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Abstract
The incorporation of ZnOnanoparticles into plasma electrolytic oxidation coatings formed on
aluminumwas investigated in this work. The coating process was performed in silicate-based
electrolytes containing varying amounts of ZnOnanoparticles. A current density of 5 A dm−2 with a
low duty cycle of 20%and a frequency of 2000Hzwere applied to all aluminum samples. Results
showed all coatings were primarily comprised of γ-Al2O3, Al2H2O12S4 (Al2O3.4SiO2.H2O) and
contained ZnOnanoparticles from the electrolyte. Surface and cross-sectional elementalmaps
revealed that ZnOnanoparticles were distributed primarily on the coating surface and near the
coating-substrate interface. It has been proposed that formation of silica insoluble gel containing
entrapped ZnOnanoparticles on the coating surface is a reason of whyZn and Si were primarily
concentrated in the upper parts of the coatings. Beside this, particles can only reach the inner layer of
the coating through short-circuit paths formed by breakdown events. In pulsed-unipolar DC current
modewith low duty cycle and corresponding large number ofmicro-discharges, higher number of
nanoparticles can enter discharge channels and reach the inner parts of the coating. Potentiodynamic
polarization test results showed embedding nanoparticles in the coating structure improves its
corrosion behavior.

1. Introduction

Plasma electrolytic oxidation (PEO), also known asmicro-arc oxidation (MAO), is a relatively novel technique
to produce oxide ceramic coatings [1]. The process is typically performed on lightweight valvemetals including
Al [2–5], Ti [6],Mg [7], as well as their alloys [5]. PEO results in the formation of relatively thick, ceramic-like
coatings containing amorphous and crystalline phases [1–3]. PEO is similar to a conventional anodizing process
in principle; however, the applied potentials should be sufficiently high to exceed the dielectric breakdownfield
atflaws in the coating as it grows [4]. The process often involves simultaneous localmelting of the coating and
rapid quenching of the solidified products [1]. In this regard,mechanisms such as anodic oxidation, thermal
oxidation and plasma chemical reactionsmay participate in the formation of the coating [3]. Application of PEO
coatings improves the surface performance, resulting in higher hardness, better wear protection and improved
corrosion resistance [2]. In addition, PEO is a cost-effective and environmentally friendly process [5].

Species in the PEO coating originate fromboth the substrate and the electrolyte. It is possible to form
composite coatings during the PEOprocess by adding insoluble particles to the electrolyte. Previous research
studies have shown thatmetal oxide nanoparticles like ZnO [5], ZrO2 [7, 8], TiO2 [9, 10] andAl2O3 [11] are good
candidates to be used as the second phase in PEO composite coatings. Particles in electrolyte suspensions are
usually incorporated into the outer parts of coatings. They can reach the inner layers via short-circuit paths [7] or
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as a result of the cataphoretic effect whichmakes it possible to transfer particles both to and away from the
substrate in the strong electric fields during PEO [11, 12]. Embedding nanoparticles in the coating structure
improves its corrosion behavior and tribological properties and increases its hardness and adhesion to the
substrate [9–11]. A series of prior studies have explored the influence of electrolyte additives on PEO coating
properties. Results showed that addingNa2WO4 promoted the formation of high impedance coatings and
decreased the breakdown voltage and energy consumption. Furthermore, it has been shown to increase the
coating thickness, density and corrosion resistance [12, 13].

Research on alumina-based ceramic nanocomposites during the past decadewasmainly focused on the
addition of one or several reinforcement phases such asmetal oxide nanoparticles [14]. Zinc oxide (ZnO) is an
excellent choice as a reinforcement for alumina-based composites. It has a high thermal, chemical and
mechanical stability in addition to its thermodynamic compatibility withAl2O3 [14].

Stojadinovic et al reported the formation of Al2O3/ZnOoxide coatings by conventional DCPEOon
aluminum [5]. They usedwater-based boric acid and borax electrolyte with the addition of ZnOnanoparticles.
Theywere not able to detect any peaks corresponding to ZnO in theXRDpatterns after different PEO treatment
durations,most probably due to the low concentration of ZnOnanoparticles in the coating. To investigate the
presence of ZnOnanoparticles in oxide coatings, they performed Ramanmeasurements and EDS analysis.
Results showed that the concentration of Zn (originating fromZnOnanoparticles)was less in the inner layer
comparedwith the outer layer.

The present work investigates the incorporation of ZnOnanoparticles into coatings formed on aluminum
byPEO. Themain objective of the present studywas to obtain an alumina–zinc oxide nanocomposite coating
and to describe coatingmicrostructures. For this purpose, a pulsed-unipolar current with a low duty cycle was
chosen and nanoparticles embedded in the upper parts of the coating and in the inner regions especially near to
the coating-substrate interface. Nanocomposite oxide coatingsmay be of interest for various applications such
as electrodes for optoelectronic devices. They can be used as photovoltaic solar cells, liquid crystal displays or
light emitting diodes [14, 15]. In addition, probable reactions occurring during each period of the process in the
presence of ZnOnanoparticles have been discussed.

2.Materials andmethods

The chemical composition of 1050 aluminumused as the substrate is presented in table 1. Specimenswith
dimensions of 1 mm×25 mm×100 mmwere degreased and cleaned ultrasonically in acetone and ethanol,
rinsed in deionizedwater, and finally dried inwarm air.

The PEOprocess was carried out in a silicate-based electrolyte containing 10 g L−1Na2SiO3, 2 g L
−1 KOH

and 2 g L−1Na2WO4. ZnOnanoparticles with a particle size in the range of 150–300 nmwere added as required.
Samples were labelled asW0–W4. The subscripts represent the content of ZnOnanoparticles in the PEO
electrolytes for 0, 1, 2, 3 and 4 g L−1 respectively.

The zeta potential is a crucial factor in determining the stability of a colloidal dispersion. A suspension of
particles with a high absolute value of zeta potential ismore stable and resists agglomeration and settlingmore
comparedwith suspensions with lower absolute values of zeta potential. The zeta potential can be varied by
adjusting the pH. Increasing the pH level generally shifts zeta potential towardsmore negative values [16].
Therefore, it is necessary to adjust the pHof the electrolyte at a suitable level in order to have a stable ZnO
suspension [17, 18]. Alkaline electrolytes containing potassiumhydroxide and sodium silicate with pHvalues
larger than 12 aremost commonly used in PEO [4, 11, 19]. The silicate-based electrolyte used in this research
had a pHof approximately 12. At this pH, ZnOnanoparticles have a high, negative zeta potential and are stable
in the electrolyte. A high absolute value of zeta potential is desirable in PEO electrolytes containing particles since
it will enhance particlemovement under a given electric field and promotes the incorporation of particles into
the coating.

PEO treatment was carried out under pulsed-unipolar DCmode using a built in-house rectifierwith a
maximumoutput of 700 V/30 A. Samples were treated at a constant current density of 5 A dm−2, a duty cycle of
20%, and a frequency of 2000Hz for 40 minThe duty cycle is defined as:

D t t t 100t on on off= + ´[ ( )]/

Table 1.The chemical composition of aluminum substrates.

Element Fe Si Mg Cu Ti Zn Mn Al

Content (wt%) 0.4 0.25 0.005 0.05 0.03 0.05 0.05 Balance
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where ton is the ‘on’ period and toff is the ‘off’ period during a single cycle [19]. During the coating process, the
electrolyte was continuously stirredwith a centrifugal pump and its temperature wasmaintained at~293 K. Two
316 L stainless steel sheets (10 cm×15 cm)were used as the cathode. Samples were coated under galvanostatic
conditions, i.e. the current was kept constant during the process and the anode potential was allowed to vary.

PEO-treated specimenswere examined by a Philips XL30 scanning electronmicroscope (SEM) equipped
with an energy-dispersive x-ray (EDS) attachment. Cross-sections were prepared by grinding through successive
grades of SiC paper, withfinal polishing to a 0.1 μmdiamondfinish. AMira3-XMUField Emission SEM
(FESEM)was employed to obtain highmagnification images, elementalmaps of the cross-sections, and study
the surfacemorphology of coated samples. Samples were sputter coatedwith gold prior to SEM imaging to
minimize surface charging. A Philips X’Pert_MRDdiffractometer withCuKα (40 kV and 30 mA) radiationwas
used to study the phase composition of coatings. Samples were scanned in the 2θ range from30° to 70°with a
0.05° step size. TheX’pertHighscore softwarewith PDF2 databasewas employed to analyze XRDpatterns.

3. Results and discussion

3.1. Voltage-time behavior
Plots showing potential variations of samples during the PEOprocess at a constant current density of 5 A dm−2

in electrolytes containing different concentrations of ZnOnanoparticles are presented infigure 1. Examining the
voltage-time plots reveals up to three stages can be identified. In thefirst stage, voltage increases almost linearly
within a short period to about 500 Vwith an average slope of 48 V s−1. During this stage, the barrier oxidefilm
grows at a constant rate (Stage I infigure 1) and themain part of the total current passing through the film is ionic
current, which forms the oxidefilm [5]. As a result, the potential needs to increase in order to compensate for the
increase of ionic resistance due tofilm growth [9]. At this stage, gas bubbles are formed on the surface of the
substrate [11].

At 490 V, close to the regionwhere amajor reduction in the slope of the voltage-time response is observed in
figure 1, the breakdownpotential is reached andmany small-sizedmicro-discharges with awhite color appear
over the entire surface of the sample [5, 20]. After the breakdownpotential, anodization voltage still increases,
but the voltage-time slope decreases towards a relatively constant value of anodization voltage (Stage II in
figure 1). In stage III, the rate of voltage change increasesmore relative to stage II.Micro-discharges become
more intense than before and their color changes fromwhite to yellow and then gradually to orange. In addition
some studies report, theMAOprocess was split into four stages and in last stage, sparks became even stronger,
exerting a detrimental effect on the qualities of coating [20, 21].

Electrolytes with different contents of ZnOnanoparticles were opaque, which prevented the visual
assessment of sparking behavior during the PEOprocess. However, the particle additions did not appear to
significantly affect sparking, as evaluated from the shapes of the voltage-time response plots. This suggests that
the addition of ZnOnanoparticles did not influence the electrolyte properties and depositionmechanism
significantly. This observationwas found to agreewith previous studies in the literature [3, 5, 9].

Figure 1.Voltage–time responses for specimens coated by PEO at different concentrations of ZnOnanoparticles in a silicate-based
electrolyte. (a)W0 (without ZnOnanoparticle addition), (b-e)with adding ZnOnanoparticles, (b)W1 (1 g L

−1 ZnO), (c)W2 (2 g L
−1

ZnO), (d)W3 (3 g L
−1 ZnO) and (e)W4 (4 g L

−1 ZnO).
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Anoscilloscopewas used tomonitor and record thewaveformduring the coating process. A snapshot of the
oscilloscope screen showing thewaveformproduced by the power supply and a schematic representation of the
waveform at a duty cycle of 20% and a frequency of 2000Hz are illustrated infigures 2(a) and (b), respectively.

Different processes such as oxide formation, dissolution and gas evolutionmay occur during the PEO
coating process on aluminum in alkaline solutions [22]. Infigure 2, the period toff is attributed to the timewhen
no current is applied. During this period, chemical reactions can etch the aluminum substrate and subsequently
release aluminum ions into the electrolyte throughReactions (1) [23] and (2) [22, 23]. In addition, the thickness
of the alumina coating can decrease as a result of chemical dissolution, Reaction (3) [22, 23].

2Al 2H O 2OH 2AlO 3H 1aq2 2 2+ +  +- - ( )( )

Al 4OH Al OH gel 24+ - -( ) ( ) ( )
Al O 2OH 3H O 2Al OH gel 2Al OH 2OH 32 3 2 4 3+ +    +- - -( ) ( ) ( ) ( )

Based on the above reactions, during the toff period, only the surface of Al substrate is chemically dissolved by
reactingwithOH−, originating fromKOH in the electrolyte, Reaction (5). Since the electrolyte is continuously
agitated during the PEOprocess, there is no limitation forOH− anions to diffuse to the electrode surface and
chemical processes [22].

During the ton period, figure 2,micro-discharges start to appear above the breakdownpotential. Due to the
high electric fields generated during the PEOprocess, the electrolyte components (potassiumhydroxide, sodium
silicate andwater) can be ionized and decomposed according to the Reactions (4)–(6) [11]. Anodic dissolution of
aluminum releases cations into the electrolyte, Reaction (7) [22]. Under the influence of the high electric field,
oxygen anions (O2−)diffuse towards the substrate. Finally, oxygen anions react withmetal cations (Al3+),
migrating out across the former coating towards the electrolyte, to form aluminumoxide, Reaction (8) [22, 23].
Prior research suggests that some of the aluminum cationsmight be ejected into the electrolyte and react with
silicate, resulting in the formation ofmullite, Reaction (9) [12, 23].

H O O 2H 42
2 +- +- ( )

KOH K OH 5 ++ - ( )

Na SiO 2Na SiO 62 3 3
2 ++ - ( )

Al Al 3e 73 ++ - ( )
2Al 3O Al O 83 2

2 3+ + - ( )

2Al 3SiO Al SiO Al O .3SiO 93
3
2

2 3 3 2 3 2+  + - ( ) ( )

Based on this set of reactions, it can be concluded that a combination ofmainly alumina and some alumina-
silicate phases is expected to formduring the PEOprocess applied to aluminum substrates in alkali electrolytes
containing sodium silicate [23].

3.2. Phase composition
X-ray diffraction patterns of PEO coatings treated in electrolytes with different contents of ZnOnanoparticles
are presented infigure 3. Inspection of theXRD spectra revealed that the coatings weremainly composed of
γ-Al2O3 andAl2H2O12Si4 (Al2O3.4SiO2.H2O). Aluminumpeaks, originating from the substrates, are also
observed. In addition toAl, γ-Al2O3 andAl2H2O12Si4, in samples prepared in electrolytes containing various
amounts of nano-particles, figures 3(c)–(f) (W1–W4), ZnOwas also detected.

Figure 2.Unipolar pulsed currentmodewaveform (a) of output power fromoscilloscope, (b) schematic representation.
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Previous studies on PEO coated aluminumalloys in alkali silicate-based electrolytes suggest that the coatings
aremainly composed ofα-Al2O3 [3, 8, 20], γ-Al2O3 [3, 8, 9, 20], mullite (3Al2O3.2SiO2) [9, 20], or amixture of
these phases. It has been suggested that themoltenmaterial formed during sparking solidifies as γ-Al2O3 rather
thanα-Al2O3 upon contact with the electrolyte. Extremely high cooling rates experienced during solidification
and lower critical energy for nucleation facilitates the formation of γ-Al2O3 [24]. Since γ-Al2O3 is ametastable
phase, it can transform intoα-Al2O3 in the temperature range of 1050 to 1200 °Cand as the temperature
increases, this phase transformation occurs at a faster rate [5, 8, 24].

Generally themain parameter in PEO coatings, which determines the η-Al2O3/ δ-Al2O3/α-Al2O3 ratio is
the heatingmode related to themicro-discharges characteristics, such as power and duration, in the course of
coating formation and its cooling rate [25]. By controlling the electrical parameters such as current density, duty
cycle and frequency, it would be possible to control the transformation rate of γ toα-Al2O3 phase. Applying
higher current densities has been shown to increase the localized temperature ofmicro-discharges, leading to
enhanced coating growth rate and higher relative contents ofα-Al2O3 [24, 26]. Lower duty cycles were found to
result inmicro-discharges with lower intensities but higher spatial densities [20]. Furthermore,micro-
discharges are interrupted during the pulse off-time (toff) in pulsed-unipolar currentmode, allowing the surface
to cool down [24]. Therefore, decreasing the duty cycle or increasing frequency would create less heat in the
coating, keeping the temperature below the critical temperature required for γ toα-Al2O3 phase
transformation. The electrical parameters used in this work, i.e., a low current density and duty cycle of
5 A dm−2 and 20%, respectively, and a high frequency of 2000Hz did not create enough heat necessary for γ to
transform toα-Al2O3, which is whyα-Al2O3was not detected in theXRDpatterns of PEO coated samples in this
research.

Mullite or other alumina-silicate phases can form in PEO coatings depending on the temperature of the
process, Reaction (9) [23].Mullite is formed at temperatures above 1000 °Cdepending on the process route
employed, possibly by a nucleation and growthmechanism involving a reaction betweenAl2O3 and SiO2 [24].
As discussed earlier, employing a higher current density and duty cycle would increase the localized temperature
of discharges, thus favoring the formation ofMullite [24].Mullite was not detected in the PEO coatings
synthesized under conditions used in this work. Another possible reaction involved is that anionswill be
attracted toward the surface due to the anodic polarization and produce silica, alumina, and other compositions
[23] (Reactions (10) and (11)). Pyrophyllite is a hydrous alumina-silicate phase formed in this research according
to Reaction (12). Formation temperature of pyrophyllite is lower thanMullite and thermal treatment of
pyrophyllite causes the conversion ofMullite at temperatures higher than 1000 °C [27, 28].

2Al 6OH Al O 3H O 103
2 3 2+  ++ - ( )

SiO 2H SiO H O 113
2

2 2+  +- + ( )

2Al 4SiO 2H Al H O S Al O .4SiO .H O 123
3
2

2 2 12 4 2 3 2 2+ +  + - + ( )

InXRDpatterns of samples prepared in electrolytes containing various amounts of nanoparticles,
figures 3(c)–(f) (W1–W4), ZnOpeaks are detected, indicating incorporation of ZnOnanoparticles into the

Figure 3.XRDpatterns of (a)ZnOnanopowder, (b)W0 (without adding ZnOnanoparticle), (c)–(f)with adding ZnOnanoparticles,
(c)W1 (1 g L

−1 ZnO), (d)W2 (2 g L
−1 ZnO), (e)W3 (3 g L

−1 ZnO) and (f)W4 (4 g L
−1 ZnO).
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coating. As can be seen infigures 3(c) to (f), ZnOpeaks become stronger in electrolytes with higher
concentrations of nanoparticles.

Previous studies have shown the point of zero charge (pzc), at which nanoparticles exhibit zero net electrical
charge, for ZnOnanoparticles (pHPZC) is between the pH ranges of 8.7 to 9.5. As the pH shifts towards higher
pH values, zeta potential becomesmore negative and the surface of the particles becomesmore negatively
charged [18]. The electrolyte used in this work had a pHof 12. At this high pH, ZnO species have a high negative
zeta potential in the electrolyte. Higher absolute values of zeta potentials are desirable in PEO electrolytes
containing nanoparticles since particles aremore stable and resist agglomeration and settling. The negative
charge on the particles will enhance theirmovement in the electric field created by the potential difference
during the PEOprocess due to the cataphoretic effect, and promotes the incorporation of particles into the
coating on the sample which is positively charged.

Based on theXRD results, ZnOnanoparticles are incorporated into the coating at the coating surface and
following transport to the inner coating regions along short-circuit paths created by breakdown events. Similar
results have been reported for electrolytic oxidation ofmagnesium in electrolytes containingmonoclinic
zirconia in the literature [7].

According to literature by adding sodium tungstate to the electrolyte solution, the corrosion resistance and
hardness of the coatings significantly improved due to the incorporation of tungsten [29], but no phase
containingNa2WO4 species was detected in the XRDpatterns.

3.3. Coatingmorphology
Surfacemorphologies of PEO coated samples are presented in the SEMmicrographs infigures 4(a)-(e),
corresponding to samplesW0–4, respectively. Generally, all coatings contain numerous pores and craters all over
the surface. These features are typical of breakdown events [24, 30]. Two distinct regions are distinguishable on
the surface of all samples: (i) a significant portion of the surface is occupied by craters; a volcano-like
microstructure formed by individualmicro-discharge events, and (ii) a fine nodular structure consisting of small
particles [24, 30]. Besides,micron-sized silicon-rich particles are also present in all coated samples. Such
particles are often found on the surface of PEO coated samples in silicate-based electrolytes [7].

Scanning electronmicroscope images of the coating surface formed in the presence of ZnOnanoparticles at
electrolyte disclosed an extensive regular network of light regions corresponding to coating decorated by ZnO-
rich particles. Inspection of the SEMmicrographs infigure 4 shows there are fewer cracks and open pores on the
surface of coatings synthesized in electrolytes with higher contents of ZnOnanoparticles, suggesting that these
surface defects have been partiallyfilledwith ZnOnanoparticles. This is consistent withwhat has been found in a
previous study [9].

The distribution of elements on the surface of PEO coatings infigure 4were determined using EDS surface
analyses and the results are presented in table 2. Coatings were primarily composed of Al, O, Si, and Zn.
Comparison of EDS results revealed that the amount of Zn increased in samples synthesized in electrolytes with
higher ZnO contents. TheAl/Si intensity ratios for different coatings obtained from surface EDS analysis are
greater than 1.5 in all coatings. Additionally, elementalmaps from the surface of sampleW4 are shown in
figure 5. It reveals higher surface concentration of Al and lower Si.

In an earlier study [24] it was reported that Al/Si intensity ratio increasedwith decreasing duty cycle. At
lower duty cycles, achieved via applying a shorter toff and/or a higher frequency,more discharges occur resulting
inmore Al participating in the discharge process and thus increasing aluminum content on the coating surface
[19]. In addition, it can be seen from figure 5 that ZnOnanoparticles were uniformly dispersed all over the
coatings surface.

The SEMmicrographs of PEO coating cross-sections of samplesW1–4,figure 6, reveal some porosity and
discharge channels within the coating.

Based on the literature, PEO coatings can be comprised of up to three layers. Thefirst one is the ‘barrier
layer’, a thin inner layer located adjacent to the substrate. The barrier layer has amajor contribution to corrosion
protection [31]. The next one is the ‘functional layer’ or ‘intermediate layer’, which constitutes about 70%–80%
of the total coating thickness and provides themain thermo-mechanical and tribological functionality of the
coating. The third layer, located on top of the functional layer, ismainly loose and porous [20, 31].

Cross-sectionalmicrographs infigure 6 show all coatings aremainly composed of two layers, the thin barrier
and functional layers, while the third porous layer can be seen in some parts of the coatings. Optical
micrograph of cross-section ofW0 andW4 is shown infigure 7. Coating thicknessmeasurements showed that all
coatings have a thickness of about 9±3 μmandno significant change is observedwhen comparing the cross-
sections of coated samples in different electrolytes. In other words, the presence of ZnOnanoparticles did not
influence the coating thickness during the PEOprocess.

6
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EDS elementalmaps ofmechanically polished cross-sections of sampleW4 revealed that Zn and Si were
primarily concentrated in the upper parts of the coatings aswell as near the coating-substrate interface (figure 8).
In previous studies on PEO composite coatings synthesized in silicate-based electrolytes [3, 9] it was observed

Figure 4. Surfacemorphology of PEO coatings without ZnOnanoparticles (a)W0, andwith the addition of nanoparticles (b)W1

(1 g L−1 ZnO), (c)W2 (2 g L
−1 ZnO), (d)W3 (3 g L

−1 ZnO) and (e)W4 (4 g L
−1 ZnO).

Table 2.Chemical composition of oxide coatings infigure 4 by EDS.

Sample ZnO (g L−1)
Element (Wt%)

Al O Si Zn

W0 0 36.78 44.37 18.85 —

W1 1 32.87 44.48 18.5 4.15

W2 2 28.13 47.69 18.52 5.66

W3 3 33.17 41.91 15.40 9.52

W4 4 26.92 46.39 16.26 10.43

7
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that Si and added particles weremostly concentrated in the upper parts of the coatings, although a small number
of particles could reach the inner parts through short-circuit paths. In another study [5]where boric acid and
borax solutionswere used to growPEO coatings on aluminum, ZnOnanoparticles were found to bemainly
located on the upper parts of the coatings, as well. In all the abovementioned studies, [3, 5, 9], DCmodewas
used. In PEO composite coatings prepared under ACmode, [7, 11, 32], amore uniformdistribution of
nanoparticles across the coatings has been reported. The applied current regime (DC,AC, pulsed-unipolar, or
pulsed-bipolar) can affect surface discharge characteristics, namely the intensity and density ofmicro-
discharges, which play a crucial role in determining coating properties [12]. The use of AC and/or pulsedDC
modewouldmake it possible to controlmicro-discharge events bymeans of arc interruption and prevents
overheating and destruction of coating thatmay occur underDC regimes [31]. However, invariable and fixed
duty cycle (=50%) of ACmode is disadvantageous and restricts the commercial upscaling of thismode [12].

Employing pulsedDCmodemakes it possible to control discharge duration by varying the duty cycle. A
pulsed-bipolar currentmode is comprised of three distinct periods consisting of (ton

+ ), (toff) and (ton
− )

corresponding to anodic current on-time, off-time, and cathodic current on-time, respectively. During (ton
− )

period, corresponding to the negative segment inAC currentmode, cation species are attracted to the negatively
charged substrate and anion species are repelled into the electrolyte [12]. Therefore, in spite of the high physical
andmechanical characteristics of coatings are formed in electrolytes with high pH inACor pulsed-bipolar
currentmodes, employing these currentmodes to fabricate PEO composite coatings in electrolytes containing
nanoparticlemay negatively affect the incorporation of nanoparticles into the coating, since at high pHvalues of
electrolytes typically used for PEO, particles have a negative surface charge (zeta potential). Pulsed-unipolar
currentmode, on the other hand, is comprised of an off-time (toff) and a positive component (ton

+ ), duringwhich
negatively charged particles are attracted towards the sample and seems to bemore appropriate for
incorporating particles into PEO composite coatings.

The high concentration of Si on the surface of the coatings in this research could be linked tomicro-
discharge behavior during PEO. It has been proposed that Si forms insoluble gels which reduce Si ionicmobility
and as a result, a silicon-rich outer part is formed on the coating surface. Anion species or entrapped particles
with high negative zeta potentials can also be found in this silica gel on the coating surface. Silicon and anion

Figure 5. (a) SEMmicrograph of sampleW4 (coated in electrolyte containing 4 g L
−1 ZnOnanoparticles) and (b)–(d)EDS elemental

maps.
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Figure 6.Cross-section images of (a)W0 (without adding ZnOnanoparticle), (b)–(e)with adding ZnOnanoparticles, (b)W1 (1 g L
−1

ZnO), (c)W2 (2 g L
−1 ZnO), (d)W3 (3 g L

−1 ZnO) and (e)W4 (4 g L
−1 ZnO).
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species could be present in the alumina-rich region only due to short-circuit paths formed in breakdown
events [3, 30].

At low duty cycles,micro-discharges are less intense, and their spatial density is higher due to the higher
number of sparks on the surface. The applied current is distributed among allmicro-discharge events during
PEO.When there is a higher number ofmicro-discharge events present, a lower current passes through each
individualmicro-discharge channel [24]. Eachmicro-discharge ejectsmoltenmaterial onto the surface. The
outward force caused by these ejections can detach adsorbed species such as silicon, SiO3

2−, or ZnO
nanoparticles from the surface. Therefore, when a lowduty cycle is applied during the PEOprocess, the
corresponding large number ofmicro-discharges createdwill removemost of the negatively charged adsorbed
species from the surface during the on-time. During cooling of a solidified crater at a discharge site, anion species

Figure 7.Opticalmicrograph of cross section of (a)W0 (without adding ZnOnanoparticle) and (b)W4 (with adding 4 g L
−1 ZnO

nanoparticle).

Figure 8. (a)Cross-section SEMmicrograph of sampleW4 (with adding 4 g L
−1 ZnOnanoparticles) and (b)–(d)EDS elementalmaps

of the surface of image (a) containing (b)Al, (c) Si and (d)Zn.
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in the electrolyte can enter discharge channels under a strong electric field through electrophoresis and reach the
inner parts of the coating [12]. This could explainwhy Si andZn elements were distributed on top of the coating,
as well as in a narrow band between the coating and the substrate,figure 8 part c and d.

Furthermore, based on experimental results, an aggregation of ZnOparticles near the coating-substrate
interface has been observed. It seems that there is a differentmechanism for ZnO incorporation into the oxide
coating in the early and later stages of PEO. In the early stages of PEO treatment, ZnOparticles quickly
accumulate on the surface of the substrate due to the strong electric fields formed and the high negative zeta
potential of particles. Then, a thin layer of PEO coating is formed and further accessibility of particles to the
substrate surface is lost. Afterwards, particles can only reach the inner layer of the coating through short-circuit
paths formed by breakdown events. Finally, in the later stages of PEO, particle concentration increases at the
coating surface through deposition of silica gel containing entrapped ZnOparticles.

3.4. Corrosion behavior
Potentiodynamic polarization test were employed to investigate the corrosion behavior of the samples in 1 M
H2SO4medium. The results are depicted infigure 9 and corrosion potential (Ecorr) and corrosion current
density (Icorr)were derived directly from the polarization curves and showed at table 3. Although therewas no
major change in values of Ecorr for compared samples, the values for Icorr do show a significant change. The Icorr
value for theW4 sample (Icorr=2.2×10−8 A.cm−2) is two orders ofmagnitude higher than that for theW0

sample (Icorr=2.8×10−6 A.cm−2). The coatings porosity is known as themost important defect of PEO
coatings, i.e., in the case of corrosion, they can decrease the protection ability by letting the corrosivemedia to
penetrate through the coating [10, 11, 33]. As in the previous sections has beenmentioned, the presence of ZnO

Figure 9.Potentiodynamic polarization curves of the coated samples after 1 h immersion in 1 MH2SO4. (a)W0 (without adding ZnO
nanoparticle), (b-e)with adding ZnOnanoparticles, (b)W1 (1 g L

−1 ZnO), (c)W2 (2 g L
−1 ZnO), (d)W3 (3 g L

−1 ZnO) and (e)W4

(4 g L−1 ZnO).
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nanoparticles did not influence the coating thickness during the PEOprocess, but there are fewer cracks and
open pores on the surface of coatings with higher contents of ZnOnanoparticles. Thereforewith decreasing the
content of nanoparticles embedded in the coating structure corrosive ions could transfermore easily from
surface to substrate, due to its higher porosity and corrosion resistance decreased. The coating ofW4 having
highest ZnOnanoparticles has the lowest corrosion current density. As a results itmust bementioned that the
addition of ZnO in the PEO coating leads to increased corrosion resistance.

4. Conclusion

The formation plasma electrolytic oxidationAl2O3 oxide composite coatings containing ZnOnanoparticles was
investigated in this work. Samples were coated in a silicate-based electrolyte under pulsed-unipolar current
mode. Applying pulsedDC current allows the control of discharge duration bymeans of changing the duty cycle.
Applying lower duty cycles resulted inmicrodischarges with a higher spatial density and a lower intensity. A
shorter duty cycle and a lower current density would decrease the localized temperature of the discharges,
therefore, lowering the probability ofα-Al2O3 andmullite formation. γ-Al2O3 and Pyrophyllite are themain
phases formed in the coating in this research under a low duty cycle of 20% and a current density of 5 A dm−2.

Additionally experimental results revealed that Zn and Si were primarily concentrated in the upper parts of
the coatings aswell as near the coating-substrate interface. It has been proposed that Si forms insoluble gels
which reduce Si ionicmobility and as a result, a silicon-rich outer part is formed on the coating surface. Anion
species or entrapped particles with high negative zeta potentials can also be found in this silica gel on the coating
surface, which is why ZnOnanoparticles were primarily distributed in the upper parts of the coatings. Also in
pulsed-unipolarDC currentmodewith a low duty cycle, the corresponding large number ofmicro-discharges
createdwill removemost of the negatively charged adsorbed species from the surface during the on-time. Then
during cooling of a solidified crater at a discharge site, anion species in the electrolyte can enter discharge
channels under a strong electric field through electrophoresis and reach the inner parts of the coating. Finally
corrosion behavior of coatings investigated by potentiodynamic polarization test and results revealed that
composite coatings with higher content of ZnOnanoparticles had better corrosion resistance.
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Table 3.Potentiodynamic polarization curve analysis results.

Sample ZnO (g L−1) Icorr (A.cm
−2) Ecorr (V)

W0 0 2.8×10–6 −0.99

W1 1 2.2×10−6 −1.06

W2 2 5.6×10−7 −1.05

W3 3 5.1×10−8 −0.96

W4 4 2.2×10−8 −0.99
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