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Abstract- In this research, the effect of PEO procedure time on the distinct properties of
coatings such as morphology, chemical composition, roughness and corrosion has been
studied. A scanning electron microscopy equipped with an energy dispersive spectroscopy
was used to study the microstructure of the coatings. In addition, x-ray diffraction (XRD) and
roughness meter were used to evaluate the chemical composition and roughness of the
coatings, respectively. The corrosion properties of coatings have been also studied by
polarization and electrochemical impedance experiments in the Hank's physiological
solution. The results of microstructural analysis showed that rising the time of the coating
procedure resulted in an increase in the size of porosity, thickness and roughness. The results
of the XRD pattern showed that all coatings were composed of two phases of zirconia and
zirconium titanate and that the change in time of coating did not alter the chemical
composition of the coating. In the case of corrosion resistance of coatings, the most corrosion
potential (611 mV) with the least corrosion current density (18.50 nA/cm?) in the coating
created at the end of the third step of coating (10 minutes) resulted in the most corrosion
resistance (0.602 MQ.cm?).

Keywords- Ti-6Al-4V substrate; Plasma electrolytic oxidation (PEO); ZrO2 nanoparticles;
Corrosion behavior; Hank's physiological solution
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1. INTRODUCTION

One of the most appropriate options to produce orthopedic and dental implants is
titanium and its alloys [1-3]. Among titanium and its alloys, the proportion Ti-6Al-4V alloy
in producing commercial medical devices is about 20 to 30 percent [4]. Features like low
density, high ratio of strength to weight, mechanical properties and proper corrosion behavior
have resulted in its potential usage in the field of biomedical [5,6]. The accumulation of
abrasive particles around the implant can cause serious problems such as implantation
loosening and inflammation and infection around the implant due to unpleasant tribological
properties as well as the release of Al and V ions and their entrance into the bloodstream [7—
11]. Coating techniques can be utilized in order to solve these problems. Appropriate coating
techniques not only preserve the properties of bulk titanium and its alloys including fatigue
strength and elastic modulus, but also give it specific surface properties for diverse usages
[12].

One of the most highly utilized coating method is PEO that aims at obtaining
characteristics like increasing corrosion resistance, improving abrasion behavior, improving
fatigue mechanism, biocompatibility, creating stability and faster stabilization of implant in
the bone, reducing release of metal ions and improving cell growth have been applied on
titanium and its alloys [13-20]. The PEO procedure is a customary electrochemical method in
which the inherent oxide of the substrate thickens due to the application of voltage to the
immersed substrate in the electrolyte [21,22]. As the thickness of the oxide layer increases,
the voltage increases rapidly and when the voltage reaches the breaking potential, the
dielectric failure of the oxide layer occurs [23-27]. As a result of dielectric failure, visible
sparks will appear on the surface of background. The PEO procedure produces coatings
having a two-layer structure [28-30].

In the PEO procedure, the used electrolyte, additives, coating time and electrical
parameters, the distance between the anode and the cathode, the speed of electrolyte stirring
play major roles in specifying the properties of the two-layer PEO coating [31,32].
Widespread investigations have been done on optimizing the parameters affecting the PEO
process in order to improve the different properties of the coating for various applications So
far. One of the significant efforts in this field is to modify the electrolyte composition by
nanoparticles or micro-grains addition to create composite coatings having appropriate
properties [33]. The procedure of particle absorption occurs under high temperature and
discharge pressure and the nature of the particle can lonely specify the mode of particles
entrance into the coating. The ways that particles can enter the coating are inert or reactive.

The way particles enter depends on the used electrical parameters, the electrolyte
chemical composition and the properties of the particles like size, melting point, and
chemical stability. Inactive entrance occurs when particles enter the coating with no reaction
and producing a new phase. Reactive input also occurs when particles are melted by high-
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energy discharges and then react again with components within the electrolyte and substrate
[34,35].

In our previous investigation [36], the effect of zirconia nanoparticle concentration on
chemical composition, corrosion behavior and antibacterial properties was studied. The
results of XRD pattern exhibited that zirconia nanoparticles were in the form of inert and
reactive and made ZrO2 and ZrTiOas phases, respectively. The results of the corrosion test also
indicated that the specimen with 3 g/l of zirconia nanoparticles had the best corrosion
behavior and further increasing the concentration of nanoparticles augmented surface
discontinuity and declined corrosion resistance. Zirconium titanate is a great ceramic for
optical, catalytic, electronic and biomedical applications due to its properties like proper
corrosion resistance and abrasion as well as excellent thermal and electrical properties.
Furthermore, zirconia desirable properties including great mechanical strength, good
corrosion resistance, biocompatibility, chemical stability have resulted in its use in the field
of implants, particularly orthopedic and dental implants [37-40]. Li et al. [41] studied the
tribological properties of composite coatings having phases of zirconium titanate and zirconia
that were created by adding various concentrations of zirconia microparticles to the
electrolyte. They reported that the existence of phases of zirconia and zirconium titanate in
the coating amended abrasion behavior, and specimens with 3 and 6 g/l zirconia indicated the
highest abrasion resistance since further increase in zirconia concentration raised the
roughness of surface and as a result decreased the wear resistance [41].

The coating procedure time is one of the effective parameters in the coating properties,
particularly the corrosion, abrasion, mechanical and photocatalytic properties of the coating
[42-44]. Cheng et al. [45] studied the effect of PEO time of coating on Ti-6Al-4V alloy under
constant voltage conditions on corrosion and abrasion properties in the existence of
phosphate-silicate electrolyte. They realized that shorter time was good for corrosion
properties and longer times for abrasive properties of coatings. However, there is little data
on the effect of coating time in the existence of electrolytes containing nanoparticles for
coatings that were formed on Ti-6Al-4V alloy. The purpose of this research was to run
zirconium titanate ceramic coating having zirconia nanoparticles and to find the relationship
between different stages of coating with microstructure and corrosion properties in Hank's
physiological solution and to investigate the fuzzy composition of PEO process coatings.

2. Experimental procedure
2.1. PEO procedure

In this research, Ti-6Al-4V alloy was utilized as the substrate for PEO procedure, which
chemical composition was shown in Table 1. In order to make the substrates ready, the
specimens were firstly polished using 60 to 800 papers of grit grinding. Then, the specimens
were washed using distilled water. Afterwards, they were dried through blasting of cold air.
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To do the PEO treatment, the specimens were immersed inside the solutions that have
distilled water, 12 g/L NasPO4.12H20 (provided by Merk co.) and 3 g/L ZrO2 nanoparticles
(with the average size of 40 nm). The ultrasonic treatment was utilized in order to ensure the
steady nanoparticles dispersion in solutions for 1 h.

Table 1. Chemical composition of the Ti-6Al-4V substrate

Element Ti Al \Y Fe C @] N H

Wit% 89.94 | 58 4.13 0.05 | 0.01 | 0.06 | 0.009 | 0.001

The power supply of DC pulsed having the highest voltage of 700 V was applied in
order to carry out PEO procedure. Then after, the container of stainless steel and the supplied
specimens were respectively corresponded to the positive (anode) poles and negative
(cathode) of the tool. The samples fabricated in different processing time consisting 5, 10 and
15 min were labeled as T5, T10 and T15 orderly. In all tests, the duty cycle parameters,
current density and frequency were taken up at 50 %, 1000 Hz and 2 A/dm?, respectively.
The changes in voltage as a function of procedure time were recorded in order to study the
happenings within the coating procedures. After the procedures, being immersed in the
distilled water for 10 min, the specimens were dried using cold air blasting.

2.2. Surface characterization

Patterns of XRD were acquired by diffractometer of Philips PW1730 in order to assess
the coatings phase composition. The coatings XRD measurements were done by Cu Ka
radiation in addition to 0.05° step scan in a range of 20 between 10° and 80°. The images of
scanning electron microscopy (SEM) were acquired in order to investigate the cross-section
of the specimens and the surface microstructure. The measurement was carried out using a
microscope of JEOL JSM-840A. Besides, the thickness calculation and coatings porosity size
was done using software of MIP. Distinct tests were done at various zones and at last, the
mean values were reported for each specimen. In addition, a more precise investigation on
coatings was carried out by the field emission SEM TESCAN Mira3 XMU and also an
energy dispersive spectrometer (EDS). The tester of surface roughness (RT2200 model) was
utilized in order to specify the specimens surface roughness. The measurements of surface
roughness were performed at three distinct zones and finally, the mean value was presented.

2.3. The electrochemical behavior of coatings

The electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization
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tests were performed in Hank's physiological solution. Table 2 presents the chemical
composition of utilized Hank's electrolyte in this study [36]. The corrosion measurements
were carried out by appliance of pautolab having a three-electrode method composing of an
Ag/AgCI reference electrode, platinum counter electrode and a coated specimen as the
working electrode. The working electrodes were immersed in the electrolyte for 120 min in
order to acquire a steady condition before the tests. Then, the EIS measurements were
performed in the frequency range of 100 kHz to 10 mHz via the wavelength range of £10
mV. Furthermore, the polarization investigations were also carried out having the potential
range of -0.250 V under the open circuit potential to 2.0 V having the 1 mV/s scan rate. The
tests were repeatedly done for a couple of times at least in order to assure the results
precision. NOVA 1.7 software was utilized to analyze the results of corrosion measurement.

Table 2. Chemical composition of Hank's solution

Chemical Reagent Amount (g/l)

NaCl 8
KCI 0.4
CaCl, 0.14
NaHCO; 0.35
NaH2PO4-2Hzo 0.06
KH2PO, 0.06
Mg2S04-7H,0 0.06
MgCl,.6H,0 0.1
CeH120,.H,0 1

3. RESULT AND DISCUSSION
3.1. Voltage-time diagram

When using a constant current mode in the PEO procedure, the voltage behavior is
recorded than the coverage time. Fig. 1 shows the voltage-time diagram for the ceramic
coating formed on the Ti-6Al-4V alloy at a constant current density of 2 A/dm? and a
duration of 15 minutes. Based on this diagram, the coating is formed in 4 different steps in
the presence of alkaline electrolyte for 15 minutes. At first, the PEO procedure begins with
anodic oxidation that is also known as conventional anodizing. Under these conditions, the
voltage increases linearly at a high rate (9.16 V/s) and reaches 265 V in 28 seconds due to the
application of current to the sample. What occurs on the surface of the sample includes the
substrate dissolution, the penetration of O ions into the interface of oxide/ metal, the severe
evolution of the gas and finally the formation of a barrier layer with a columnar structure
perpendicular to the surface of substrate [46].
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The following reactions describe what happens at this stage [46,47]. When the voltage
reaches the breakdown potential (265 V), the second stage of the coating procedure starts.
Very small sparks appear due to the occurrence of dielectric failure by starting the second
step on the surface of the anode [44]. The second phase occurred between 18 and 300
seconds after the coating process and the voltage change rate reached 1.13 V/s. Introducing
the third step, the size of the sparks increases and their number decreases. This step is in the
range of 300 to 600 seconds from the procedure and the rate of voltage change is 0.1 V/s. In
the fourth step of the procedure, the voltage change rate got zero, indicating a steady
discharge on the surface of the growing oxide coating. In the fourth step, the sparks get large
arcs having long life and high intensity.
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Fig. 1. Voltage-time diagram to produce coating on the Ti-6Al-4V alloy for 15 minutes
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In the PEO procedure, the whole current passing through the oxide layer includes ionic
and electron currents. In the first step, only the ionic current passes through the coating.
Whereas in the next steps, the sum of ionic and electron currents passes through the growing
coating by the occurrence of the dielectric failure phenomenon. Electron current is
accompanied by electron avalanches and is made by the evolution of oxygen. When electron
and ionic currents pass through the coating, a lower voltage is required to keep the current
density constant (2 A/cm?). Consequently, the rate of voltage change decreases through the
time [48].

3.2. Surface analysis

The main characteristic of the coating created by the PEO procedure after the dielectric
failure is the cavities that arises from the exit of the plasma bubbles from the discharge
channels and their explosion on the surface of coating [49]. According to Fig. 2 (a-c) and
based on the response of voltage-time, some cavities are seen on the surface of all coatings at
the end of the second, third and fourth steps of the coating but the number and size of cavities
produced on the samples surface are different at different steps.

Fig. 3 shows a columnar diagram correlated with percentage values and size of the
porosities at various times of coating. As can be seen in Fig. 3, the pores size rises with the
coating procedure time. The porosity size of the T10 and T15 specimens are about 2 and 4
times more than that of the T5 specimens, respectively. This might be owing to an increase in
coating time and thickening the coating that reduces the amount of available sites for micro-
discharge formation. Under these conditions, the anodic current requires higher energy to
pass through a thicker coating and reach the substrate. Thus, the number of micro-discharges
decreases, but their average size increases. As can be seen in Fig. 3, the T10 and T15
specimens have the least and most porosity percentage, respectively. The T15 has a higher
percentage of porosity than other specimens because of its larger porosity. Although the T5
has smaller porosities than the T10, it has more porosities than the T10. Thus, the T10
specimen has the least porosity percentage. Fig. 2 (d-f) indicates the cross-sectional images of
the coatings created at 5, 10, and 15 minutes. A good adhesion between all the coatings and
the substrate is observed. As can be seen, ceramic coatings made by the PEO procedure will
increase. Within 5 minutes, a coating with an average thickness of 5.2 um was obtained.
Furthermore, the average final thickness for coatings created over time 10 and 15 minutes,
respectively, are equal to 10.7 and 12.6 pm, respectively by rising time of coating. This
increase in thickness is due to the increase in ignition voltage at higher times. High ignition
voltage leads to higher energy sparks and as a result the production of molten material. These
molten materials can much easily exit the discharge channel and precipitate on the surface at
high temperatures, producing a thicker oxide coating [50]. The thickness of the T10 specimen
has been about doubled in comparison to the T5, while the thickness of the T15 is about 0.81
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time than that of the T10. the coating growth rate of T10, T5 and T 15 specimens are 1.04 ,
1.07 and 0.84 um/ min respectively that indicate as the coating time increases from 10 to 15
minutes, the growth rate of the coating decreases that can be due to a decline in the voltage
change rate than the coating time.

Fig. 2. SEM images of surface and cross-section of coatings surface obtained from PEO
procedures: (a, d) T5, (b, ) T10, and (c, f) T15
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Fig. 3. Columnar diagram of the size and percentage of porosity of the coatings produced at
distinct times
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3.3. Roughness of coatings

Fig. 4 shows the obtained results of the roughness for the surface of the coatings formed
at various times of coating and substrate. As can be seen, the values of Ra and Rz of the
coatings have improved in comparison to the substrate.
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Fig. 4. Columnar diagram for the roughness of the coatings produced at different times and
the substrate

In addition, it is observed that the roughness values of Ra and Rz increase by raising the
coating time from 5 to 15 minutes. If the values of roughness are less and more than 1 pm, it
is known as smooth and rough surface, respectively [51]. A rougher surface lets more
adhesion and an increase in osteoblasts than smooth surface [15]. So, it can be concluded that
the specimens created at the end of the third and fourth steps of coating can be more useful
for bone tissue growth.

3.4. Phase composition and elemental study of coatings

The XRD pattern for the created specimens at different times is shown in Fig. 5. All
coatings contain ZrTiO4 and ZrOz phases and there is no peak of titanium oxide. This means
that some ZrO2 nanoparticles participated in the coating formation without forming a new
phase and some other nanoparticles melted under the effect of high discharge energy and then
reacted with molten TiO2 to form a new phase such as ZrTiOa. Shin et al. [52] and Gowtham
et al. [53] also reported some reactive incorporation of zirconia particles into the oxide
coating created on titanium and its alloys and the formation of the ZrTiO4 phase.
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Fig. 5. XRD pattern for coatings produced at different times of coating

In addition, the Ti peak is also observed due to its low thickness and porous nature of the
coatings. As the coating time increases, the intensity of the ZrTiO4 and ZrO2 peaks increases,
while the intensity of the Ti peak decreases. The reason of the decrease in the peak intensity
is the increase in coating thickness from 5.2 to 12.6 um. In the third and fourth steps, the
ignition coating process occurs with greater intensity, so the temperature of the discharge
channels gets higher. This can facilitate the conditions for chemical, electrochemical, and
chemical-thermal reactions and this may be the reason of the increase in the ZrTiOs phase
value with increasing coating time. In addition, more electrolyte components are involved in
the coating as the coating time increases. Consequently, it can be concluded that more
nanoparticles enter the coating.

Figs. 6 and 7 show the distribution of the main component elements on the surface and
the cross-section of the produced coating within 10 minutes, respectively. The main
components of ceramic coating contain Zr, P, Ti and O. The sources of Zr and P elements are
the electrolytes containing sodium phosphate and zirconia nanoparticles, respectively and the
source of the Ti element is the substrate. Fig. 6 exhibits that Zr has been steadily distributed
on the surface. The reason for the steady distribution of Zr may be ascribed to its reactive
penetration into the coating. As the XRD results indicated, the main constituent phase is the
ZrTiO4 oxide coating. For this reason, Zr can be expected to be present almost steady on the
surface. In addition, it is observed that the element P is steadily present on the surface. The
presence of P in the coating can improve the bioactivity of the coating [54]. In Fig. 7, the
distribution of O in the coating in comparison to the substrate is highly increased due to the
formation of the oxide coating. In addition, it is seen that the electrolyte components
(Zr and P) are distributed almost steadily in the cross-section of the coating. Some
researchers [55,56] have identified the outer layer of the coating as a trap for nanoparticles,
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while the Zr signals have been identified almost steadily throughout the coating. This

indicates that zirconia nanoparticles having a diameter of 40 nm can deeply penetrate into the
coating.
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Fig. 6. Distribution map of the main component elements of the T10 sample surface

Fig. 7. Distribution map of the main component elements from the cross-section of the T10
sample
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3.5. Studying the corrosion behavior of coatings

The spectroscopy test of the electrochemical impedance was used in order to obtain
extensive information about the electrochemical behavior of the coatings created in the
different steps of the coating. Fig. 8 shows the obtained Bode and Nyquist curves from the
EIS test for T5, T10 and T15 specimens. Nyquist plots of coated specimens at different times
(Fig. 8(a)) have the same shape in the presence of phosphate electrolytes containing zirconia
nanoparticles and all of them are composed of two capacitive loops.
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Fig. 8. (a) Nyquist and (b) Bode plots of the coated samples at distinct times of coating
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The smaller half-loop that appears at high frequencies is related to the corrosion
resistance of the porous outer layer and the larger half-loop is related to the dense inner layer
and appears at lower frequencies. Comparing the diameter of the curve loops in the Nyquist
plot, it can be observed that the T10 specimen has the highest loop diameter and as a result
the highest corrosion resistance. It is seen in the Bode curves (Fig. 8(b)) that at low
frequencies, the impedance value (Z) for the T15, T5 and T10 samples increase, respectively
and an increase in the impedance value indicate a rise in corrosion resistance. Consequently,
the T10 specimen presents the best corrosion behavior. To model the corrosion behavior of
the coatings, the equivalent electrical circuit (EEC) of Fig. 9 was used. In this EEC,
resistance of solution between coating surface and the reference electrode, electrical
resistance of the inner and outer layers are labeled as Rs, Ri and Ro respectively. Moreover,
the constant phase element (CPE) of the inner and outer layer are indicated by CPE; and
CPEo [57-62]. The values of the obtained elements from the modeling the corrosion behavior
of the coatings are listed in Table 3. Ignoring the different times of coating, it should be
considered that the resistance of the solution is almost the same for all three samples whereas
the strength of the inner layer of the coatings is much bigger than the resistance of outer layer
due to having fewer defects and denser structure. The created sample within 10 minutes has
the most resistance of the inner layer (3 MQ.cm?) and the outer layer (18.28 kQ.cm?) and as a
result the best corrosion behavior. The produced sample within 15 minutes with the least
resistance of the inner layer (0.84 MQ.cm?) and the outer layer (11.60 kQ.cm?), has the most
unpleasant behavior among the coatings.

Table 3. Extracted data from the proposed equivalent circuit

Rs Qo Ro Qi Ri
Sample No ni
(Q.cm?) (UF.cm?)  (kQ.cm?) (uF.cm?)  (MQ.cm?)
T5 74.00  0.766 1.27 12.02 0.619 24.75 2.04
T10 74.4. 0.774 1.24 18.28 0.646 19.80 3.00
T15 7520  0.747 1.67 11.60 0.598 55.00 0.84

Fig.10 illustrates a potentiodynamic polarization plot in Hank's physiological solution
for the produced coatings at distinct coating times. Similar electrochemical behavior is
observed for coatings. As the coating time increased from 5 to 10 minutes, the
potentiodynamic polarization curve shifted to a more noble potential and less corrosion
current density, while the corrosion potential and current density declined and increased,
respectively by increasing time of coating to 15 minutes. The extracted data from the
polarization plots is presented in Table 4. In this table, the corrosion resistance of the samples
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is calculated using the Stern-Gray equation [63]:

Hank's Physiological Electrolyte

Fig. 9. The proposed EEC to model the corrosion behavior of coatings
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Fig. 10. Potentiodynamic polarization curves for coated samples at different times of coating

_ BaBec
Ry = 2.3(Ba+Bc)icorr (8)

In this equation, Ba and Pc are called anodic and cathodic slope, respectively and Ry is
polarization resistance. According to Table 4, the T10 sample has the highest corrosion
potential, showing a lower thermodynamic tendency for corrosion than the T5 and T15. In
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addition, the T10 sample has the least corrosion current density (18.50 nA/cm?) and so the
highest polarization resistance (0.602 MQ.cm?). The lowest slope of the anodic branch is
related to the T10 sample showing that the anodic reaction occurs less rapidly on the surface
of the T10 sample that slows down the corrosion rate of the T10 sample in comparison to the
T5 and T15 specimens.

Table 4. Electrochemical data obtained from the potentiodynamic polarization curve for
samples coated at different times of coating

Ecorr icorr Ba Bc Rp
Sample
(mV) (nAcm?®)  (mV/dec) (mV/dec) (MQ.cm?)
T5 531 25.67 48.99 74.65 0.499
T10 611 18.50 44.03 61.62 0.602
T15 520 75.17 60.00 79.19 0.197

Comparing the corrosion resistance of the coatings and the percentage of porosity
reported in Fig. 3, a direct relation between these two parameters is found. As can be seen in
Fig. 3, the T10 and T15 specimens have the lowest and highest porosity percentages,
respectively causing them to have the most and least polarization resistance. The T15
specimen has the lowest polarization resistance (0.197 MQ.cm?) among the specimens,
despite having the highest thickness (12.1 pm). This indicates that the thickness of the
coating does not have a significant effect on improving the corrosion resistance of the
coatings and the porosity percentage of the coatings determines the corrosion properties of
the coatings. Indeed, porosities that are one of the most important defects of PEO coatings
plays a major role in specifying the various coating properties, particularly in corrosion
resistance since corrosive solution can penetrate the coating through the porosities and
eventually attain the substrate through ruining the coating. Thus, the T10 specimen is more
appropriate against the penetration of corrosive solution due to having a lower porosity
percentage.

4. CONCLUSION

In this study, the effect of different coating times on the microstructure and corrosion
behavior of the coatings formed on Ti-6Al-4V alloy that was treated in the same coating bath
containing zirconia nanoparticles was investigated. It was obviously observed that SEM
images of coated samples exhibited that rising the coating time from 5 to 15 minutes resulted
in an increase in coating thickness from 5.2 to 12.6 um and an increase in the size of porosity
from 1.7 to 6.8 um. Furthermore, the porosity percentage of the samples increased in 10, 5
and 15 minutes for the coatings, respectively. On the other hand, the PEO procedure led to an
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increase in the substrate roughness and the coating roughness increased from 0.65 pm to 1.86
um by rising coating time from 5 to 15 min. Moreover, the results of the XRD pattern of the
coatings showed no change in the chemical composition of the coatings and just made
intensity in the peaks related to ZrO2 and ZrTiO4 by increasing coating time. Finally,
potentiodynamic polarization tests showed that increasing the coating time from 5 to 10
minutes led to a decrease in corrosion current density and increasing the time further to 15
minutes raised the corrosion current density; so, the coating produced within 10 minutes had
the lowest corrosion density (18.50 nA/cm?) and consequently the best corrosion resistance
(0.602 MQ.cm?).
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