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ABSTRACT

This study investigated the influence of three different frequencies (100, 1000, and 2000 Hz) during the PEO process
on the characteristics of ceramic coatings fabricated on Ti-6Al-4V alloys in the presence of 12 g/L Na,PO,.12H,0 and
3g/L ZrO, nanoparticles. The microstructure, surface roughness, wettability, chemical composition, and corrosion
performance of the coatings were thoroughly examined to assess their performance. The microstructural results re-
vealed that increasing frequencies led to a reduction in the porosity size, as well as a decrease in coating thickness,
wettability, and surface roughness. Additionally, the corrosion performance of the coatings was evaluated in Hank’s
solution using electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) methods. As
the frequency rose from 100 to 2000 Hz, the corrosion current density dropped significantly from 47.35 to 13.75 nA/
cm? and the corrosion potential increased from 218 to 684 mV versus Ag/AgCl electrode. These findings indicated
that the coating produced at a frequency of 2000 Hz exhibited the lowest corrosion density, thereby demonstrating
superior corrosion resistance compared to the coatings produced at lower frequencies. The corrosion resistance of
the optimum coating (coating formed at a frequency of 2000 Hz) was found to be approximately 0.8 times higher
compared to the uncoated metal.
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1. Introduction has been proven to be a highly valuable technique

Titanium and its alloys have excellent engineering
properties that make them suitable for various in-
dustries, such as low corrosion susceptibility, high
strength-to-weight ratio, and high melting point
[1]. Consequently, the demand for titanium alloys
in industries such as biomedical, marine, and aero-
space is rapidly growing [2,3]. However, titanium
and its alloys have limited applications due to their
high friction coefficient and low wear resistance. In
recent years, plasma electrolytic oxidation (PEO)

for the formation of protective oxide coatings with
thickness varying between 5 and 200 pm [4,5]. Un-
der oxidizing conditions and voltages exceeding
the breakdown voltages of the primary oxide films
(approximately 150-800 V), PEO creates ceramic
coatings on Ti alloys that are biocompatible and
resistant to corrosion [6]. High temperatures and
high pressure within discharge channels, caused by
electrical discharges and gas evolution, lead to the
growth of an oxide coating on the anode surface
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[7]. The PEO process involves the dissolution of
the substrate surface, and ionization of the electro-
lyte, followed by a reaction between the negatively
charged ions and the substrate. The final coating
exhibits a dual-layer structure, with the outer layer
being appropriate for biological uses, and the inner
layer providing enhanced resistance to corrosion
[8,9]. The size, intensity, and lifetime of micro-dis-
charges are significantly influenced by the elec-
trolyte concentration, processing time, and type,
as well as electrical parameters, making them the
most crucial factors to consider [10,11].

Extensive research has been conducted to optimize
the parameters that influence the PEO process, aim-
ing to enhance the coating’s properties for diverse
applications [12]. A notable endeavor is the modi-
fication of electrolyte composition through the ad-
dition of nano or micro-particle, which results in
the creation of composite coatings with desirable
characteristics [13]. Inert incorporation is the term
used when particles are added to a material with-
out causing any reaction or new phase formation.
In such cases, the shape and size of the particles
remain unchanged, making them easily identifi-
able in the layer. However, there may be some su-
perficial reactions occurring in the interfacial re-
gion between the coating matrix and the particles.
Nonetheless, the particles themselves undergo no
significant changes. High-energy discharges in the
PEO processing can cause the particles to melt and
interact with other elements in the electrolyte and
matrix. This is known as reactive or partly reactive
incorporation. This intricate process is influenced
by several factors, including the substrate material,
particle size, concentration, melting point, and zeta
potential. Additionally, the base electrolyte compo-
sition and the discharge energy are important fac-
tors that affect the degree of the reaction [14,15].
In our previous study [16], we conducted an in-
vestigation on the impact of zirconia nanoparticle
concentration on the chemical composition, cor-
rosion behavior, and antibacterial properties. The
XRD analysis revealed that the presence of the zir-
conia nanoparticles resulted in the formation of Zr-
TiO4 (zirconium titanate) phases. Additionally, the
corrosion test results demonstrated that the coating

containing of 3 g/L zirconia nanoparticles exhibit-
ed the most favorable corrosion behavior. Beyond
this concentration of nanoparticles, the surface dis-
continuity increased and the corrosion resistance
decreased.

The electrical parameters, such as voltage [17] (or
current density [18]), duty ratio [19], and frequen-
cy [20] are very important in the PEO process.
They affect both how the coating grows and what
its composition and structure are. As a result, ex-
tensive research has been carried out to explore
the impacts of aforementioned parameters on the
characteristics of PEO coatings. It is suggested that
as the frequency increases, the duration of one cy-
cle decreases, leading to more interruptions per
second and less energy imparted by each cycle,
which in turn produces weaker electrical sparks
[21]. So far, no study has been conducted on in-
vestigating the influence of frequency on corrosion
performance of PEO-derived coatings fabricated
on titanium-based alloys in an electrolyte contain-
ing zirconia nanoparticles. So, this study aimed to
examine the impact of frequency on the character-
istics of ZrO,-incorporated PEO coatings formed
on Ti-6Al-4V using a phosphate-based electrolyte.
The objective was to determine an optimal range
of frequency that would improve the surface char-
acteristics and electrochemical properties of the
PEO-based surface coating, which were assessed by
potentiodynamic polarization and electrochemical
impedance spectroscopy.

2. Experimental Procedure

The substrate for the PEO process in this investi-
gation was the Ti-6Al-4V, whose chemical com-
position showed in Table 1. In the initial stage of
sample preparation, the samples were polished us-
ing grinding papers ranging from 60 to 800. Sub-
sequently, the samples were cleansed with distilled
water and dried using a blast of cold air. A DC
pulsed power supply (PM 700/7 PRC (IPS)) with
a maximum voltage of 700 V was utilized to carry
out the PEO process. Following this, the cylindrical
stainless steel container equipped with a cooling
system and the prepared samples were connected
to the negative (cathode) and positive (anode) ter-

Table 1- Chemical composition of Ti-6Al-4V alloy

Element Al \% (0]

Fe C Ti

wt.% 5.80 4.12 0.06

0.05 0.01 0.009 Surplus
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minals of the device, respectively. The specimens
were submerged in a solution with deionized wa-
ter, Na,PO,-12H,O at a concentration of 12 g/L,
and ZrO, nanoparticles at a concentration of 3 g/L.
The zirconia nanoparticles, with an average size of
approximately 40 nm, were obtained from a US re-
search company. It is worth noting that a previous
study conducted by our research group determined
that the optimal concentration of ZrO, nanoparti-
cles and current density were 3 g/L and 2 A/dm?,
respectively. Due to the pivotal role of frequency in
the PEO process, the coatings were prepared using
various frequencies including 100, 1000, and 2000
Hz, labeled as F100, F1000, and F2000, respectively.
All experiments were carried out over a duration of
10 minutes.

In order to ascertain the phase composition of
coatings, X-ray diffraction analysis were performed
utilizing Cu Ka (A= 1.5406 A) radiation. The XRD
analysis was conducted at diffraction angles range
of 10° to 80°, with a step size of 0.10°. The XRD
patterns were assessed using the PANalytical X’Pert
High Score software, which utilizes the Interna-
tional centre for diffraction date (ICDD) database.
To examine both the cross-section and surface mi-
crostructure of the coatings, a scanning electron
microscope (JEOL JSM-840A) was used. Prior to
the cross-sectional analysis, all coatings underwent
polishing using grinding papers ranging from 60
to 3000. The porosity size and thickness of coat-
ings were calculated using MIP software. A dig-
ital photography device attached with an optical
microscope was used to assess the wettability an-
gle of the coatings using the sessile drop method
using Hank’s solution. The average value of three

Substrate

measurements for each sample was recorded. The
surface roughness of the specimens was evaluated
using the RT2200 model surface roughness tes-
ter. Experiments were conducted at three distinct
zones, and then the mean value of was stated. To
investigate the corrosion performance of both un-
treated and the PEO coatings, electrochemical tech-
niques including potentiodynamic polarization
(PDP) and electrochemical impedance spectrosco-
py (EIS) were conducted in Hanks electrolyte [16].
The corrosion assessments were conducted using a
pAutolab Type III/FRA2 instrument, which utiliz-
es a three-electrode compartment. This includes a
saturated Ag/AgCl electrode serving as a reference
electrode, a platinum rod acting as a counter elec-
trode, and a specimen with an active area of 0.7 cm?
functioning as the working electrode. Prior to con-
ducting the experiments, the working electrodes
were submerged in the electrolyte for a duration of
7200 seconds in order to achieve a stable state. The
PDP measurements were carried out from -250 mV
relative to the open circuit potential, at a scanning
rate of 1 mV/s. The EIS tests were conducted over
a frequency range from 100 kHz to 10 mHz, with a
wavelength range of + 10 mV. To confirm the preci-
sion of the results, each experiment was repeated at
least twice. NOVA 2.1 software was used to analyze
the corrosion test results.

3. Results and Discussion

3.1. Microstructure, roughness and wettability of
PEO coatings

The morphologies of the surface and cross-section
of coatings with various frequencies are depicted in
Fig. 1. It is evident that all the surfaces (Fig. 1(a-c))

. -
Coating

10 um [ Substrate

Fig. 1- SEM micrographs of cross-section and surface of coatings obtained from plasma electrolytic oxidation procedures: (a, d)
F2000, (b, e) F1000, (c, f) F100.
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are characterized by the presence of porosities and
micro-cracks. When the dielectric breakdown po-
tential is attained, the negative ions in the electro-
lytes are drawn towards the substrate and infiltrate
the channels where discharges take place. Under
conditions of high pressure and temperature, the
substrate undergoes oxidation and melting, sub-
sequently entering the channels. Subsequently, the
substances that have undergone oxidation emerge
from the channels and accumulate as a deposit on
the surface [22]. The gases, which are emitted via
the channels where discharges occur, lead to the
formation of porosities on the coating surface [23].
On the other hand, the presence of micro-cracks
resulted from the release of thermal stress induced
by the interaction between the molten material and
the relatively cold electrolyte [24]. The pore size in
F100, F1000 and F2000 samples were about 5.7, 3.2
and 1.6 pm, respectively. Indeed, as the frequency
escalated from 100 to 2000 Hz, there was a relative
reduction in the anode process, leading to the oc-
currence of more dispersed and smaller discharging
sparks [25]. It should also be noted that the porosi-
ty percentage of F2000, F1000 and F100 were mea-
sured to be 1.11%, 1.31%, and 9.52%, respectively.
Fig. 1 (d-f) displays the cross-sections of coatings
prepared at various frequencies. It is apparent that
there was a satisfactory bond between the substrate
and all the coatings. At a frequency of 2000 Hz, a
coating with an average thickness of 7.1 um was
achieved. Moreover, the average thickness of coat-
ings formed at frequencies of 1000 Hz and 100 Hz
was about 10.7 pm and 14.6 um, respectively. An
increase in thickness of coating at lower frequency
can be attributed to the longer anode process. In
fact, as the frequency decreased, the duration of the
anode process increased, resulting a higher energy
output per pulse, which ultimately facilitated the
increased growth rate [26,27].The FESEM images
from the surface of the F2000 sample are given in
Fig. 2. The visible bright agglomerated particles
were observed on the surface of coating (Fig. 2a)
and the ZrO, nanoparticles in the range of 19 to
45 pm were seen at higher magnification (Fig. 2b).
Fig. 3 illustrates the correlation between surface
roughness and wettability. It is apparent that the
Ra values of the coatings increased compared to
the substrate. Surfaces are deemed smooth if their
roughness values are below 1 um, while those with
roughness values exceeding 1 pm are considered
rough [28]. Consequently, the F2000 coating can
be confidently described as smooth, while the F100
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and F1000 coatings can be characterized as rough
surfaces. The surface roughness and the contact
angle values decreased as the frequency increased
from 100 to 2000 Hz, as shown in Fig. 3. This is
attributed to the fact that rougher surfaces (F100)
ensnare air bubbles within their pores, inhibiting
the formation of hydroxyl bonds between water
and the surface, as explained by the Cassie-Baxter
model [29].

3.2. Phase composition study of coatings

The XRD spectra of the Ti-6Al-4V and all the oxide
coatings are illustrated in Fig. 4. In all spectra, the
diffraction peaks associated with Ti (ICDD file No.
00-001-1198) were consistently observed, which
can be attributed to the porous structure or the
thickness of PEO coatings. The distinctive peaks
corresponding to the ZrTiO, phase (ICDD file No.
01-080-1783) and rutile phase of TiO, (ICDD file
No. 01-082-0514) were also successfully identified.
This suggested that ZrO, nanoparticles were sub-
jected to melting due to the high discharge energy.
Consequently, these melted nanoparticles reacted
with the molten titanium dioxide, resulting in the
formation of a new phase (i.e., ZrTiO,). Numerous
studies [30-33] have reported the reactive incorpo-
ration of zirconia particles into the oxide coating
that forms on titanium and its alloys. This incorpo-
ration has been found to result in the formation of
the ZrTiO, (zirconium titanate) phase.

3.3. Electrochemical performance of coatings
3.3.1. Potentiodynamic polarization test

Fig. 5 illustrates a potentiodynamic polarization
plot in Hank’s electrolyte for the substrate and coat-
ings formed at various frequencies. The F100 exhib-
ited different electrochemical behavior compared
to F2000 and F1000. As the frequency increased
from 100 to 2000 Hz, the potentiodynamic polar-
ization curve shifted towards a more noble poten-
tial and a lower corrosion current density. Analysis
of the data revealed that coatings produced at 1000
and 2000 Hz exhibited higher corrosion current
density compared to the substrate, indicating better
corrosion performance compared to the uncoated
substrate.

Table 2 presents the electrochemical data obtained
from the potentiodynamic polarization curves. The
corrosion resistance was calculated using the Stern-
Gray equation [34].

BaBe

R, = -
P 2-3(.811 + .Bc)lcorr

(1)
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Within this equation, B, and _are denoted as the
anodic and cathodic slopes, respectively, while R
represents the polarization resistance. From the
data in Table 2, it’s evident that the F2000 sample
exhibited the greatest corrosion potential (684
mV), suggesting a relatively lower thermodynamic

SEM MAG: 5.00 kx Det: InBeam
WD: 4.99 mm BI: 7.00 10 pm
View fleld: 41.5 ym  Date(midly): 11/0717

tendency for corrosion in comparison to the F1000
and F100 samples. Furthermore, the F2000 sample
demonstrated the lowest corrosion current density
(13.75nA/cm?) and, as a result, possessed the high-
est polarization resistance (0.730 MQ.cm?).

By comparing the corrosion resistance of the coat-

SEM MAG: 100 kx Det: InBeam |

WD: 4.99 mm BI: 7.00 500 nm
View fleid: 2.07 ym  Date(m/dly): 11/0717

Fig. 2- (a, b) Depict FESEM images of the F2000 sample’s surface, captured at varying magnifications.
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Fig. 4- The XRD patterns of the samples coated at various frequencies.
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ings with the reported percentage of porosity, a
clear relationship between these two parameters
can be observed. As shown earlier, the F2000 and
F100 specimens exhibited the lowest and highest
porosity percentages, respectively, resulting in the
highest and lowest polarization resistance values.
Notably, despite having the highest thickness (14.6
um), the F100 specimen showed the lowest polar-
ization resistance (0.267 M(Q.cm*) among all the
coatings. This suggested that the thickness of the
coating did not have a considerable impact on en-
hancing the corrosion behavior of the coatings; in-
stead, the porosity percentage of the coatings deter-
mined their corrosion properties. This is because
corrosive solutions can penetrate into the coating
through these porosities, ultimately reaching the
substrate and causing damage to the coating. Con-
sequently, the F2000 specimen, with its lower po-
rosity percentage, was better suited to withstand
the penetration of corrosive solutions.

3.3.2. EIS analysis
Fig. 6 illustrates the EIS plots of the coated spec-
imens and substrate. The Nyquist graphs of coat-

ings in Fig. 6(a) clearly showed the presence of
two distinct capacitive loops, indicating a two-lay-
er structure for the coatings [35]. Conversely, the
impedance plot of the substrate displayed a single
loop, which can be attributed to a formation of a
passive film on the surface of the Ti-6Al-4V alloy
[36]. Upon comparing the diameters of the curve
loops in the Nyquist plot, it becomes evident that
the F2000 specimen exhibited the highest semi-
circle diameter, indicating the highest level of cor-
rosion resistance. In the bode curves (Fig. 6(b)),
it can be observed that at lower frequencies, the
impedance values followed the sequence of F100 <
substrate < F1000 < F2000. It should also be noted
that the impedance values at lower frequencies of
F2000, F1000, F100 and substrate were measured to
be 5.7x10°, 5.4x10°, 5.0x10°and 5.2x10° Q.cm?, re-
spectively. Consequently, the F2000 sample demon-
strated the highest impedance value, thus having
the most favorable corrosion behavior among all
the samples in the Hank’s electrolyte.

To simulate the electrochemical performance of
both the coatings and the substrate, the equiva-
lent circuits shown in Fig. 7 were utilized. Fig. 7(a)

Table 2- Determined electrochemical properties from PDP plots of coated specimens and substrate

Rp Be Ba Leorr Ecorr
Samples
(MQ cm?) (mV/dec) (mV/dec) (nA/cm?) (mV)
Substrate 0.591 78.34 68.23 19.23 -323
F100 0.267 76.84 46.89 47.25 218
F1000 0.602 61.62 44.01 18.50 611
F2000 0.730 69.40 46.89 13.75 684
15
20 & Substrate
[+ F100
1.5 4 —+—F1000
= P —=—F2000
% 1.0 ¢
B
M
< 054
0.0 ¢
0.5 4
-L0 [ e B
1.0E-11 10E-10 1.0E-09 10E-08 10E-07 10E-06 10E-05 1.0E-04
i(A/cm?)

Fig. 5- The PDP plots of coated samples with different frequency.
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shows the circuit for the uncoated specimen, where
R, represents the resistance of the solution, and R,
and CPE denote the corrosion resistance and con-
stant phase element of the passive film on the Ti-
6Al-4V surface, respectively. The coated specimen
had the electrical equivalent circuit in Fig. 7(b).
Within this circuit, the solution resistance between
the surface of the coating and the reference elec-
trode is denoted as R, and the electrical resistance
of the inner layer and outer layer are labeled as R,
and R, respectively. The equivalent circuit em-
ployed CPEs in place of ideal resistances due to the
heterogeneous nature of the surfaces. The following
formula calculates the impedance value of the CPE
[37]:
1
VG @

Zcpp =

In the constant phase element, Z_,. represents the

impedance, W denotes the angular frequency, and
j is the square root of (-1). The constant phase el-
ement is characterized by two key parameters, Y,
and n. Y, corresponds to the admittance, while
n, is related to the surface roughness. Generally,
the value of n can range from 0 to 1. Specifically,
the values of 0, 0.5, and 1 correspond to the ideal
resistance, Warburg impedance, and ideal capaci-
tor, respectively [16]. Table 3 shows the values of
the parameters that were obtained from modeling
the electrochemical behavior of the coatings. It is
important to note that, irrespective of the varying
frequencies of the coatings, the resistance of the
solution remained almost unchanged for all three
samples, due to the consistent use of the same elec-
trolyte across all experiments. However, the resis-
tance of the inner layer for all the coatings was sig-
nificantly higher than that of the outer layer, which
can be attributed to the presence of fewer defects

(a)
3SEHS
F100
3.0EH5 + F1000
A F2000
25EH05 ¢ Substrate
—Fitting data
32.0E+05
&
L]
5 1.5E+05
1.0E+05
S.0E+04
0.0E+00 + t+ + + + +
0.0E+00 5.0E+04 1.0E+05 15E+05 2.0E+05 25E+05 3.0E+05 3.5E+05
Zreal (Qcm?)
(b)
6.0E+03
F100
6.0E+04 | SoeT -
‘.“L
A F2000
%
L ]
a 6.0E+03 Substrate
; .. —Fitting data
6.0E+02 4
GOE+0] i b =
0.01 0.1 1 10 100 1000 10000 100000

Frequency (Hz)

Fig. 6- () Nyquist and (b) bode plots of the specimens coated at various frequencies.
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and a denser structure. This indicated that the in-
ner layer served as a highly effective barrier against
destructive ions due to its lower defect density and
compact structure. Furthermore, as the frequency
increased from 100 to 2000 Hz, both R, and R  val-
ues also increased. Consequently, the sample pro-
duced at 2000 Hz exhibited the highest values of R,
(3.60 x 10° Q.cm?) and R (39.28 x 10° Q2.cm?).

Based on Fig. 6 and contact angle values, it can be
inferred that as the frequency level increased, the
contact angle decreased (Fig. 3) and the corrosion
resistance of coatings improved. According to the
findings of Gnedenkov et al. [38], a direct correla-
tion existed between the contact angle and the cor-
rosion resistance of PEO coating. Surprisingly, this
study did not observe such a trend. Despite having

the lowest contact angle, the F2000 sample demon-
strated the highest corrosion resistance against the
corrosive solution. This superior corrosion behav-
ior can be attributed to the lowest percentage of po-
rosity and surface roughness among all the speci-
mens. Indeed, a surface with more roughness could
result in an expanded surface area, which could
potentially lead to a perceived increase in the rate
of corrosion [39].

4. Conclusion

The purpose of this research was to investigate the
effect of the PEO processing frequency on the mi-
crostructure, morphology, and corrosion resistance
of the ceramic coatings developed on the Ti-6Al-4V
using a phosphate-based electrolyte. Additionally, a

Table 3- Derived data from the suggested equivalent circuit

Rs Qo Ro Q Ri
Sample no nj
(Q.cm?) (uF.cm?) (KQ.cm?) (x107°S*.Q.em™) (MQ.cm?)
Substrate 64.27 - - 0.731 18.86 2.82
F100 66.45 0.692 1.72 16.40 0.601 37.50 0.70
F1000 74.40 0.774 1.24 18.28 0.646 19.80 3.00
F2000 69.48 0.823 0.70 39.28 0.680 16.75 3.60

Fig. 7- The equivalent circuit that models the corrosion behavior of (a) substrate and (b) coatings.
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comparative examination was carried out between
the ceramic coatings and the Ti-6Al-4V substrate,
offering valuable insights into the potential advan-
tages and performance improvements offered by
PEO-treated surfaces. The results indicated that
structural properties of the coatings are notably
influenced by the frequency; as the processing fre-
quency increased from 100 to 2000 Hz, there was
a noticeable decrease in coating thickness (14.6 to
7.1 um), porosity percentage (9.5 to 1.1 %), and av-
erage pore diameter (5.8 to 1.7 um). Moreover, the
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