5)) with 10mm× 10mm×
0.67mm in thickness were used as a substrate mate-
rial. During pre-treatment coating processes, the sur-
faces of Ti6Al4V were ground with SiC sandpapers up
to 1200 grit. After that, the surface of the titanium
sheets was cleaned in an ultrasonic bath and kept at
a desiccator.

2.2. Electro-spark deposition (ESD) process

In this step, pure Al was deposited on the Ti6Al4V

Fig. 1. Schematic representation of the coating systems set
up: (a) ESD device and (b) MAO [18].

alloy substrate by a special ESD device. A schematic
representation of the ESD device is given in Fig. 1a.
In our previous studies, the ESD system was compre-
hensively described [18, 21]. Through the ESD, the
power consumption and the stabilized voltage output
were kept at 180W and 40 V, respectively. The ESD
treatment was performed using a hand-held applica-
tor under ambient temperature in unipolar mode. The
voltage between the substrate and electrode reduced
at 17 V, and the electricity was stable at 3 C. The ESD
was performed under argon conditions with a series of
rectangular pulses of 100µs duration and current am-
plitude of 100 A. The estimated pulse frequencies were
approximately 100 Hz.

2.3. Micro-arc oxidation (MAO) process

In this step, the oxide-based layers on the Ti6Al4V
substrate and ESD-coated Ti6Al4V substrates were
fabricated by the MAO device applying bipolar im-
pulses. A schematic representation of the MAO device
is given in Fig. 1b. The electrolyte solution was pre-
pared by mixing 20 g L−1 NaAlO2 (#CAS: 1138-49-1
Sigma Aldrich) and 2 g L−1 KOH (#CAS: 1310-58-
-3 VWR Chemicals) in distilled water. The substrate
and stainless steel container served as anode and cath-
ode, respectively. The current density was measured as
0.25 A cm−2 for 10 min through the MAO process.
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Fig. 2. XRD spectra of bare Ti6Al4V alloy, ESD-coated
Ti6Al4V, MAO-coated Ti6Al4V, and ESD + MAO-coated

Ti6Al4V surfaces.

2.4. Characterization of the coatings

The phase composition of bare Ti6Al4V, ESD-
-coated Ti6Al4V, MAO-coated Ti6Al4V, and the ESD
+ MAO layers was investigated by X-ray diffractome-
ter (XRD, Bruker D8 Advance). The XRD was carried
out in the range of 20◦ to 90◦, at a scanning speed of
1◦min−1. Surface and cross-sectional morphologies of
bare alloy and the coatings were examined by a scan-
ning electron microscope (SEM, Philips XL 30 SFEG).
Also, the elemental distribution of the surfaces was
analyzed by an EDX-mapping attached to SEM. The
hardness values of bare Ti6Al4V, ESD, MAO, and
ESD + MAO surfaces were evaluated by a nanoin-
dentation tester device (Hysitron TI 950). The five
indentations were applied up to the maximum load of
500 µN onto all surfaces by a Berkovich indenter. The
hardness measurements through the substrate cross-
section and the coatings were carried out at 50 g for
5 s by a microhardness tester (Anton Paar MHT-10).
The metallographic analysis was carried out using an
SEM. The tribological behaviors of bare Ti6Al4V al-
loy, ESD, MAO, and ESD + MAO coatings were in-
vestigated through 30m under N at room temperature
and dry conditions by using an Al2O3 ball (diameter
of 6 mm) standard reciprocating ball-on-disc tribome-
ter (CSM Instruments).

3. Results and discussion

3.1. Phase structures

The XRD phase spectra images of bare Ti6Al4V,
ESD-coated Ti6Al4V, MAO-coated Ti6Al4V, and
ESD + MAO-coated Ti6Al4V surfaces are given in
Fig. 2. As expected, the Ti (JCPDS card number:
44-1294) and Al (JCPDS card number: 4-0787) phases

were obtained on bare Ti6Al4V alloy. However, the V
phase was not detected, whereas it exists in the al-
loy structure. In addition, Al3Ti (JCPDS card num-
ber: 37-1449), Al2Ti (JCPDS card number: 52-0861),
and AlTi3 (JCPDS card number: 52-0859) intermetal-
lic phases were observed on ESD-coated Ti6Al4V al-
loy surface. The existence of the Al3Ti, Al2Ti, and
AlTi3 phases is directly related to the Al alloying on
the Ti6Al4V substrate. The ESD-coated layers did
not contain the oxide-based phases as the process
was carried out under argon atmosphere conditions.
Moreover, oxide-based phase structures were detected
on both MAO and ESD + MAO surfaces. Except
for oxide-based phases, the other intermetallic phases
were not detected on the ESD + MAO surface since
the X-rays could not penetrate deeper than a few
micrometers. Thus, Al2TiO5 (JCPDS card number:
26-0040), stable rutile-TiO2 (JCPDS card number:
21-1276), and metastable γ-Al2O3 (JCPDS card num-
ber: 50-0741) oxide-based phases were observed as ma-
jor phases on both MAO and duplex coating surfaces.
As known from the literature, the Al3Ti, Al2Ti, and
AlTi3 intermetallic structures have covalent bonding
[22]. Also, minor Ti and Al elemental structures exist
in the ESD coating layer. These structures ionize to
positively charge cationic ions such as Ti4+ and Al3+

during the MAO process. Thus, cationic and anionic
compounds (O2− and OH−) react with each other in
micro-discharge channels under high temperatures of
up to 3000K and high pressure through the MAO pro-
cess due to the existence of oppositely charged ions
[23]. Finally, oxide-based such as Al2TiO5, TiO2, and
γ-Al2O3 phases form on the MAO-coated surfaces.
The intermetallic and oxide-based phases observed
on all coating surfaces improve mechanical properties
such as hardness and tribological properties. However,
the outer layers of ESD and MAO coatings contain
amorphous phases due to the rapid solidification na-
ture under the atmosphere (for the ESD process) [24]
and electrolyte conditions (for the MAO process) [25,
26]. Thus, the outer layers of these coatings are insuf-
ficient to carry loads.

3.2. Surface morphologies

The surface morphologies of bare Ti6Al4V, ESD-
coated Ti6Al4V, MAO-coated Ti6Al4V, and ESD +
MAO-coated Ti6Al4V surfaces are shown in Fig. 3.
There are some parallel traces on the bare Ti6Al4V
alloy surface during the post-grinding process. As the
molten Al electrode splash hits the surface during the
ESD technique, the ESD-coated surface is rough and
irregular due to the local alloying process [27]. Also,
thermal cracks occur on the surface due to the rapid
shrinkage of the coating formed by melted electrodes
that contact Ti6Al4V alloy under atmospheric con-
ditions. Thus, as the amount of melt coming from
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Fig. 3. The surface morphologies of the samples: (a) bare Ti6Al4V alloy, (b) ESD coating, (c) MAO coating, and (d) ESD
+ MAO coating.

the electrode increases on the surface, the probabil-
ity of crack formation decreases. Eventually, the freez-
ing rate and the chance of cracking are reduced [28].
Moreover, all MAO and ESD + MAO coatings yielded
typical volcano crater-like porous structures, as shown
in Figs. 3c and 3d. These structures consist of many
micro-pores and micro-cracks. The surfaces of MAO
and ESD + MAO were porous and rough due to
the presence of micro-sparks (micro-discharge chan-
nels) that occurred through the MAO technique. The
micro-pores occurred by molten oxide and gas bub-
bles overflowing from micro-discharge channels. Also,
the micro-cracks near the micro-discharge channels re-
sulted from thermal stresses due to the rapid solidifi-
cation of melted coating contacted to relatively cold
electrolytes during the MAO [29]. However, the ther-
mal cracks on the ESD + MAO surface were more
than those on the MAO, as seen in Figs. 3b–d. Also,
the MAO surface is homogeneous with respect to the
ESD + MAO surface.

3.3. Elemental distribution

The elemental profiles of ESD, MAO, and ESD
+ MAO coatings were examined by EDS mapping,
as shown in Fig. 4. The Ti, O, Al, and V elements

were observed on all coating surfaces. The Ti, Al,
and V elements detected on the ESD surface origi-
nated in the Ti6Al4V substrate and Al layer. Sim-
ilarly, the Ti, Al, and V elements obtained on the
MAO surface come from Ti6Al4V substrate and an-
ionic oxide compounds in the MAO electrolyte. This
implies a formation of Al3Ti, Al2Ti, and AlTi3-based
structures in the ESD layer. Also, a trace of the
O element was locally detected on the ESD surface
as supported by XRD. It is also noted that the V
phase was not detected in the XRD analysis. How-
ever, according to EDS analysis, it was determined
on the coating. This may be attributed to the amor-
phous structure of a low amount of V-related com-
ponents in the coatings. In addition, the Ti, Al, V,
and O elements detected on the ESD + MAO sur-
face originated in the Ti6Al4V substrate, ESD, and
MAO layers. These findings support the existence
of Al2TiO5, rutile-TiO2, and γ-Al2O3 on the MAO
and ESD + MAO surface. The existence of Al and
O in the outer layer of ESD + MAO contributes
to the formation of γ-Al2O3. Furthermore, all ele-
ments were homogeneously distributed through the
surface. However, the dark regions monitored on ESD,
MAO, and ESD + MAO surfaces correspond to the
micro-pore structure on the coatings. All elements
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Fig. 4. The surface EDX-mapping images of ESD, MAO, and ESD + MAO coatings: (a) Overlay, ( b) Ti, (c) O, (d) Al,
and (e) V.

are uniformly distributed through the coatings. How-
ever, the overlay mapping images indicate that the
phase structure of the MAO surface is homogeneously

obtained compared to ESD and ESD + MAO sur-
faces.
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Fig. 5. The cross-sectional morphology of the samples: (a)
ESD coating, (b) MAO coating, and (c) ESD + MAO coat-
ing (S: Ti6Al4V, E: ESD, M: MAO, MS: MAO surface,
MCS: MAO coating region, and R: epofix resin).

3.4. Cross-sectional microstructure and
thickness

The cross-sectional microstructures of ESD, MAO,
and ESD + MAO coatings are displayed in Fig. 5.
The average coating thicknesses of ESD, MAO, and
ESD + MAO layers were approximately measured as
10.7 ± 3.3 µm, 18.4 ± 2.3 µm, and 38.63 ± 5.2 µm, re-

Ta b l e 1. Nanoindentation test results such as hardness
(H, MPa) of bare Ti6Al4V, ESD, MAO, and ESD + MAO

surfaces

Samples

Bare Ti6Al4V ESD MAO ESD + MAO

Hardness (MPa) 4610 2070 870 440

spectively. According to these pictures, the ESD coat-
ing layer was locally depleted, and then, the MAO
process was carried out on the Ti6Al4V substrate. The
molten Al electrode hit on Ti6Al4V surface through
the ESD process resulting in a dense ESD layer on
Ti6Al4V alloy, as shown in Fig. 5a. However, the
micro-pores originating from micro-sparks through
the MAO process were observed in the cross-sectional
MAO layer. Micro-discharge channels exist starting
from the substrate to the outer MAO layer due to
the MAO process’s nature [30, 31]. The coating fabri-
cated by combined ESD and MAO contains two lay-
ers (the duplex structure), as shown in Fig. 5c. Similar
ESD and MAOmicrostructures were monitored on the
ESD + MAO duplex layer. In addition, the presence
of micro-discharge channels was clearly observed from
the Ti6Al4V substrate to the outer layer of ESD coat-
ing, as seen in Fig. 5c. The melted Ti structure moves
through the ESD layer and reacts with other anionic
compounds in the electrolyte by the MAO process.
This supports the existence of rutile-TiO2 detected on
the ESD + MAO surface and γ-Al2O3. Also, the MAO
layer in Figs. 5b,c indicates the spongy morphological
feature of the deposition along with the presence of
pores.

3.5. Vickers and nanoindentation hardness
measurements

The average hardness values measured on the sur-
faces of Ti6Al4V, ESD, MAO, and ESD + MAO are
given in Table 1. Average hardness values of bare
Ti6Al4V, ESD, MAO, and ESD + MAO surfaces were
measured as 4610, 2070, 870, and 440MPa, respec-
tively. Furthermore, the outer layer of Ti6Al4V al-
loy consists of a naturally formed passive TiO2 layer.
This passive and dense layer protects Ti6Al4V al-
loy against corrosion. Initially, nanoindenter contacts
with this passive oxide layer and could penetrate into
the metallic layer due to very low loads of nanoin-
denter. The average hardness of Ti6Al4V alloys was
approximately 3250 and 3600MPa [32, 33]. However,
the hardness of bare Ti6Al4V alloy is a little bit high
compared to literature values. The possible reason for
this could be that the hardness measurement on both
metallic and passive oxide regions was carried out for
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Fig. 6. Micro-Vickers indents images through cross sec-
tional area of the bare Ti6Al4V alloy ESD + MAO coating
(S: Ti6Al4V, E: ESD, M: MAO, and R: epofix resin).

Ti6Al4V alloys. It is expected that the oxide- and
intermetallic-based coatings generally have superior
mechanical properties, such as hardness values, com-
pared to uncoated metal substrates due to the pres-
ence of oxide and intermetallic structures with high
hardness. The current study observed the maximum
surface hardness on Ti6Al4V alloy. The hardness de-
pends on many parameters, such as the phase struc-
ture, crystalline/amorphous phases, and dense/porous
structure [34, 35]. The ESD, MAO, and ESD + MAO
contain oxide- and intermetallic-based phases with
high hardness with respect to bare Ti6Al4V. How-
ever, the outer layer of the MAO and ESD + MAO
coatings is porous (loose) and amorphous owing to
micro-sparks and rapid solidification through the pro-
cess. Similarly, the outer layer of the ESD coatings is
amorphous since the melted structure is rapidly solid-
ified. Thus, the outer hardness values of the surface of
ESD, MAO, and ESD + MAO were lower than that
for bare Ti6Al4V alloy, as expected. This is strongly
related to the amorphous/crystalline phase and mor-
phological structure (dense/loose) of the surface. Since
the time required for the phase transformation from
the amorphous structure to the crystalline structure
was insufficient, the structures obtained during the
MAO process were amorphous due to the rapid so-
lidification of melted compounds [36–38]. As a result,
the outer layer of these coatings is easily worn owing
to the existence of amorphous phases. Another reason
for the low mechanical values was that the outer layer
of these coatings was much looser and porous com-
pared to the inner layer [39]. Especially for the MAO
coatings, there are two regions: the inner layer and
the outer layer on the coatings. Micro-arc discharge
can generate high temperatures of up to 3000K in
micro-discharge channels [40]. Eventually, the inner
layer was a dense structure due to the sintering effect
of the MAO process.
The SEM images of micro-Vickers hardness traces

of bare Ti6Al4V alloy, ESD, MAO, and ESD + MAO
coatings through the cross-sectional area were dis-
played in Fig. 6. The average hardness values of
bare Ti6Al4V, ESD, and MAO coatings were approxi-
mately 337.4, 439.4, and 809.1MPa, respectively. The
results are in accordance with the studies of Kováčik
et al. [41]. As shown in Fig. 6, the minimum hardness
traces were observed on bare Ti6Al4V alloy. Unlike
the outer layer of the coatings, the inner layers consist
of dense crystalline phases. Thus, the hardness traces
of these regions are small compared to bare Ti6Al4V
alloy, as seen in Fig. 6. The average microhardness val-
ues of the ESD, MAO, and ESD +MAO are evaluated
superior to bare Ti6Al4V because the coatings mainly
contained oxide- and intermetallic-based phases with
high hardness, as given in Fig. 2. The small hardness
traces were clearly observed at the MAO coating while
the large hardness traces were noted at bare Ti6Al4V
alloy on ESD + MAO coatings, as seen in Fig. 6c. The
expanding hardness traces were monitored in MAO,
ESD, and uncoated Ti6Al4V alloy, respectively. This
strongly depends on the dense and crystalline phase
structure of the inner layers of the coatings with re-
spect to bare alloy. As a result of these, the aver-
age hardness of the ESD, MAO, and ESD + MAO
is higher than that of bare Ti6Al4V alloy.

3.6. Tribological tests

The friction coefficient variations versus the dis-
tance of bare Ti6Al4V, ESD, MAO, and ESD +MAO-
coated surfaces are shown in Fig. 7. To create a new
worn trace on bare Ti6Al4V surface, the friction co-
efficient quickly increases at the initial stages of the
test as seen in Fig. 7a. After a wear trace formed on
the Ti6Al4V surface, the friction coefficient decreases
slowly at about sliding distance up to 10m and re-
mains constant afterward. However, the friction coef-
ficients of the ESD, MAO, and ESD + MAO coatings
indicated a nonlinear curve behavior. After wear trace
formation, zigzag-shaped curves were observed on the
surfaces of ESD and MAO coatings. It can be stated
that this may be related to rough and porous sur-
face structures. Nevertheless, in general, the friction
coefficients of the ESD and MAO surfaces show a rel-
atively stable trend throughout the test. Unlike ESD
and MAO coatings, the friction coefficient of ESD +
MAO alloy slowly increases at the first stages of the
wear test, as seen in Fig. 7d. Then, it decreases slowly
up to the sliding distance of 20 m and remains con-
stant during the rest of the wear test. Except for the
MAO, the friction coefficients of coatings were quickly
increased at the initial stages of the test and reached
a stable condition in the last stages of the test. At the
initial stages, the outer layer of ESD, MAO, and ESD
+ MAO consisting of porous, loose, and amorphous
structures was easily removed, as seen in Figs. 7b–d.
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Fig. 7. The friction coefficient variations against the sliding distance: (a) bare Ti6Al4V alloy, (b) ESD, (c) MAO, and (d)
ESD + MAO.

Fig. 8. Surface profilometer mapping scans through wear track regions of bare Ti6Al4V alloy, ESD, MAO and ESD +
MAO coatings.
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Fig. 9. Wear track SEM images of the samples: (a) bare Ti6Al4V, (b) ESD, (c) MAO, and (d) ESD + MAO.

At the following stages of the test, the friction co-
efficients of the coatings tend to decrease to a level
and then become stable as the inner layer of the coat-
ings is crystalline and dense compared to the outer
layer. The 3D mapping profile images through the
wear tracks are provided in Fig. 8. From these images,
the outer layers of ESD, MAO, and ESD + MAO sur-
faces that were porous and rough were removed, and
the surface was flattened to the dense layer. The dense
layer has preserved its existence. As shown in Fig. 8,
the minimum wear rates were obtained for the MAO
coating, and the maximum wear rates were obtained
at bare Ti6Al4V alloy. The order of the coatings in
terms of wear resistance from the highest to the lowest
is MAO, ESD, ESD + MAO, and uncoated Ti6Al4V
alloy, respectively.
The worn surface appearances of the bare substrate

and the coatings are given in Fig. 9. For bare Ti6Al4V
alloy, plastic deformation, wear debris, and furrow are
observed. The worn surface contains grooves aligned in
the sliding direction. Thus, the dominant wear mecha-
nism of this type of morphology refers to adhesive wear
and micro-cutting, as shown in Fig. 9a. The surface is
normally and tangentially exposed to the load through
the contact points in the wear test. Eventually, nor-
mal and shear stresses form the micro-reliefs on the

substrate. Thus, the micro-embossment may produce
plastic deformation under shear stress effects due to
wear debris formation with reciprocating of the load.
Moreover, the normal stress conveyed through the nor-
mal direction caused to occur some scratches and fur-
rows on the substrate. The metal on both sides of the
furrow underwent deformation and deposition. The
debris accumulated during the progressive wear pro-
cess flattens out again and eventually leads to micro-
shear and adhesion wear [42]. The size of wear debris of
the ESD, MAO, and ESD + MAO coatings was found
to be not uniform. The plastic deformation, wear de-
bris, and furrow exhibited that the wear mechanism
of the ESD surface is similar to bare Ti6Al4V alloy,
as seen in Fig. 9b. The wear traces of the ESD coat-
ing are relatively shallow compared to bare Ti6Al4V
alloy. This implies that the ESD coating provides sig-
nificant wear resistance to bare Ti6Al4V alloy. The
MAO and ESD + MAO coatings mainly consist of
oxide-based phases. Thus, the friction action of the
counterface eliminated the asperities and smoothened
the contact surfaces, as shown in Figs. 9c,d. As a re-
sult, any evidence of deformation and scratching has
been identified. However, the ESD + MAO coating
was worn more than the MAO coating, as seen in
Figs. 8, 9c,d. It could be concluded that the lower wear
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resistance of the ESD + MAO coating originates from
the non-homogeneous, porous, and cracked structure
compared to the MAO coating.

4. Conclusions

In this work, intermetallic- and oxide-based duplex
coatings were fabricated on Ti6Al4V alloy (ASTM
B205-90 Grade 5) by combined ESD and MAO pro-
cesses. The MAO and ESD + MAO duplex coat-
ings contained oxide-based rutile-TiO2 and γ-Al2O3
phases, while the intermetallic-based Al3Ti, Al2Ti,
and AlTi3 phases were observed in the ESD coating.
The mechanical properties of the coatings were sig-
nificantly improved compared to bare Ti6Al4V alloy.
Through the cross-sectional area, the average Vick-
ers hardness values of bare Ti6Al4V, ESD, and MAO
coatings were approximately evaluated as 337.4, 439.4,
and 809.1MPa, respectively. The tribological proper-
ties of the coatings were significantly improved com-
pared to bare Ti6Al4V alloy. The average friction co-
efficient, which was 0.401 in the bare Ti6Al4V sample,
decreased to 0.377 in the MAO coatings. The order of
the coatings in terms of wear resistance from the high-
est to the lowest was MAO, ESD, ESD + MAO, and
uncoated Ti6Al4V alloy.
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