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Abstract: In this study, corrosion and wear behavior of three kinds of coatings by two processes,
namely, plasma electrolytic oxidation (PEO) coatings (Ti/TiO;), gas nitriding coating (Ti/TiN), and
the duplex coating (Ti/TiO,-N) by combination of PEO and gas nitriding methods were systematically
investigated. X-ray diffraction tests, field-emission scanning electron microscopy, and adhesion tests
are employed for the coating characterization, along with the wear and electrochemical test for
evaluating the corrosion and tribological properties. The morphology and structure of the coating
consist of micro-cavities known as the pancake structure on the surface. The electrolytic plasma
oxidation process produces a typical annealing behavior with a low friction coefficient based on
the wear test. The coating consists of nitride and nitrate/oxides titanium for nitrided samples.
The surface morphology of nitrided oxide titanium coating shows a slight change in the size of
the crystals and the diameter of the cavities due to the influence of nitrogen in the titanium oxide
coating. The tribological behavior of the coatings showed that the wear resistance of the duplex
coating (Ti/TiO,-N) and Ti/TiO, coatings is significantly higher compared to Ti/TiN coatings and
uncoated Ti samples. The polarization resistance of the Ti/TiO,-N and Ti/TiO; coatings was 632.2
and 1451.9 kQ) cm?, respectively. These values are considerably greater than that of the uncoated Ti
(135.9 kQ) cm?). Likewise, impedance showed that the Ti/TiO,-N and Ti/TiO, coatings demonstrate
higher charge transfer resistance than that of other samples due to better insulating behavior and
denser structure.

Keywords: plasma electrolytic oxidation (PEO); gas nitriding; adhesion; corrosion; tribological properties

1. Introduction

Titanium and its alloys have excellent properties, such as density and elastic mod-
ulus, high melting point, low ratio of strength to weight, excellent corrosion resistance,
biocompatibility, high resistance to creep and fatigue, and appropriate mechanical and non-
magnetic properties [1,2]. However, titanium has some tribological weakness that limits its
applications. These limitations are high friction coefficient, low adhesion and abrasion wear
resistance, and low hardness. These drawbacks can be attributed to titanium’s crystalline
and electronic structure [3]. Different methods have been employed to improve the surface
properties and increase corrosion resistance, primarily based on applying a coating layer
or converting the surface to a coating, such as surface oxidation, PVD/CVD coatings, ion
implantation, sol-gel, etc. [1].

TiO; films can be formed on a titanium substrate by different methods, such as surface
oxidation, magnetron sputtering, sol-gel, physical vapor deposition (PVD), chemical vapor
deposition (CVD), and ion implantation [4]. The mentioned techniques are costly and, in the
case of ion implantation, they is very thin, and for CVD, it is not adhesive enough. Therefore,
the oxidation method can be considered one of the most important techniques for titanium
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surface modification. In recent developments, high-voltage anodic oxidation has been
employed at temperatures close to ambient temperature to form crystalline TiO, including
rutile and anatase. These new electrochemical methods are called plasma electrolytic
oxidation (PEO) [1,5]. In recent years, more attention to light alloys for transportation and
aerospace applications has made the PEO an effective coating technology to protect against
corrosion and wear light alloys [6-9]. PEO also has drawn considerable attention due to
the fact that it can substantially boost corrosion and wear resistance in Ti alloy substrates
owing to the generation of oxide layers on the top of the substrate surface. The double-layer
coatings formed by these methods can significantly reduce the friction coefficient and
improve wear resistance [10-14]. In this respect, the coatings are generally composed of
two layers: a PEO ceramic inner layer and a solid outer lubricating layer; when the outer
layer is worn, the tribological properties are returned to the initial level [15-19].

Gas nitriding is a commonly used method for engineering applications due to the
formation of hard layers on the surface. The main advantage of this process is that it does
not need any expensive equipment and can be applied to parts with different geometries.
The formation of a nitride layer on titanium and titanium alloys is a complex process
consisting of several reactions that coincide with the interface between gas and metal and
surface layers [20-22]. Generally, the microstructure and the tendency for grain growth
in titanium and its alloys depend on temperature and time in the nitriding process [21].
Nitrogen incorporated into titanium oxide from ammonia gas is partially doped to the
surface layer at less than 600 °C. If the nitriding temperature exceeds 600 °C, the nitrogen
addition in titanium oxide increases and reduces the oxygen content of the coating to
the extent that the non-stoichiometric composition of TiOxNy is converted into the stable
TiN [22].

The effect of composite TiO,-Ti and TiO,-TiN coating on NiTi surfaces has been
investigated by Maleki et al. [23]. In this study, titanium oxide was coated on a NiTi by the
electrophoretic method; then, the samples were placed in two separate furnaces (Ar and N»)
at 1000 °C. The nitriding led to joining particles (sintering) and reduced the contractions
due to the increase in the volume of the nitride phase. According to Alsaran’s research,
the duplex coating has three levels of surface oxide, mixed and diffusive layers. They
showed that the oxide layer (8-10 um) had a much higher hardness than the composite and
diffusive layer (thickness of 90-110 um). Resultingly, the hardness of the duplex coating
is much more than simplex coatings. Moreover, it is reported that the friction coefficient
and wear rate was less for coating duplex than for uncoated samples, oxide coatings, and
nitride coatings, which is due to the presence of hard and stable phases, such as rutile
and TiN [24]. Up until now, a number of investigations have been carried out [10-22] on
PEO coatings on Ti and its alloys with the purpose of enhancing their corrosion resistance
and wear performance of the substrate. Nevertheless, to the best of our knowledge, a
few investigations are attainable in the literature concerning TiO, /TiN duplex coatings
on titanium by a combination of plasma electrolytic oxidation and gas nitriding methods.
Hence, the motivation of this study is to investigate the corrosion and abrasion behavior of
TiO,-N duplex coatings formed by plasma electrolytic oxidation and gas nitriding.

2. Experimental Procedure

The commercially pure titanium grade 2 from TIMET, Germany was used for this
study. The 13 x 13 mm samples were cut from a sheet with a thickness of 3 mm and
then were abraded by SiC sandpaper up to 1200 grit. Next, the organic contaminants
were ultrasonically removed in acetone for 10 min, rinsed with distilled water, and dried
by hot air. The chemical composition of titanium as the substrate is presented in the
supporting information (Table S1). The coating process was firstly performed by plasma
electrolytic oxidation to form titanium oxide. In this method, the titanium specimen acted
as an anode (positive pole), a stainless steel sheet was used as the cathode (negative
pole), and 0.2 M sodium carbonate with 5 g/L sodium hydroxide aqueous solution was
used as the electrolyte according to Ref [13]. The PEO coating for preparation of TiO,
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film on top of the Ti substrate was carried out under frequency of 1500 Hz and current
density of 100 mA/cm?. In this regard, the duty cycle and process time were 10 % and
10 min, respectively, under unipolar pulsed current. The coated specimens were rinsed
in deionized water and subsequently dried in hot airflows. Afterward, the supplemental
coating operation was performed in the second step by gas nitriding in a tube furnace with
passing Nj gas (99.99%). At this stage, a titanium specimen (with the name of Ti/TiN) and
a TiO; coated titanium sample by PEO (with the name of Ti/TiO,-N) were placed inside
the furnace. In order to increase adhesion and density, and also to reduce the porosity of
the coatings, the nitriding process took place at 1000 °C and 1.5 bar nitrogen pressure for
6 h, according to Ref [20]. The heating rate of 8 °C/min was set for the first 2 h to reach
1000 °C. Then, the samples were kept at the temperature of 4 h and finally cooled in the
furnace. The nitrogen gas flow is maintained during heating and cooling.

X-ray diffraction on the coated samples was carried out to identify the phases by
PHILIPS PW 1730 X-ray diffractometer equipped with Cu-K« radiation (40 kV, 30 mA).
Fourier transform infrared spectroscopy (FI-IR) was also employed for determining the
structures of molecules and chemical species. The Ti/TiO,-N sample FTIR spectrum
was taken using a Thermo Fisher Scientific (Madison, WI, USA) between 500 cm! and
4000 cm™!. Surface and cross-sectional images were taken by a scanning electron microscope
(Leo, 435 VP, Cambridge, UK), and, for higher magnification, a FESEM (TESCAN, Mira
3-XMU, Brno, Czech Republic) was employed. The corrosion behavior of the samples
was evaluated in a 3.5% sodium chloride aqueous solution at ambient temperature by a
PARSTAT 2273 potentiostat. The samples were tested for electrochemical potential stability
within the solution for 60 min before the electrochemical tests, and their open circuit
potentials (Eocp) were measured. A standard three-electrode electrochemical setup consists
of a saturated calomel as a reference electrode, graphite as an auxiliary electrode, and the
sample as a working electrode used for electrochemical measurements. For the polarization
test, the potential scanning rate was set at 1 mV/s, started from 0.25 volts below the Eocp
and continuing to 2 volts above the Eocp. The EIS test was performed in the range of
10 mHz to 100 kHz at the Eocp with an AC potential of 10 mV amplitude. The Koopa KM3
micro-hardness device (Vickers) was used to measure the hardness of the coating according
to the ASTM E 384 standard, which was calculated from the size of an impression produced
under 500 g load by a pyramid-shaped diamond indenter for 10 s. To study the tribological
properties of the coatings, such as friction coefficient, weight loss, and abrasion rate, a
non-lubricated pin on disk wear test (ASTM G 99) was used. In this test, the samples were
placed as the disk, and an AISI 52100 (hardness 64 Rockwell C) with a diameter of 5 mm
and a length of 50 mm was used as the abrasive pin. The TSN-WTC 02 was employed for
the wear test under laboratory conditions (T = 25 £ 2 °C and 21% humidity) with a load of
2 N and a speed of 0.05 m/s with a distance of 100 m.

3. Results and Discussion
3.1. Plasma Discharge Characteristics

Figure 1 shows the voltage-time diagram for the coating process during electrolytic
plasma oxidation. It is divided into three regions to understand the behavior of voltage
changes better. In Region I, the voltage linearly and steeply increases, and the average
voltage increase rate is 32 V/s. At this stage, with the voltage rising, conventional anodizing
occurs [25] so that a very thin oxide film with a high resistivity is formed on the surface.
The amount of voltage increase for the sample was 285 V in around 9 s. In region II, the
graph shows a lessening trend, with a decrease of 17%, indicating the failure of the formed
TiO, oxide in part I. In other words, the potential reduction in this region is due to the
effect of ions and charge transfer simultaneously, while in area I, the ascending trend is the
consequence of the ionic current [26]. The voltage drop for this sample occurred within
20 s from 211 V to 285 V. The process of sparking occurs in this region. In region III, the
slop is positive, and the potential values increase noticeably. The rise in voltage starts at
31 s, and the voltage changes from 237 to 295 volts. In this region, the micro-arc color
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transforms from white to orange over time and, in the end, the number of sparks decreases,
and their color becomes orange. The whole surface is coated with the TiO, ceramic layer,
and the voltage curve gradually reaches a steady state. The voltage fluctuations are also
observed due to several micro arcs and, at the end of this stage, only a few sparks happen,
confirming this region’s process.
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Figure 1. The V-t chart for the PEO process.

3.2. Crystal Structure and Coating Morphology

Figure 2a shows X-ray diffraction patterns after PEO, gas nitriding, and the uncoated
sample. Table 1 also shows the Ti/TiO,, Ti/TiN, and Ti/TiO,-N coatings’ crystallographic
properties. The X-ray diffraction pattern of the TiO, sample, which PEO forms on the
Titanium substrate, consists of 97.5% tetragonal crystalline rutile titanium oxide. The
weight percentages of the oxides were obtained from the peak intensity in the XRD patterns
and calculated by Equations (1) and (2) [27,28].

Xp= s )
1+08(1)

1

Xa =1-Xgr orXA:—I )
1+1.26( %)
Table 1. The crystalline properties of the coatings.

Sample FWHM 20max évertafile.;fhse.ore:lcal)
(Degree) (Degree) rystatiite Size tnm

Ti/TiO, 0.3444 35.91 24

Ti/TiN 0.3444 36.11 27

Ti/TiOy-N 0.2952 7.36 22

In the above equations, Xg and X4 are the weight percentage of the rutile and anatase.
Furthermore, The Iz and I, are anatase (101) and rutile (110) peak intensities. Some
titanium peaks are observed in this pattern due to the X-ray penetration into the substrate
via the microcavities or the coating. The coating formation conditions for this sample
were such that the anatase phase is deficient; this is due to the heating effects of plasma
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micro-arcs during coating formation and having a temperature above 673 K. In other words,
the dominant mechanism of oxide layer formation is thermal oxidation [29,30].

(a) TiO03:No.7saw TiN$ R-TiO:2 @
TiNA a(Ti)-Ne

Intensity (a.u.)

2 Theta (degree)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 ' S

Detector=SE1 EHT=18.00 kV

Figure 2. (a) The XRD patterns and SEM images of (b) bare sample, (c) TiO, coated by PEO method,
(d) TiN coated by gas nitriding, and (e) nitrided TiO, coated sample (duplex coating).

The XRD pattern of the Ti/ TiN sample is associated with the gas nitrided titanium.
The flow of nitrogen gas at high temperatures above the titanium surface leads to nitrogen
adsorption, penetration to the surface, and the formation of a nitride film. In other words,
the reaction of nitrogen with the substrate forms a nitride layer consisting mainly of the
cubic titanium nitrides, such as TiN and Ti; N, followed by the inner diffusive region in the
HCP «-Ti solid solution phase. It has been seen that the patterns of gas nitrided samples,
TiN, Ti;N, and, somehow, «-(N)-Ti peaks, overlap with titanium peaks due to the presence
of o-Ti solid solution doped by nitrogen [31,32]. In the Ti/TiO,-N sample, more than the
abovementioned phases, the TiO 34N 74 phase with monoclinic structure along with rutile
TiO, is also detected. The TiOp 34Np 74 phase is formed due to the replacement of nitrogen
atoms with some oxygen in the TiO; structure, a non-stoichiometric compound. The
obtained peaks from this sample are wider than the other specimens, suggesting a smaller
crystallite size. In this study, the Scherrer equation [22], with an index peak of (111) at
37.55 degrees, was used to determine the crystallite size of Ti/TiN and Ti/TiO,-N samples.
The results showed that the size of the crystallites decreased from 24.3 to 17 nm for Ti/TiN
to Ti/TiO;,-N samples. The apparent color of the sample depends on the process parameters
and the formation of nitride phases [33,34], while in uniform surface morphology with
golden brown color, the formation of TiN can be observed [35].

Figure 2b—e shows the SEM images of the surface of bare and coated samples by PEO
and gas nitriding. The uncoated titanium sample (Ti) surface in Figure 2b shows parallel
lines originating from the abrasion by sandpaper. The morphology of the Ti/TiO, sample
(Figure 2c) consists of grains of different sizes and micro-cavities on these grains (pancake-
like structure) [1,25]. The top surface of this coating has a distinct appearance: the surface
consists of a large number of pores of various sizes; some of these pores are surrounded by
relatively smooth re-solidified pseudo circle areas. When the discharge channels cool, the
reaction products in the channel walls precipitate near the discharge channels, thus forming
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closed holes similar to the volcano [36,37]. The presence of surface cracks in the ceramic
coating produced by the PEO method is due to the internal stresses of the coating, the
contraction of the melt pool produced by electrical discharge, and the difference between
the produced phases in the outer and inner layer of the coating [38]. Another reason for
micro-cracks formation is the thermal stress caused by rapid cooling. The TiN sample
(Figure 2d) looks dense, and the nitrated layer is formed on the surface. The sample has
some defects, including small pits and micro-cracks on the surface. Mismatching of thermal
contraction between the formed phases can lead to residual thermal stress during cooling
down from nitriding temperature to room temperature. On the other hand, deficiencies
in nitride and oxide structures can cause residual stress [39]. Generally, high residual
stress can cause cracking in the coating and morphological deformation. It is worth noting
that increased penetration of titanium ions through the grain boundary and reaction with
nitrogen atoms can cause defects such as protrusions and small cavities on the nitrated
surface of the titanium. The Ti/TiO,-N sample (Figure 2e) is similar to that of the Ti/TiO,
sample structure, except for the spherical cavities present in the so-called cauliflower
structure. The Ti/TiO,-N sample cavities are smaller and sometimes more faded than
the Ti/TiO, sample due to the penetration of nitrogen into the titanium oxide structure
(pore diameter decreased from 4.4 microns to 2.8 microns). The nitriding process’s thermal
energy results in the re-crystallization of the TiO, phase of the surface coating.

Figure 3 shows the element mapping analysis of the Ti/TiO,-N duplex coating surface.
Since in this study, the process of nitrogen entry into titanium oxide was considered, the
distribution of elements on the surface of coating was investigated, and the results showed
that nitrogen penetrated evenly between titanium oxide and titanium metal.

— 10 pm

SEM HV: 15.00 kV WD: 14.98 mm | I |
View field: 108.3 ym  Del: InBeam 20 Hm
SEM MAG: 2.00 kx —— 10 pm

Figure 3. The elemental distribution map of Ti/TiO,-N sample surface.

Figure 4a—c shows the FE-SEM images of the surface morphology of the samples coated
with PEO and gas nitriding. The average crystallite sizes for Ti/TiO,, Ti/TiN, and Ti/TiO,-
N samples were 18.9, 14.1, and 13.7 nm, respectively. In the Ti/TiO; sample, the formed
grains could not grow, and the size of the crystallites decreases. Since temperature is the
most crucial factor in reducing grain size for nitrated samples (Ti/TiN and Ti/TiO,-N), gas
nitriding and nitrogen penetration at titanium surface and oxide structure are performed.
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Due to its smaller atomic radius and its replacement with oxygen, titanium did not allow
the TiO, grains to grow, and the size of the crystallites is decreased. Cross-sectional images
of Ti/TiO,, Ti/TiN, and Ti/TiO;,-N coated samples are shown in Figure 4d—f. The layer
thicknesses of the samples are 7.9, 3.3 (3.3 um TiN & Ti;N layer and about 25 um diffusion
zone), and 8.7 um, respectively (as shown with red dotted lines). It can be seen that filling
pores and porosities are observed after the gas nitriding process on Ti/TiO, coating by
plasma electrolytic oxidation, which confirms the nitrogen diffusion into the titanium
oxide coating.

SEMMAG: 100kx | Det: InBeam ]

WosTimm | wirs
Vo i 08 200 nm

Detector=SE1 EHT=18.00 kV .

Figure 4. FE-SEM images of the surface morphology and cross-sectional images of the coated samples.
(a,d) Ti/TiO,, (b,e) Ti/TiN, and (c,f) Ti/TiO,-N.

3.3. Wear Property and Micro-Hardness of the Coating

Figure 5a shows the friction coefficient diagram of the uncoated titanium and Ti/TiN,
Ti/TiOy, and Ti/ TiO;-N duplex coatings for a distance of 100 m with an applied load of 2 N.
The coefficient friction of the uncoated specimen is about 0.65, on average, over a distance
of 100 m. It can be said that the highest coefficient of friction and the minor wear resistance
among all specimens is Ti. The coefficient friction in the resulting diagrams can be divided
into two dynamic and steady stable regions. In some cases, the coefficient friction reaches a
steady-state immediately after the wear process starts from the starting point and remains
there until the end. While the dynamic and incremental part can sometimes be attributed to
surface roughness, after removing some roughness by the pin, and after a real contact level
is formed, the coefficient friction reaches a constant value and remains at the same point.
In the steady-state region, there are two low-amplitude and wide-amplitude oscillations.
Low amplitude oscillations may be due to intermittent local breaks in the surface parts of
the coating. Wide fluctuations can be due to a new phase during abrasion with a different
coefficient of friction to the pin.

According to the above explanation, the friction coefficient diagrams of the coatings
can be described. In the Ti/TiO, sample, the average coefficient of friction is about 0.2. The
oscillations in this sample are as follows, consisting of two steps: a dynamic zone that lasts
up to 44 m with a low oscillation amplitude due to the roughness of the coating and the
transfer of rough surface, or outer porous layer, to the soft inner surface of the coating. The
steady-state zone, which ranges from 44 m with low oscillation amplitude to the end, is
associated with the accumulation of abrasive particles. In this diagram, we sometimes see
sudden fluctuations and valleys that may be due to removing a piece of ceramic coating.
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Figure 5. (a) The diagrams for friction coefficient changes versus slide distance and (b) weight loss
for uncoated Ti alloy and Ti/TiO,, Ti/TiN, and Ti/TiO,-N coated samples.

In the Ti/TiN sample, the amplitude of friction coefficient variations (0.25 to 0.65) is
similar to that of the uncoated sample, with an average of about 0.5. The dynamic zone is
short and enters the steady-state zone over a distance of 2 m. In other words, the test results
have a tiny dynamic area, indicating that the roughness of the coating was low and that the
surface was almost smooth during friction. The oscillations have an increasing trend along
with the broader range due to new phases during the wear process. Additionally, in this
case, due to the free energy required for Ti/ TiO, formation during wear, the TiN coating
lubricates because the titanium oxide phase is easy to crack and cut before adhesion [40].
In the Ti/ TiO;-N sample, the range of friction coefficient changes (0.15 to 0.35) is similar to
that of Ti/TiO,, and the average coefficient of friction can be reported to be about 0.25. The
steady-state zone mainly can be seen for this sample, while after a few sliding distances
after starting point and reaching the steady-state zone, the trend changes slowly with a
slight upward slope. The amplitude of the oscillations in this sample is relatively low, and
it can be said that there are very few surface breaks due to abrasive wear.

According to the weight change diagram in Figure 5b, it can be found that the highest
and the lowest weight loss are for Ti and Ti/TiO,-N, respectively. The weight loss in the un-
coated sample was low due to wear resistance, while the weight of the slider pin increased
due to the retention of titanium particles removed from the surface and accumulation
on the pin. The weight loss has a slight difference between the coated specimens, which
indicates an increased wear resistance.

It is noticeable that the weight loss occurs in the pin for the coated samples due to
increasing the wear resistance of the coating, and more wear takes place for the pin. In the
case of Ti/TiO,-N coating, it can be said that low weight loss (close to zero) does not mean
that there is no weight loss at all, but rather a minimal amount of weight loss with weight
gain due to compensating some weight loss by the residual pin-worn iron particles on the
sample surface.

These results indicate a high increase in the wear resistance of nitrided samples.
Another notable result is the weight loss of steel pins, which can conclude that the nitride
coatings are resistant to the steel surface and severely abrade this surface. The Ti/TiO,-N
coating presented a lower wear loss and friction coefficient than that of the bare titanium
substrate. It is shown that in the XRD results and surface hardness, the hardness of the
formed rutile layer, which is subjected to the nitriding process, is very high and reduces
the wear rate. Besides, the increased wear capacity of the nitrated specimen increased the
wear resistance because the friction was limited in the elastic range [24].

Figure 6 shows the uncoated Ti and coated samples” images after the wear test at
various magnifications, which confirm the friction test results. It is shown in the figure
that the titanium wear mechanism is a combination of the abrasive and adhesive wear
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mechanism, which may be caused neither by plastic deformation nor by adhesion, but by
pin abrasion. It should be considered that the pin gets rough due to the abrasion process
and partially causes abrasive wear. The adhesion mechanism increases the width of the
wear effect on the titanium surface, and the particles are adhesively removed from the
surface during the test. On the other hand, for coated specimens, the amount and scars of
wear are insignificant. Generally, due to the specific surface morphology and the presence
of bumps and potholes, a completely different mechanism prevails. The surface is not
worn, and the surface bumps are compressed in the course of the test. If any particles are
removed from the bumps, they are included in the surface potholes. Additionally, because
titanium nitride is harder than pins, particles from the pin can be embedded in surface pits
associated with a reduction in friction coefficient.

300 pm i Detector=SE1 ~ EHT=18.00kV |

8 RO 7 i
Detector=SE1  EHT

Figure 6. Images of wear sites of samples: (a) uncoated Ti, (b) Ti/TiO,, (c) Ti/TiN, and (d) Ti/TiO,-N.

Conclusively, for the coated samples, it can be said that the nitriding process has
increased the wear resistance of titanium; in other words, the wear resistance of Ti/TiO,-N
coating regarding Ti/TiO, sample has increased, which is attributed to the strengthening
effect and the reduction of the friction coefficient. Hardness and friction coefficient are two
factors that influence the wear resistance of coatings. Figure 7a shows the linear profiles of
the wear depth of the specimens by the weight loss and images of wear tracks. According
to this graph, it is found that the bare Ti sample with 25 um has the highest wear depth,
while the Ti/TiO;-N sample has the lowest wear depth (6 um), implying the higher wear
resistance provided by the creation of the duplex coating on the surface of the titanium.

Figure 7b shows the microhardness profiles along the cross-section (as a function of
depth) for the coated samples. The Ti/TiO,-N sample has the highest surface hardness. For
Ti/TiN and Ti/TiO,-N samples, the slope of the diagram is reduced almost in the same way,
converging 1593 HV 5 at a distance of 15 microns from the surface. The higher hardness of
the Ti/TiO,-N sample is the presence of the PEO oxide intermediate layer, which makes the
hardness of about 215 Vickers higher than the Ti/TiN sample. The hardness was increased
by three times for the Ti/TiO, sample due to thicker coating, while the hardness of the PEO
coating was more than doubled by nitriding.
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Figure 7. (a) Linear profiles of wear depth of uncoated and coated samples, and (b) Depth micro-
hardness profile obtained on the coated samples by PEO and gas nitriding.

Overall, it may be said that the high concentration of active nitrogen species increases
the number of nitride phases in the composite layer and the formation of interstitial solid
solutions in the diffusion zone [3]; therefore, the hardness compared to uncoated titanium
is increased by about six times. The surface hardness in the two-stage process is higher
than that of the other two processes, so that the slope of the cross-section hardness changes
in the two-stage process does not change significantly compared to the gas nitriding, and it
is remarkably improved compared to the PEO process due to less hardness of the oxide
phases in comparison to nitride phases. The presence of supersaturated nitrogen (nitriding
process leads to the formation of the nitrogen supersaturated « titanium phase) makes
some distortion in the lattice and significantly increases the hardness. In other words,
the high amount of nitrogen in the network and the formation of nitride precipitates
enhance the hardness level [41]. Moreover, the formed nanocrystallites in the structure
and closure and shrinkage of pores in the porous layer positively affect the hardness of the
Ti/TiO2-N sample.

3.4. Electrochemical Behavior of the Coating

Figure 8a show the potentiodynamic polarization curves and the polarization data,
respectively. This test was performed to compare the corrosion behavior of uncoated
and coated specimens in 3.5% sodium chloride solution after 30 min of immersion.
The cathodic branch of the studied curves’ slope shows that their slope changes are
Ti/TiN > Ti > Ti/TiO-N > Ti/TiO,. Increasing the slope indicates that the corrosion is
under the control of the cathodic reactions because, in the cathodic controlling mechanism,
the corrosion potential becomes more active, and the corrosion rate is increased [42—47].
The corrosion potential (Ecorr) of the uncoated Ti, Ti/TiO,, and Ti/TiO,-N coated speci-
mens was —0.382 Vgcg, —0.011 Vgcg, and —0.231 Vgcg, respectively. The corrosion current
density (icorr) of the uncoated Ti, Ti/ TiO,, and Ti/TiO,-N coated specimens was 254, 12,
and 33 nA/cm?, respectively. For the coated samples, the first effect is that the anodic
branch of the curves is shifted to the left, but due to the presence of pinholes and cracks,
the surface of the coating is subjected to corrosive ion attack, and the anodic branches
break down and tend to the high current density. The slopes of the anodic branch for the
coatings and the uncoated sample have a significant change, which can be explained in
the case of the uncoated sample starting to passivate immediately after polarization and
at a current density of about 107> A-cm™2, which forms a protective film on the metal
surface. Changes to the anodic slope for Ti/TiN sample include three stages: in the first
stage and beginning of the anodic zone, the surface is slightly corroded, and then, in
the second stage, the surface is passivated, and at potential 1.5 V this protective layer is
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broken down (third stage). The formation of a protective oxide layer on Ti/TiN is due to
the penetration of chloride ions into the cavities and surface cracks of this coating [42,43].
After contact with the metal/coating interface region’s metal surface, it slightly corrodes
the metal surface. Ultimately, due to Ti’s active/passive behavior, this area has become
passivated and has created a second area that continues until the breakdown at higher
potentials. All samples show the active zone at the beginning of their anodic branch where
the current density increases rapidly. This rapid increase in the active zone is mainly due
to the metal oxidation process in the metal/oxide interface, and a weaker passive layer is
formed again [48]. The difference between the anodic branches of Ti/TiO, and Ti/TiO,-N
samples is due to nitrogen in the oxide coating structure. In general, it can be said that the
initial corrosion rate in Ti/TiO2-N sample is lower than in Ti/TiO; sample and behaves as
a Ti/TiN sample immediately after starting the anodic branch. However, due to favorable
reactions regarding the presence of nitrogen in TiO,, this film is broken and re-oxidized at
a higher potential and begins to passivate. In other words, the Ti/TiO,-N sample exhibits a
behavior in-between the Ti/TiO; and Ti/TiN samples.Generally, when the passive critical
current density is low, the protective layer is easily formed, and the lower the passive
current density and the higher the transpassive potential, the more protective the layer will
be [48].

The results show that the corrosion potential increases as a criterion of the thermody-
namic tendency of the coating to corrode compared to the uncoated sample, which means
more chemical stability and less corrosion tendency. In other words, the corrosion potential
of the coatings has also shifted to more positive values than the corrosion potential of the
uncoated sample, indicating anodic control of the corrosion process by these coatings. The
corrosion potential of the samples has been changed to Ti/TiOp > Ti/TiO,-N > Ti/TiN > Tj;
this means that the tendency of the Ti/TiO; sample to corrode is less than the Ti/TiN and
Ti/TiO,-N, possibly due to the high nitrogen penetration into the titanium oxide lattice.
The presence of nitrogen in the TiO; lattice caused the coating to be electrically conductive
and transformed from an insulating material to a semiconductor, which resulted in higher
reactivity (electron transfer and charge exchange) at the coating surface. Ultimately, the
corrosion rate has been increased. Significant slope changes have occurred in the samples,
wherein the turning point in the potential implies an alteration in surface film formation
kinetics. The corrosion current density was obtained by Tafel extrapolation by the impact
of tangent lines on the linear region of the anodic and cathodic branches. The shift in
corrosion current density of the coated samples indicates a limited anodic reaction and
higher chemical stability than titanium. In other words, the decrease in current density
indicates a decrease in the rate of electrochemical reactions or the inhibition of corrosion
reactions. It is observed that the corrosion current density for Ti/TiO,,, Ti/TiO,-N, and
Ti/TiN decreased significantly compared to the uncoated Ti sample, respectively.

The polarization resistance (Ry) is calculated based on the linear polarization behavior
near the open circuit potential or Tafel extrapolation. The linear Ry, which is inversely
proportional to the value of the ico, is as follows [15]:

_ BaBc
Ry = 23080 + Boicon ©

The polarization resistance of the Ti/TiO,-N and Ti/TiO; coatings is 632.2 and
1451.9 kQ cm?, respectively. These values are significantly higher than that of the un-
coated Ti (135.9 kQ cm?) and Ti/TiN coated sample (275.6 k() cm?). In general, coatings
can increase corrosion resistance by increasing the charge transfer resistance in the metal-
electrolyte interface, limiting the absorption of aggressive ions and increasing the substrate
potential [49]. It can be said that, with increasing thickness and compactness, the TiO,
coating restricts the penetration of the corrosive solution to the substrate, and the corrosion
resistance is improved. The Ti/TiN sample coating also increases the polarization resistance
of titanium by forming a nitride protective layer, but it is less resistant due to being more
active than titanium oxide. Ti/TiO,-N duplex coating has resistance between Ti/TiO,



Materials 2022, 15, 8300

12 of 17

~
&
—

Potential (Vsce)

—_
(<)
-

Phase (degree)

and Ti/TiN samples because it has intermediate behavior. The formation of oxide coating
on titanium reduces the active surface area for corrosion mechanisms, but the presence
of added nitrogen in the structure increases the reactivity of this sample to exposure to
corrosive ions and reduces corrosion resistance. The corrosion rate of the samples was
calculated, and it was found that the lowest corrosion rate was related to the Ti/TiO, and
Ti/TiO,-N samples, which are significantly lower compared to the uncoated Ti sample.
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Figure 8. (a) Potentiodynamic polarization curves. (b) Nyquist and (c) Bode phase diagrams and
proposed equivalent circuit for EIS results of bare and coated samples; (d) Ti and Ti/TiN; (e) Ti/TiOp-
N; and (f) Ti/TiO,.

Figure 8b,c illustrates the Nyquist and Bode phase diagrams for uncoated and coated
samples after 30 min of immersion in 3.5% NaCl. The equivalent circuit in Figure 8d—f
was employed to fit EIS data for uncoated Ti, Ti/TiN, Ti/ TiO,, and Ti/TiO,-N samples.
The corrosion resistance mechanism of the coatings was investigated by electrochemical
impedance spectroscopy, which is a powerful method to evaluate the corrosion behavior of
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the coatings. The Nyquist curves for the uncoated titanium substrate and TiN coating have
a semicircle capacitive loop at all frequencies. This behavior has represented the formation
of a dielectric layer on the surface of the maples and the presence of a time constant in the
equivalent circuit. Corrosion resistance was obtained by measuring the semicircle diameter
in the Nyquist curves. In contrast, the Nyquist curve of the sample with a TiO; coating
has three capacitive semicircles. The larger semicircle appearing at lower frequencies is
related to the dense inner layer, and the metal/coating interface and the smaller semicircle
at higher frequencies are attributed to the outer porous layer. The dense internal layer is
formed due to the applied voltage on the metal, and the porous layer is formed due to the
reaction of the plasma with the metal and the coating bath during the process [2,50,51]. The
Nyquist curve of Ti/TiO,-N has two time-constant elements in the proposed equivalent
circuit, and the smaller semicircle at high frequencies corresponds to the outer porous
nitrided layer, and the larger semicircle at lower frequencies is attributed to the outside
dense TiO; coating and the double layer. Generally, the high-frequency capacitive behavior
reflects the coating activity, and indeed, its increase indicates the saturation of the coating
from the corrosive product. The low-frequency loop shows the charge transfer reactions
and the capacitive nature of the dielectric double layer.

In the proposed equivalent circuits, Rg represents the solution resistance between
the working electrode and the reference electrode; Rct, R, Rp, and Ry, are charge transfer
resistance, nitride layer resistance, external porous layer resistance, and internal dense layer
resistance, respectively. Due to the heterogeneities of the nitride, porous, and dense layers
for the coated samples and the uncoated sample surface roughness, the electrochemical
reactions of these layers have been characterized by the definition of constant phase
element (CPE). The CPE is used instead of the ideal capacitor with a different impedance
definition. Considering that resistance is inversely relative to capacitance when Rpore
rises and CPE-coat diminishes, the coating barrier feature escalates, and its protective
effectiveness elevates. The double layers (CPEdI-T) of the uncoated Ti, Ti/TiN, Ti/ TiO;-N,
and Ti/TiO, samples were 33.23, 10.07, 0.76, and 0.18 uF/cm?, respectively. The capacitance
impedance is Z = 1/jwc, and this the value for CPE is Z = 1/(Ypjw)", where C stands for
capacitance, w for phase, Y for admittance (inverse of the impedance and the equivalent
to the capacitance in an ideal capacitor), and j is a unit imaginary number. It can be seen
that the difference between the CPE and C is only at a power n, which is a numerical
value between zero and one, with zero being the ideal resistor and one being the ideal
capacitor [38].

Regarding Bode phase charts obtained from the EIS test, the diagrams comprise two
distinct forms: phase changes versus frequency logarithms. The maximum phase angle
shift to the right is evident in the curve of the Ti/TiO, compared to the other samples. The
maximum point on the diagram shifts to the right, and this indicates the higher corrosion
protection properties of the surface. The Ti/ TiO, sample created the highest Bode phase
angle of —79°, whereas lower maximum phase angles of —62° were observed for the
uncoated Ti substrates, which implies their lower corrosion resistance. Since TiO, film
generated by PEO approaches acted as a barrier to prevent electrolyte solution diffusion
to the interface of magnesium and the tortuosity pathway for the diffusion of electrolyte
increased, thus the substrate corrosion rate was reduced [8]. These results demonstrated
that the TiO, coating could appropriately delay the penetration of the corrosive solution
and work as a solid barrier towards corrosion.

In the electrochemical impedance diagrams, the increase in capacitance values indi-
cates the entrance of ions and corrosive solution into the coating and generally a decrease
in coating resistance, accompanied by a decrease in the resistance of these elements. The
coated specimens show higher resistance than the uncoated substrate, which indicates
higher corrosion resistance. The TiO, coating leads to a significant escalation in the charge
transfer resistance (R¢t) of the uncoated and coated Ti substrate. Thus, the Rct of samples is
as follows: uncoated Ti (12.89 kQ) m?) < Ti/TiN (18.14 kQ m?) < Ti/TiO,-N (42.16 kQ) m?)
< Ti/TiO; (168.36 kO m?). Additionally, both dense inner and outer porous layers have



Materials 2022, 15, 8300

14 of 17

significantly lower capacitance, this indicates higher resistance to corrosion of the PEO
and duplex coated specimens. The lower that the capacitance is charged, the less the
current. When a capacitor is omitted from the circuit, no current can flow because, when
the capacitor is charged, the current will not pass, and the circuit will be cut off. The dense
oxide layer on the surface of the titanium also has this effect and, such as a capacitor after
being fully charge, disrupts the electrical circuit by reducing the corrosion rate [52-70].
Based on the EIS diagrams and the obtained data, it can be concluded that the corrosion
resistance of the sample with plasma electrolytic oxidation coating is better than that of the
uncoated sample. In general, for Ti/TiO; and Ti/TiO,-N, it can be said that, due to the easy
penetration of the corrosive solution into the outer layer cavities, this layer did not have
much effect on the electrochemical impedance spectrum. Therefore, this layer has no role
in corrosion resistance. It is, therefore, reasonable to accept the inner layer of the coating is
a barrier against corrosion attacks. This layer creates a physical barrier against corrosive
solution and increases corrosion resistance.

4. Conclusions

The gas nitriding process on the surface of titanium and titanium oxide revealed that
nitrogen penetrated the surface of the samples and formed TiN and TiOg 34Ny 74 phases.
FTIR analysis was also performed to confirm the X-ray diffraction analysis and showed that
nitrogen—oxygen bonds were formed in the nitrated titanium oxide sample. Morphological
analysis of gas nitrided titanium and duplex gas nitrided and PEO showed that the first
structure has a dense appearance with surface pits. In contrast, the second structure is
similar to the titania-coated sample by PEO except that some spherical particles have
emerged near the cavities. Examination of the wear behavior of the specimens showed that
the coefficient friction improved, and the abrasion resistance highly increased, possibly
due to the increased hardness of the coating. The corrosion behavior of Ti/TiO,, Ti/TiN,
and Ti/TiO,-N coated specimens showed that the highest corrosion resistance was for the
Ti/TiO, because of the barrier effect of the coating and electrical charge transfer resistance.
These findings verify that the combination of PEO and gas nitriding methods is very
effective on corrosion and wear properties. Therefore, different structures, thicknesses, and
surface properties are generated. This approach exhibited that the corrosion behavior and
wear resistance of Ti was enhanced substantially. Suggesting the creation of novel coating
systems with productive corrosion and wear performance, besides presenting self-healing
characteristics, also permit additional corrosion protection and further wear resistance,
which are vital to expanding the application of Ti and its alloys.
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/ /www.mdpi.com/article/10.3390/ma15238300/s1, Table S1: Chemical composition of titanium as
substrate.

Author Contributions: Methodology, formal analysis, writing—original draft preparation, H.B.-Z,;
Conceptualization, supervision, writing—review and editing, E.S.; Visualization, writing—review
and editing, funding acquisition, H.R.B.-R. and F.B. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data provided in the present manuscript are available to whom it
may concern.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ma15238300/s1
https://www.mdpi.com/article/10.3390/ma15238300/s1

Materials 2022, 15, 8300 15 0f 17

References

1. Chen, X;; Liao, D.; Zhang, D.; Jiang, X.; Zhao, P.; Xu, R. Friction and wear behavior of graphene-modified titanium alloy micro-arc
oxidation coatings. Trans. Indian Inst. Met. 2020, 73, 73-80. [CrossRef]

2. Shahin, N.; Shamanian, M.; Kharaziha, M. Electrochemical behavior of the double-layer diamond-like carbon/plasma electrolytic
oxidation on AZ31 alloy: A comparison of different PEO interlayers. Diam. Relat. Mater. 2022, 130, 109405. [CrossRef]

3. Bloyce, A.; Morton, P.H.; Bell, T. Surface engineering of titanium and titanium alloys. ASM Handb. 1994, 5, 835-851.

4. Marinina, G.I; Vasilyeva, M.S.; Lapina, A.S.; Ustinov, A.Y.; Rudnev, V.S. Electroanalytical properties of metal-oxide electrodes
formed by plasma electrolytic oxidation. J. Electroanal. Chem. 2013, 689, 262-268. [CrossRef]

5. Bakhtiari-Zamani, H.; Saebnoori, E.; Hassannejad, H.; Hassanzadeh-Tabrizi, A. Comparing Morphology and Corrosion Behavior
of Nanostructured Coatings Obtained via Plasma Electrolytic Oxidation with Direct and Pulse Currents on Commercial Titanium
Substrate. Surf. Eng. Appl. Electrochem. 2019, 55, 667-678. [CrossRef]

6. Hamrahi, B.; Yarmand, B.; Massoudi, A. Improved in-vitro corrosion performance of titanium using a duplex system of plasma
electrolytic oxidation and graphene oxide incorporated silane coatings. Surf. Coatings Technol. 2021, 422, 127558. [CrossRef]

7. Gabor, R,; Cvréek, L.; Doubkovd, M.; Nehasil, V.; Hlinka, J.; Unucka, P; Bufil, M.; Podeptelova, A.; Seidlerova, J.; Batakov4, L.
Hybrid coatings for orthopaedic implants formed by physical vapour deposition and microarc oxidation. Mater. Des. 2022, 219,
110811. [CrossRef]

8.  Li, Q. Liang, J.; Wang, Q. Plasma electrolytic oxidation coatings on lightweight metals. Mod. Surf. Eng. Treat. 2013, 4, 75-99.

9.  Bakhsheshi-Rad, H.R.; Hamzah, E.; Ismail, A.F,; Aziz, M.; Daroonparvar, M.; Saebnoori, E.; Chami, A. In vitro degradation
behavior, antibacterial activity and cytotoxicity of TiO,-MAO/ZnHA composite coating on Mg alloy for orthopedic implants.
Surf. Coat. Technol. 2018, 334, 450-460. [CrossRef]

10. Daroonparvar, M.; Yajid, M.A.; Yusof, N.M.; Bakhsheshi-Rad, H.R.; Hamzah, E.; Mardanikivi, T. Deposition of duplex MAO
layer/nanostructured titanium dioxide composite coatings on Mg—1% Ca alloy using a combined technique of air plasma
spraying and micro arc oxidation. J. Alloys Compd. 2015, 649, 591-605. [CrossRef]

11. Daroonparvar, M.; Yajid, M.A.; Yusof, N.M.; Bakhsheshi-Rad, H.R. Fabrication and properties of triplex NiCrAlY /nano Al,O3-13%
TiO, /nano TiO; coatings on a magnesium alloy by atmospheric plasma spraying method. J. Alloys Compd. 2015, 645, 450—-466.
[CrossRef]

12. Bakhsheshi-Rad, H.R.; Hamzah, E.; Ebrahimi-Kahrizsangi, R.; Daroonparvar, M.; Medraj, M. Fabrication and characterization of
hydrophobic microarc oxidation/poly-lactic acid duplex coating on biodegradable Mg—Ca alloy for corrosion protection. Vacuum
2016, 125, 185-188. [CrossRef]

13.  Zhang, Y,; Tang, S.; Hu, J.; Lin, T. Formation mechanism and corrosion resistance of the hydrophobic coating on anodized
magnesium. Corros. Sci. 2016, 111, 334-343. [CrossRef]

14. Daroonparvar, M.; Yajid, M.A.; Yusof, N.M.; Bakhsheshi-Rad, H.R. Preparation and corrosion resistance of a nanocomposite
plasma electrolytic oxidation coating on Mg-1% Ca alloy formed in aluminate electrolyte containing titania nano-additives. J.
Alloys Compd. 2016, 688, 841-857. [CrossRef]

15. Li,J.; Shi, H,; Liu, F.; Han, E.H. Self-healing epoxy coating based on tung oil-containing microcapsules for corrosion protection.
Prog. Org. Coat. 2021, 156, 106236. [CrossRef]

16. Shi, X.; Wang, Y.; Li, H,; Zhang, S.; Zhao, R.; Li, G.; Zhang, R.; Sheng, Y.; Cao, S.; Zhao, Y.; et al. Corrosion resistance and
biocompatibility of calcium-containing coatings developed in near-neutral solutions containing phytic acid and phosphoric acid
on AZ31B alloy. J. Alloys Compd. 2020, 823, 153721. [CrossRef]

17.  Cheng, Y; Feng, T.; Cheng, Y. A Systematic Study of the Role of Cathodic Polarization and New Findings on the Soft Sparking
Phenomenon from Plasma Electrolytic Oxidation of an Al-Cu-Li Alloy. J. Electrochem. Soc. 2022, 169, 071505. [CrossRef]

18. Narayanan, T.S.; Park, L.S.; Lee, M.H. Strategies to improve the corrosion resistance of microarc oxidation (MAO) coated
magnesium alloys for degradable implants: Prospects and challenges. Prog. Mater. Sci. 2014, 60, 1-71. [CrossRef]

19. Kaseem, M.; Fatimah, S.; Nashrah, N.; Ko, Y.G. Recent progress in surface modification of metals coated by plasma electrolytic
oxidation: Principle, structure, and performance. Prog. Mater. Sci. 2021, 117, 100735. [CrossRef]

20. Behzadi, P; Badr, M.; Zakeri, A. Duplex surface modification of pure Ti via thermal oxidation and gas nitriding: Preparation and
electrochemical studies. Ceram. Int. 2022; in press. [CrossRef]

21. Zhecheva, A.; Sha, W.; Malinov, S.; Long, A. Enhancing the microstructure and properties of titanium alloys through nitriding
and other surface engineering methods. Surf. Coat. Technol. 2005, 200, 2192-2207. [CrossRef]

22. Zukalova, M.; Prochazka, J.; Bastl, Z.; Duchoslav, J.; Rubacek, L.; Havlicek, D.; Kavan, L. Facile conversion of electrospun TiO,
into titanium nitride/oxynitride fibers. Chem. Mater. 2010, 22, 4045-4055. [CrossRef]

23. Maleki-Ghaleh, H.; Khalil-Allafi, J.; Aghaie, E.; Siadati, M.H. Effect of TiO,-Ti and TiO,—TiN composite coatings on corrosion
behavior of NiTi alloy. Surf. Interface Anal. 2015, 47, 99-104. [CrossRef]

24. Alsaran, A.; Purcek, G.; Hacisalihoglu, I.; Vangolu, Y.; Bayrak, O.; Karaman, L; Celik, A. Hydroxyapatite production on
ultrafine-grained pure titanium by micro-arc oxidation and hydrothermal treatment. Surf. Coat. Technol. 2011, 205, S537-5542.
[CrossRef]

25. Fattah-alhosseini, A.; Molaei, M.; Nouri, M.; Babaei, K. Review of the role of graphene and its derivatives in enhancing the

performance of plasma electrolytic oxidation coatings on titanium and its alloys. Appl. Surf. Sci. Adv. 2021, 6, 100140. [CrossRef]


http://doi.org/10.1007/s12666-019-01804-y
http://doi.org/10.1016/j.diamond.2022.109405
http://doi.org/10.1016/j.jelechem.2012.10.032
http://doi.org/10.3103/S1068375519060024
http://doi.org/10.1016/j.surfcoat.2021.127558
http://doi.org/10.1016/j.matdes.2022.110811
http://doi.org/10.1016/j.surfcoat.2017.11.027
http://doi.org/10.1016/j.jallcom.2015.07.200
http://doi.org/10.1016/j.jallcom.2015.05.106
http://doi.org/10.1016/j.vacuum.2015.12.022
http://doi.org/10.1016/j.corsci.2016.05.023
http://doi.org/10.1016/j.jallcom.2016.07.081
http://doi.org/10.1016/j.porgcoat.2021.106236
http://doi.org/10.1016/j.jallcom.2020.153721
http://doi.org/10.1149/1945-7111/ac82cc
http://doi.org/10.1016/j.pmatsci.2013.08.002
http://doi.org/10.1016/j.pmatsci.2020.100735
http://doi.org/10.1016/j.ceramint.2022.08.016
http://doi.org/10.1016/j.surfcoat.2004.07.115
http://doi.org/10.1021/cm100877h
http://doi.org/10.1002/sia.5679
http://doi.org/10.1016/j.surfcoat.2011.03.032
http://doi.org/10.1016/j.apsadv.2021.100140

Materials 2022, 15, 8300 16 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Sarbishei, S.; Sani, M.A.; Mohammadi, M.R. Effects of alumina nanoparticles concentration on microstructure and corrosion
behavior of coatings formed on titanium substrate via PEO process. Ceram. Int. 2016, 42, 8789-8797. [CrossRef]

Abbasi, S.; Mahboob, A.; Bakhtiari Zamani, H.; Bilesan, M.R.; Repo, E.; Hakimi, A. The tribological behavior of nanocrystalline
TiO; coating produced by plasma electrolytic oxidation. J. Nanomater. 2022, 2022, 5675038. [CrossRef]

Venkateswarlu, K.; Rameshbabu, N.; Sreekanth, D.; Bose, A.C.; Muthupandi, V.; Subramanian, S. Fabrication and characterization
of micro-arc oxidized fluoride containing titania films on Cp Ti. Ceram. Int. 2013, 39, 801-812. [CrossRef]

Niazi, H.; Golestani-Fard, F.; Wang, W.; Shahmiri, M.; Zargar, H.R.; Alfantazi, A.; Bayati, R. Structure-property correlation in
EEMADO fabricated TiO,—Al,O3 nanocomposite coatings. ACS Appl. Mater. Interfaces 2014, 6, 5538-5547. [CrossRef]

Xiaohong, W.; Zhaohua, J.; Huiling, L.; Shigang, X.; Xinguo, H. Photo-catalytic activity of titanium dioxide thin films prepared by
micro-plasma oxidation method. Thin Solid Films 2003, 441, 130-134. [CrossRef]

Wang, X.; Pakdel, A.; Zhang, J.; Weng, Q.; Zhai, T.; Zhi, C.; Golberg, D.; Bando, Y. Large-surface-area BN nanosheets and their
utilization in polymeric composites with improved thermal and dielectric properties. Nanoscale Res. Lett. 2012, 7, 662. [CrossRef]
[PubMed]

Zhan, X; Li, S.; Cui, Y,; Tao, A.; Wang, C.; Li, H.; Zhang, L.; Yu, H,; Jiang, ].; Li, C. Comparison of the osteoblastic activity of low
elastic modulus Ti-24Nb-4Zr-85n alloy and pure titanium modified by physical and chemical methods. Mater. Sci. Eng. C 2020,
113, 111018. [CrossRef] [PubMed]

Badiger, P.V.; Desai, V.; Ramesh, M.R. Development and characterization of Ti/TiC/TiN coatings by cathodic arc evaporation
technique. Trans. Indian Inst. Met. 2017, 70, 2459-2464. [CrossRef]

Zhecheva, A.; Malinov, S.; Sha, W. Microstructure and microhardness of gas nitrided surface layers in Ti-8Al-1Mo-1V and
Ti-10V-2Fe-3Al alloys. Surf. Eng. 2005, 21, 269-278. [CrossRef]

Li, H,; Cui, Z; Li, Z.; Zhu, S.; Yang, X. Effect of gas nitriding treatment on cavitation erosion behavior of commercially pure Ti
and Ti—6Al1—4V alloy. Surf. Coat. Technol. 2013, 221, 29-36. [CrossRef]

Aliofkhazraei, M.; Macdonald, D.D.; Matykina, E.; Parfenov, E.V.; Egorkin, V.S.; Curran, J.A.; Troughton, S.C.; Sinebryukhov,
S.L.; Gnedenkov, S.V.; Lampke, T.; et al. Review of plasma electrolytic oxidation of titanium substrates: Mechanism, properties,
applications and limitations. Appl. Surf. Sci. Adv. 2021, 5, 100121. [CrossRef]

Javidi, M.; Fadaee, H. Plasma electrolytic oxidation of 2024-T3 aluminum alloy and investigation on microstructure and wear
behavior. Appl. Surf. Sci. 2013, 286, 212-219. [CrossRef]

Doolabi, D.S.; Ehteshamzadeh, M.; Mirhosseini, S.M. Effect of NaOH on the structure and corrosion performance of alumina and
silica PEO coatings on aluminum. J. Mater. Eng. Perform. 2012, 21, 2195-2202. [CrossRef]

Farshid, S.; Kharaziha, M. Micro and nano-enabled approaches to improve the performance of plasma electrolytic oxidation
coated magnesium alloys. J. Magnes. Alloy. 2021, 9, 1487-1504. [CrossRef]

Li, H.; Cui, Z,; Li, Z.; Zhu, S.; Yang, X. Surface modification by gas nitriding for improving cavitation erosion resistance of CP-Ti.
Appl. Surf. Sci. 2014, 298, 164-170. [CrossRef]

Gao, Y.; Yerokhin, A.; Parfenov, E.; Matthews, A. Application of voltage pulse transient analysis during plasma electrolytic
oxidation for assessment of characteristics and corrosion behaviour of Ca- and P-containing coatings on magnesium. Electrochim.
Acta 2014, 149, 218-230. [CrossRef]

Shin, K.R.; Kim, Y.S.; Yang, H.W.; Ko, Y.G.; Shin, D.H. In vitro biological response to the oxide layer in pure titanium formed at
different current densities by plasma electrolytic oxidation. Appl. Surf. Sci. 2014, 314, 221-227. [CrossRef]

Zhou, Y.L.; Niinomi, M.; Akahori, T. Effects of Ta content on Young’s modulus and tensile properties of binary Ti-Ta alloys for
biomedical applications. Mater. Sci. Eng. A 2004, 371, 283-290. [CrossRef]

Sampatirao, H.; Amruthalury, S.; Chennampalli, P.; Lingamaneni, R.K.; Nagumothu, R. Fabrication of ceramic coatings on the
biodegradable ZM21 magnesium alloy by PEO coupled EPD followed by laser texturing process. J. Magnes. Alloys 2021, 9,
910-926. [CrossRef]

Gao, Y.; Yerokhin, A.; Matthews, A. Effect of current mode on PEO treatment of magnesium in Ca-and P-containing electrolyte
and resulting coatings. Appl. Surf. Sci. 2014, 316, 558-567. [CrossRef]

Kucukosman, R.; Sukuroglu, E.E.; Totik, Y.; Sukuroglu, S. Effects of graphene oxide addition on wear behaviour of composite
coatings fabricated by plasma electrolytic oxidation (PEO) on AZ91 magnesium alloy. J. Adhes. Sci. Technol. 2021, 35, 242-255.
[CrossRef]

Fontana, M. Corrosion Engineering; McGraw-Hill: Singapore, 1987.

Manivasagam, G.; Mudali, U.K.; Asokamani, R.; Raj, B. Corrosion and microstructural aspects of titanium and its alloys as
orthopaedic devices. Corros. Rev. 2003, 21, 125-160. [CrossRef]

Bahramian, A.; Raeissi, K.; Hakimizad, A. An investigation of the characteristics of Al;O3/TiO, PEO nanocomposite coating.
Appl. Surf. Sci. 2015, 351, 13-26. [CrossRef]

Molaei, M.; Fattah-Alhosseini, A.; Gashti, S.0. Sodium aluminate concentration effects on microstructure and corrosion behavior
of the plasma electrolytic oxidation coatings on pure titanium. Metall. Mater. Trans. A 2018, 49, 368-375. [CrossRef]

Quintero, D.; Galvis, O.; Calderdn, J.A.; Castafio, J.G.; Echeverria, F. Effect of electrochemical parameters on the formation of
anodic films on commercially pure titanium by plasma electrolytic oxidation. Surf. Coat. Technol. 2014, 258, 1223-1231. [CrossRef]


http://doi.org/10.1016/j.ceramint.2016.02.120
http://doi.org/10.1155/2022/5675038
http://doi.org/10.1016/j.ceramint.2012.07.001
http://doi.org/10.1021/am405938n
http://doi.org/10.1016/S0040-6090(03)00910-6
http://doi.org/10.1186/1556-276X-7-662
http://www.ncbi.nlm.nih.gov/pubmed/23194335
http://doi.org/10.1016/j.msec.2020.111018
http://www.ncbi.nlm.nih.gov/pubmed/32487417
http://doi.org/10.1007/s12666-017-1107-9
http://doi.org/10.1179/174329405X55302
http://doi.org/10.1016/j.surfcoat.2013.01.023
http://doi.org/10.1016/j.apsadv.2021.100121
http://doi.org/10.1016/j.apsusc.2013.09.049
http://doi.org/10.1007/s11665-012-0151-1
http://doi.org/10.1016/j.jma.2020.11.004
http://doi.org/10.1016/j.apsusc.2014.01.152
http://doi.org/10.1016/j.electacta.2014.10.063
http://doi.org/10.1016/j.apsusc.2014.06.121
http://doi.org/10.1016/j.msea.2003.12.011
http://doi.org/10.1016/j.jma.2020.10.002
http://doi.org/10.1016/j.apsusc.2014.08.035
http://doi.org/10.1080/01694243.2020.1800289
http://doi.org/10.1515/CORRREV.2003.21.2-3.125
http://doi.org/10.1016/j.apsusc.2015.05.107
http://doi.org/10.1007/s11661-017-4405-2
http://doi.org/10.1016/j.surfcoat.2014.06.058

Materials 2022, 15, 8300 17 of 17

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Abazari, S.; Shamsipur, A.; Bakhsheshi-Rad, H.R.; Ismail, A.E; Sharif, S.; Razzaghi, M.; Ramakrishna, S.; Berto, F. Carbon
nanotubes (CNTs)-reinforced magnesium-based matrix composites: A comprehensive review. Materials 2020, 13, 4421. [CrossRef]
[PubMed]

Zhang, G.; Wu, L.; Tang, A.; Ding, X.; Jiang, B.; Atrens, A.; Pan, F. Smart epoxy coating containing zeolites loaded with Ce on
a plasma electrolytic oxidation coating on Mg alloy AZ31 for active corrosion protection. Prog. Org. Coat. 2019, 132, 144-147.
[CrossRef]

Zhang, G.; Wu, L,; Tang, A.; Ma, Y; Song, G.L.; Zheng, D,; Jiang, B.; Atrens, A.; Pan, F. Active corrosion protection by a smart
coating based on a MgAl-layered double hydroxide on a cerium-modified plasma electrolytic oxidation coating on Mg alloy
AZ31. Corros. Sci. 2018, 139, 370-382. [CrossRef]

Weng, W.; Wu, W,; Yu, X,; Sun, M,; Lin, Z; Ibrahim, M.; Yang, H. Effect of GeIMA hydrogel coatings on corrosion resistance and
biocompatibility of MAO-Coated Mg alloys. Materials 2020, 13, 3834. [CrossRef]

Egorkin, V.S.; Medvedev, I.M.; Sinebryukhov, S.L.; Vyaliy, LE.; Gnedenkov, A.S.; Nadaraia, K.V.; Izotov, N.V.; Mashtalyar, D.V,;
Gnedenkov, S.V. Atmospheric and marine corrosion of PEO and composite coatings obtained on Al-Cu-Mg aluminum alloy.
Materials 2020, 13, 2739. [CrossRef]

Bisztyga-Szklarz, M.; Rzad, E.; Borory, L.; Klimczyk, P; Polczyk, T.; Letocha, A.; Rajska, M.; Hebda, M.; Dtugosz, P. Properties of
microplasma coating on AZ91 magnesium alloy prepared from electrolyte with and without the borax addition. Materials 2022,
15,1354. [CrossRef]

Choi, K.; Kang, S.; Kang, H. Fatigue Behavior of an AM50 die-casting alloy anodized by plasma electrolytic oxidation. Materials
2021, 14, 7795. [CrossRef]

Pezzato, L.; Brunelli, K.; Diodati, S.; Pigato, M.; Bonesso, M.; Dabala, M. Microstructural and corrosion properties of hydroxyap-
atite containing PEO coating produced on AZ31 Mg alloy. Materials 2021, 14, 1531. [CrossRef]

Zhang, R.; Zhong, S.; Zeng, L.; Li, H.; Zhao, R.; Zhang, S.; Duan, X.; Huang, J.; Zhao, Y. Novel Mg-incorporated micro-arc
oxidation coatings for orthopedic implants application. Materials 2021, 14, 5710. [CrossRef]

Yao, Y.; Yang, W,; Liu, D.; Gao, W.; Chen, J. Preparation and corrosion behavior in marine environment of MAO coatings on
magnesium alloy. Materials 2020, 13, 345. [CrossRef]

Zhang, G,; Jiang, E.; Wu, L.; Tang, A.; Atrens, A.; Pan, F. Active corrosion protection of phosphate loaded PEO/LDHs composite
coatings: SIET study. . Magnes. Alloy. 2022, 10, 1351-1357. [CrossRef]

Ballam, L.R.; Arab, H.; Bestetti, M.; Franz, S.; Masi, G.; Sola, R.; Donati, L.; Martini, C. Improving the corrosion resistance of
wrought ZM21 magnesium alloys by plasma electrolytic oxidation and powder coating. Materials 2021, 14, 2268. [CrossRef]
[PubMed]

Korpi, A.G.; Rezaee, S.; Luna, C.; Talu, $.; Arman, A.; Ahmadpourian, A. Influence of the oxygen partial pressure on the growth
and optical properties of RF-sputtered anatase TiO, thin films. Results Phys. 2017, 7, 3349-3352. [CrossRef]

Zare, M.; Solaymani, S.; Shafiekhani, A.; Kulesza, S.; Talu, S.; Bramowicz, M. Evolution of rough-surface geometry and crystalline
structures of aligned TiO, nanotubes for photoelectrochemical water splitting. Sci. Rep. 2018, 8, 10870. [CrossRef] [PubMed]
Talu, $.; Achour, A.; Solaymani, S.; Nikpasand, K.; Dalouji, V.; Sari, A.; Rezaee, S.; Nezafat, N.B. Micromorphology analysis
of TiO2 thin films by atomic force microscopy images: The influence of postannealing. Microsc. Res. Tech. 2020, 83, 457—-463.
[CrossRef]

Parfenova, L.V.; Galimshina, Z.R.; Gil’fanova, G.U.; Alibaeva, E.I.; Danilko, K.V.; Aubakirova, V.R.; Farrakhov, R.G.; Parfenov,
E.V,; Valiev, R.Z. Modeling of biological activity of PEO-coated titanium implants with conjugates of cyclic RGD peptide with
amino acid bisphosphonates. Materials 2022, 15, 8120. [CrossRef]

Pezzato, L.; Settimi, A.G.; Fanchin, D.; Moschin, E.; Moro, L; Dabala, M. Effect of Cu Addition on the corrosion and antifouling
properties of PEO coated zinc-aluminized steel. Materials 2022, 15, 7895. [CrossRef]

Schwartz, A.; Kossenko, A.; Zinigrad, M.; Gofer, Y.; Borodianskiy, K.; Sobolev, A. Hydroxyapatite coating on Ti-6Al-7Nb alloy by
plasma electrolytic oxidation in salt-based electrolyte. Materials 2022, 15, 7374. [CrossRef]

Zhu, L.; Zhang, W.; Liu, H; Liu, L.; Wang, E; Qiao, Z. Single dense layer of PEO coating on aluminum fabricated by “chain-like”
discharges. Materials 2022, 15, 4635. [CrossRef]


http://doi.org/10.3390/ma13194421
http://www.ncbi.nlm.nih.gov/pubmed/33020427
http://doi.org/10.1016/j.porgcoat.2019.03.046
http://doi.org/10.1016/j.corsci.2018.05.010
http://doi.org/10.3390/ma13173834
http://doi.org/10.3390/ma13122739
http://doi.org/10.3390/ma15041354
http://doi.org/10.3390/ma14247795
http://doi.org/10.3390/ma14061531
http://doi.org/10.3390/ma14195710
http://doi.org/10.3390/ma13020345
http://doi.org/10.1016/j.jma.2021.03.008
http://doi.org/10.3390/ma14092268
http://www.ncbi.nlm.nih.gov/pubmed/33925662
http://doi.org/10.1016/j.rinp.2017.08.018
http://doi.org/10.1038/s41598-018-29247-3
http://www.ncbi.nlm.nih.gov/pubmed/30022150
http://doi.org/10.1002/jemt.23433
http://doi.org/10.3390/ma15228120
http://doi.org/10.3390/ma15227895
http://doi.org/10.3390/ma15207374
http://doi.org/10.3390/ma15134635

	Introduction 
	Experimental Procedure 
	Results and Discussion 
	Plasma Discharge Characteristics 
	Crystal Structure and Coating Morphology 
	Wear Property and Micro-Hardness of the Coating 
	Electrochemical Behavior of the Coating 

	Conclusions 
	References

