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Nanocrystalline TiO, coatings were produced on titanium substrates using the plasma electrolytic oxidation technique. The effects
of frequency, duty cycle, and type of applied current (pulse and direct) were evaluated on the microstructure of the coatings and
the tribological behavior of the samples. Morphological evaluations demonstrated that the pancake structure was developed from
coatings created with a unipolar pulsed current. However, a volcano-like surface morphology resulted from a constant current.
The XRD analysis results showed that the coatings were composed mainly of the rutile phase by 77.80-96.34wt. %. In
comparison, 22.20wt. % of the anatase phase was identified in samples produced with direct current. These phases were
determined to be nanocrystalline (29.5-48.3 nm), which led to significant improvements in the tribological properties. The
sample produced with direct current had larger pores, greater roughness, and a four-times higher thickness than samples
created with unipolar current. Furthermore, the tribological study results showed that wear resistance was significantly higher
in the unipolar pulsed current coatings than in those obtained with direct current. Moreover, samples made at a higher
frequency and lower duty cycle showed better tribological behavior.

1. Introduction

Pure titanium (Ti) and titanium alloys have been extensively
used in the aerospace, automotive, marine, medical, and
energy industries. Ti and its alloys have some desirable prop-
erties, including low density, low elastic modulus, high
strength-to-weight ratio, high melting point, and great bio-
compatibility, as well as good corrosion, creep, and fatigue
resistance [1, 2]. However, Ti has some disadvantages, includ-
ing high friction coefficient, low abrasive, low adhesive wear
resistance (weak tribological properties) [3-5].

To increase the Ti wear resistance, TiO2 is commonly
used as a covering. To deposit TiO2 coating on the Ti sur-
face, various surface modifying techniques classified as phys-
ical, chemical, and electrochemical methods have been used

[6-8]. The newest electrochemical coating process is gener-
ally known as plasma electrolytic oxidation (PEO) [9, 10].
The PEO process is typically affected by many intrinsic
and extrinsic variables. Extrinsic variables are related to elec-
trical parameters. Substance and electrolyte composition as
intrinsic variables substantially affect the microstructure
and composition of coatings. Some other variables, such as
processing time, electrolyte temperature, and additives,
influence the coatings’ morphology and roughness [11-14].
Various types of electric current are used in the PEO
process. Direct current can provide constant current and
voltage. However, this source cannot fully control PEO due
to its difficulty in regulating the current during the electrical
discharge occurrence. Therefore, direct current is typically
used to apply thin coatings on metal substrates with a simple
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TaBLE 1: Chemical composition of the CP-grade II Ti substrate was used in this research.

Elements Al \% Cr Cu Fe Mn Mo Nb Sn Zr Ti
Wt. % 0.01 0.05 0.01 0.02 0.07 0.03 0.03 0.01 0.05 0.01 Bal.
TaBLE 2: The parameters of different coating processes on Ti.

Current density o Coating Ultimate Sparking Sparking
Sample Current type (mA.Cm?) Frequency (Hz)  Duty cycle (%) time (min)  voltage (V)  time (s)  voltage (V)
B Square unipolar 100 500 10 10 255 15 212
pulsed current
B1 Square unipolar 100 1500 10 10 262 17 227
pulsed current
B2 Square unipolar 100 500 20 10 247 18 192
pulsed current
B3 Direct current 100 — — 10 145 5 110

shape. Unipolar pulsed current, used in PEO, generates
alternating current to prevent electrode polarization by con-
trolling electrical arcs. Using asymmetrical alternating cur-
rent (unequal positive and negative amplitude), including
unbalanced (dipole) pulse current, modified dipole pulse
current, and alternating current (AC), provides further abil-
ity to control the coating process [15, 16].

There are a large number of studies on the investigation
of the morphology of TiO2 coatings made by PEO on Ti
substrates, but few have been performed on assessing their
tribological properties. S. Aliasghar and et al. investigated
the tribological performance of the titanium oxide coatings
fabricated by PEB using a phosphate/silicate electrolyte with
a frequency of 50Hz and a duty cycle of 50-70%. They
reported that the coatings were limited in thickness to ~40
to 50 um and the coefficient of friction was 0.8 compared
with ~0.5 for the untreated titanium [17]. In his study, we
evaluated the effects of frequency, duty cycle, and applied
current on the wear characteristics of nanocrystalline TiO2
coatings produced with PEO in a carbonate electrolyte with
different frequencies and duty cycles.

2. Materials and Methods

Commercially pure (CP-grade II) titanium plates with
dimensions of 13x13x3mm were used as the substrate,
connected to the positive pole of the power supply as anode.
The chemical analysis of the substrate was carried out by
quantometer and the results are presented in Table 1. The
plates were polished with 240, 400, 600, 800, 1000, and
1500 sandpapers and then with 0.5 um AlL,O, powder. To
remove organic contaminants from the samples’ surfaces,
they were immersed in a solution consisting of acetone, eth-
anol, and distilled water for 10 min in an ultrasonic bath. An
ASTM 316 stainless steel cylindrical container, surrounding
the substrates, was used as a cathode (negative pole). The
coating solution consisted of 21.2g.L”" sodium carbonate
and 5g.L"" sodium hydroxide. During the coating process,
the electrolyte temperature was 25+ 2°C. Coating parame-
ters are demonstrated in Table 2. The B, B1, and B2 samples

were produced in square unipolar and at different frequen-
cies and duty cycles, whereas the B3 coating was grown with
direct current. As shown in this Table, the maximum electric
power, the current density, and the processing time were
constant for all the samples, i.e., 6 kW, 100 mA.cm ™2, and
10 min, respectively.

X-ray diffraction analysis (XRD, Philips, model PW-
1730) with Cu-Ka radiation at a wavelength of 1.54 A was
employed to evaluate the coatings’ phases. XRD was con-
ducted at a scan rate of 0.05deg/s, with an applied voltage
of 40kV and an electric current of 30 mA. The coatings’
morphology was studied using scanning electron micros-
copy (SEM, LEO 435-VP) and field emission scanning elec-
tron microscopy (FESEM, TESCAN MU-Mira 3). Before
placing the samples in the SEM device equipped with EDX,
they were conductive with gold coating. The elemental com-
positions of coatings were evaluated by the energy dispersive
X-ray spectroscopy (EDX) technique. Before the SEM and
EDX analyses were performed, the samples were coated with
Au to improve the conductivity. The surface topography of
coatings was inspected through atomic force microscopy
(AFM, Veeco auto probe) with a silicon pin of 10 nm tip in
contact mode with air. The roughness of the layers was
obtained by AFM and Proscan software (Ver. 1.7).

The coatings’ wear characteristics, including friction
coefficient, weight loss, and abrasion rate, were evaluated
using a non-lubricated pin-on-disk wear test (TSN-WTC
02) at 25+2°C with a humidity of 21%. The pin’s applied
load and speed were 2N and 0.05m.s™", respectively, and
its sliding distance was 100m. The samples had a circle
shape with a 5mm diameter. The pin was made of AISI-
52100 steel with a length of 50mm and a diameter of
2mm. Wear analysis was conducted according to the ASTM
G-99 standard.

3. Results and Discussion

3.1. Voltage-Time (V-T) Curve. According to the V-t curves
of the samples (Figure 1), the voltage increased intensively
in the region I, and the oxide film began to form. The



Journal of Nanomaterials

300

250

200

150

Potential (V)

100

50

T T
0 100 200

— B
Bl

T T T
300 400 500 600
Time (s)

— B2
B3

FIGURE 1: Voltage-time curve of coating process for the B, B1, B2, B3, and B4 samples.

anodizing process was first performed in this region to create
a high-resistance dielectric protective layer on the surface.
Increasing frequency in the Bl sample enhanced voltage,
while voltage in the B2 sample was suppressed by increasing
the duty cycle. In the B3 sample, voltage instantaneously
increased, which might be because direct current (without a
pulse) was used, and the current reached the breakdown zone
[18]. The release of oxygen gas around the anode (Ti), corre-
sponding to dielectric breakdown and plasma formation [15,
19], and an increase in voltage during the constant current
density process, caused increased electrical resistance.

In the region I, in which the V-t curve follows Faraday’s
electrolysis laws, voltage was reduced by 6%, 15%, and 9%
for the B, B1, and B2 samples, respectively. In this region,
voltage decreased with a slight slope, indicating a breakdown
of the protective film produced in region I. Reducing the
slope in the region II could be because of the presence of
ions and electrons, while the high-steep slope in region I
was attributed to ionic current [20]. The difference between
voltage and time was due to the increase of the input current
and duty cycle for the B2 sample and the frequency differ-
ence for the B and B1 samples. This resulted in a dielectric
breakdown and suppressed voltage. The sparking process
occurred in region II, and the related information is shown
in Table 2 for all samples. As shown in Figure 1 and
Table 2, the direct current process is different from a unipo-
lar pulsed current process. In region II, there was a dielectric
breakdown at the beginning of the direct current process,
resulting in a critical voltage. In this region, the voltage
increases only occurred for the B3 sample since a voltage
drop was observed for the unipolar pulsed current samples;
in other words, voltage increased at a lower rate in the
region. Also, the oxygen release rate was low in this region
[21], and the acoustic emission activity somewhat stopped

before reaching the breakdown voltage. In this step, the
oxide layer’s growth rate was reduced due to porosity for-
mation [18]. In region III of the samples produced with
unipolar pulsed current, the voltage increased slightly, and
eventually the voltage and resistance became constant.

3.2. Phase Analysis. As demonstrated in the XRD patterns of
the coated and non-coated titanium samples (Figure 2), tita-
nium dioxide is composed of anatase and rutile. The gener-
ated heat on the anode surface caused by electrical sparks is
the main factor in anatase and rutile fabrication. Figure 2
shows the highest amount of rutile was formed in layers that
were grown in the direct current.

Despite using an electrolyte containing sodium, no
sodium peak was detected in the XRD results, probably
due to the decomposition of sodium carbonate and sodium
hydroxide [22, 23].

The reason for the titanium peak in the XRD results is
likely X-ray beam penetration through coatings [18]. Tita-
nium, anatase, and rutile were detected in the B, B1, and B2
samples. The average temperature of metallic substrate holder
was been reported about 400°C during the plasma electrolyte
oxidation process [24, 25]. Anatase transforms irreversibly to
rutile at elevated temperatures. The disparity in the intensity
of rutile summits formed in the B sample compared with the
B1 and B2 samples was due to the increase in the voltage level
(as frequency was enhanced) and duty cycle (as voltage
decreased). The weight percentages of oxides obtained from
the XRD peak intensity were calculated using equations (1)
and (2) [26, 27].

1
Xp= ey (1)
1+0.8 (Iy/Iy)
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F1GURE 2: The X-ray diffraction patterns of the Ti substrate and coated B, B1, B2, and B3 samples.

1

Xy=1-XOrX,=
A RETRA T 13126 (/L)

(2)

Where XR and XA are the weight percentage of the rutile
and anatase phases and IR and IA are the peak intensities of
anatase (101) and rutile (110) peaks, respectively. Table 2
demonstrates the weight percentages of the anatase, and rutile
phases formed in the B, Bl, B2, and B3 samples. In the B
sample, the weight percentage was reduced from 22.2% to
3.66% in the anatase phase. At the same time, the weight per-
centage increased from 77.8% to 96.34% in the rutile phase.
The transformation of anatase into a rutile phase (more ther-
modynamically stable) is most likely due to voltage and
plasma intensity changes, directly affecting the micro-spark

intensity and the oxide film’s thermal gradient [15, 18, 24].
Table 2 presents the crystallographic properties of the B, Bl,
B2, and B3 samples. Although the XRD technique can esti-
mate the crystal size with an acceptable tolerance, TEM and
FESEM analyses have been suggested to measure more accu-
rately the crystal size. The Debye-Scherrer equation (Eq. 34)
was employed to calculate the crystal size (D) [26].

0.941

D= ——Fs—
(ﬁf—ﬁﬁ) ~ cos O

(3)

Where A is the wavelength of the radiation beam
(1.54041 A), 0 is the X-ray diffraction angle, f3; is the peak
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FiGure 3: The SEM micrographs of (a) B, (b) B1, (¢) B2, and (d) B3 samples.

width at half maximum, and , is the peak broadening due to
the micro-strain.

Average crystallite sizes in the B, B1, B2, and B3 samples
were 40.5nm, 29.5nm, 48.3 nm, and 39 nm, respectively. It
has been demonstrated that the TiO, nanocrystal-coated
surface exhibits significant improvements in the tribological
properties of titanium [27].

3.3. Microstructure and Topography Analysis. Figure 3
depicts the surface morphology of the coatings obtained
using unipolar pulsed current and direct current. According
to the voltage-time curve (Figure 1), voltage variations chan-
ged the average size of porosity in the coatings. The average
diameter and volume fraction of porosity in the coatings
were measured using the image analysis software (Table 2).
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FiGure 4: The FESEM micrographs of the (a) B, (b) BI, (¢) B2, and (d) B3 samples.

The results revealed that porosities’ diameters changed as
the coating parameters varied. The B1 sample (coated with
unipolar pulsed current, a duty cycle of 20%, and a fre-
quency of 1000 Hz) showed the highest volume of porosity.
The same sample was found to have the highest average
diameter of porosity. It is worth noting that the applying
higher voltages causes the passage of more electric current
through the electrochemical cell due to more energetic elec-
trical sparks. Such strong electrical avalanches lead to the
formation of wider pores. In addition, the density of surface

pores increases with increasing voltage. This is because when
the voltage applied to the electrochemical cell increases, the
anode voltage also increases, making it easier to reach the
breakdown potential of the surface oxide layer and the gas
layer that covers the anode. Consequently, more electron
avalanches occur in the vicinity of the anode, leading to
the formation of more pores [28].

Regarding Figure 3, the sample coated with unipolar
pulsed current revealed a pancake microstructure with dif-
ferent pore sizes. A porous microstructure was observed in
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F1GURE 5: The SEM cross-section micrographs of the (a) B, (b) B1, (c) B2, and (d) B3 samples.

all the coatings, with changing frequency, duty cycle, and
current causing the coatings’ microstructure to change. It
was found that as frequency and voltage increased, surface
roughness was enhanced (Figure 3(b)). Increasing frequency
multiplied by the size and number of discharge channels
resulted in a coating with a higher roughness [5]. As shown
in Figure 3(c), increasing duty cycle raised the pores’ diam-
eter formed on the samples’ surface and, consequently,
enhanced surface roughness. Dark circular spots distributed
in the SEM micrographs of the B3 sample were discharge
channels developed during the coating process. Volcano-
like microstructure formation affected the rapid solidifica-
tion of the oxide products (TiO,) and increased coating
thickness near the discharge channels in the B3 sample. As
discharge channels cooled down, reaction products were
deposited on the channel walls. Then, the generated gases
were stimulated to exit the channels, resulting in the forma-
tion of a volcano-like microstructure on the coating surface
[27]. In Figure 3(d), the micro-cracks in the B3 coating were
basically due to an increase in the electrical discharge power
of direct current. Moreover, micro-cracks were produced
with electrolytic plasma, probably due to the internal stress,
contraction of the molten material produced with electrical

discharge, and the difference between the phases produced
in the outer and inner coatings. Another possible reason
for the presence of micro-cracks in the B3 sample was the
rapid cooling around the micro-sparks.

As rapid cooling occurred around the sparks’ locations,
the molten metal experienced a high contraction, ultimately
forming surface micro-cracks [28, 29]. Thermal stress was
caused by rapid solidification. In other words, the growing
layer was melted due to surface electrical discharge, and it
quickly solidified, resulting in micro-cracks on the surface.
Moreover, some micro-cracks were observed on the B3 sam-
ple’s surface, which might be due to increased heat produced
by the sparks. In other words, higher energy in the direct
current process resulted in more local melting of metal.

Figure 4 illustrates the surface morphology of the B, BI,
B2, and B3 samples at various magnifications. As observed
in this Figure, the samples had a crystalline microstructure.
By increasing the frequency of the Bl sample, the voltage
variation rate was enhanced, and the grains became smaller
as they did not have enough time for growth. The size of
the grains was also affected by temperature. Continuous
micro-sparks at a lower frequency increased the local tem-
perature, which enhanced the grain size [30]. In the B2
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F1GURE 6: The EDS analysis of (a)

sample, increasing the duty cycle enhanced the final voltage,
which increased the pulse’s operation time and simplified
the grains’ growth during the time. The dielectric layer
formed with electrical discharge during the coating process
was stable in the coating obtained using direct current
(B3). However, using unipolar pulsed current destabilized
the layer, suppressing the grain growth rate. In the B3 sam-
ple, the substrate was exposed continuously to electrical dis-
charge, and allowing more growing time for the grains.

As illustrated in Figure 5, the B, B1, B2, and B3 samples
had a thickness of 4.0+ 0.74 ym, 6.2 +£0.95 um, 3.6 £ 0.71 ym,
and 23+ 1.4 ym, respectively. Also, all samples produced
with unipolar pulsed current revealed dense coatings with
good adhesion to the substrate, unlike B3. Moreover, it was
found that the Bl sample thickness was enhanced by
increasing frequency. This fact is also evidenced in published
studies [31, 32]. It can be stated that the micro-discharge
generated by thermal ionization lasted longer and trans-
formed a greater mass on the substrate. Therefore, in direct
current, it resulted in a thicker coating. However, in unipolar
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B, (b) B1, (¢) B2, and (d) B3 samples.

pulsed current, it causes an intense micro-discharge with a
low plasma lifetime.

Figure 6 depicts the coating’s chemical composition
measured using EDS. Oxygen and titanium were observed
in all the coatings. It should be noted that the presence of
Au was due to the coating procedures before EDS analysis.
Based on the atomic percentage of titanium and oxygen
detected by EDS analysis, the main constituent phase is sup-
posed to be titanium oxide. By increasing the applied voltage
and electric field in the B1 sample compared to the B sample,
the amount of oxygen increased in the TiO, coating of the Ti
anode increased [33].

As shown in Table 3, based on the surface topography of
the layer synthesized at various times on a scale of 3 yum x3 ym
the average surface roughness numbers (Ra) of the layers
grown in different conditions. It is foreseeable that after the
sparks disappear, the melted areas are frozen around the elec-
trolyte and a rough layer is formed. By comparing the B3
sample with coatings produced using unipolar pulsed cur-
rent, it was found that the B3 coating had greater roughness,
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TaBLE 3: Phase and microstructural characteristics of the coatings.

Average porosity Porosity volume Average surface

Sample Anatase (Wt. %) Rutile (Wt. %) size (um) fraction (vol. %) roughness (pm)
B 5.45 94.55 0.64 8.12 0.33
B1 3.66 96.34 2.07 9.73 0.44
B2 12.02 78.98 0.98 10.54 0.36
B3 222 77.80 2.31 6.86 2.00
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FIGURE 7: Weight changes of the samples (wt. %) in the wear test.
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which are most likely due to the strong electric field and
dielectric breakdown during the coating process [34, 35].
PEO coatings’ roughness typically depends on the sub-
strate’s surface roughness and coating parameters [15]. It is
known that sparks’ lifetime in the PEO coating process
increases by enhancing frequency, and longer sparks’ life-
time leads to larger particle sizes. In other words, coatings

can increase surface roughness as the spark channels
increase in diameter. With a greater duty cycle, less time is
needed between two pulses. The molten material is solidified
at the interval between two pulses; thus, as this time is
reduced, the material does not have enough time to crystal-
ize and becomes amorphous [15]. This results in increasing
the amount of porosity and surface roughness in coatings.
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FiGUure 9: The SEM micrographs of (a) Ti substrate, (b) B, (c) B, (d) B2, and (e) B3 samples after the wear test.

3.4. Tribological Behavior. As illustrated in Figure 7, the B3
sample (coated using direct current) had the lowest weight
loss, whereas the highest weight loss was found in the B2
sample (coated using unipolar pulsed current at the fre-
quency of 500Hz). The massive difference in weight loss
among samples coated with unipolar pulsed current is prob-
ably due to incomplete coating formation, low thickness,
and high porosity in the coatings. As a result, as the coating
forms on the substrate, electric resistance increases and
power and the number of electrical discharges is reduced,
and thus, coating growth continues at a prolonged rate.

The difference in weight loss among samples coated with
direct current and unipolar pulsed current was due to the
higher deposition rate [14].

M, -M
%AW=%><100 (4)
2

Where M, is the sample’s weight before coating, M, is
the sample’s weight after coating, and AW is the percentage
of weight change. During the coating process, the substrate
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may dissolve, which results in weight loss. Additionally, as
the substrate is coated, it gains weight. Therefore, weight
loss and weight gain determined the samples’ final weight
(Equation (4)).

After the coating process, the samples’ weights were
reduced, indicating that the weight of the formed coating
was lower than that of the dissolved substrate.

Figure 8 depicts the friction coefficients of the coated and
uncoated samples. The adhesion and detachment of abrasive
particles causes the friction coefficient to oscillate, causing
the force between the abrasive surface and the coating to
fluctuate. Based on the friction between the abrasive body
and TiO, coating surfaces, the friction coefficient increased
up to 0.5 from the beginning to 40m sliding distance due
to the oxide layer’s loss and the high roughness of the coat-
ing surface. Due to further contact between the pin and the
coating surface, the friction coefficient showed a decreasing
trend at 0-40 m and then reached a constant value for the
coated samples up to 100 m. The B1 sample showed better
tribological behavior as the high density and good adhesion
of the coating to the substrate increased the wear resistance
between the pin and the titanium oxide coating surface.
The friction coefficient of the B3 sample reached 0.85 after
45 m sliding distance and remained constant up to the slid-
ing distance of 100m. For the B3 sample, a steep slope at
the beginning of the test might be attributed to the rapid
increase in the number of abrasion particles between the
two surfaces, which increased the wear rate. Typically, the
friction coeflicient becomes stable when the number of abra-
sive particles between surfaces is equal to the number of
abrasive particles removed from wear surfaces [36, 37].

Figure 9 demonstrates the SEM images of the uncoated
and coated samples after the wear test. The wear mechanism
for the uncoated titanium was a combination of adhesion
and abrasion, which might be due to plastic deformation on
the coating surface and the abrasion between the pin and the
coating during the wear test. No surface fracture was detected
in this Figure and only some micro-cracks were observed,
showing the presence of the abrasive wear mechanism [36,
37]. Some white spots were observed on the coatings’ surface
after the wear test, indicating the adhesion mechanism.

4. Conclusions

The PEO process was used with sodium carbonate electro-
lyte to coat titanium oxide on a pure titanium substrate, with
a current density of 825mA/cm?, various frequencies and
duty cycles, and different types of current. The following
results were obtained from this research study:

(1) Samples coated using 1500Hz-10%-267V and
1500 Hz-10%-145 V revealed the highest and lowest
potential, respectively

(2) The phase analysis results showed that the sample
coated with direct current had a uniform rutile
phase. The sample coated with unipolar pulsed cur-
rent had a relatively small amount of the anatase
phase in addition to the rutile phase

11

(3) A pancake microstructure was revealed by samples
coated using unipolar pulsed current. Increasing
frequency enhanced the porosity size compared to
samples obtained with unipolar pulsed current. The
coatings produced with direct current had a
volcano-like microstructure with some micro-
cracks on the coating surface

(4) The B3 sample (which used direct current) revealed
the highest roughness and thickness, while the Bl
sample (which used unipolar pulsed current) had
the lowest roughness and thickness

(5) After 100m sliding distance, the wear test results
depicted that the friction coeflicient of samples
coated using unipolar pulsed current was reduced
and wear resistance improved significantly. How-
ever, samples coated using direct current showed
more wear resistance than the unipolar pulsed cur-
rent samples

(6) The XRD results showed a uniform titanium oxide
and rutile phase
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