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A B S T R A C T

Aluminum alloys are widely used in the aerospace and transportation industries, but the corrosion resistance is
insufficient in long-term service especially in the high salinity environment. A ceramic coating composed of ZnO
nanoparticles is demonstrated to significantly improve the corrosion resistance of the Al alloys. Owing to the
similar chemical activity of Zn and Al, ZnO particles fuse into Al2O3 in the micro-arc during plasma electrolytic
oxidation (PEO) rendering the coating compactness. The formation mechanism of the PEO coating is in-
vestigated and discussed. The corrosion current of the ZnO modified PEO coating is 4 orders of magnitude less
than that of the LY12 substrate. Immersion tests performed in 3.5 wt% sodium chloride show that incorporation
of ZnO prevents destruction and dissolution of the PEO coating in the high salinity environment.

1. Introduction

Aluminum alloys are used widely in the automotive and aerospace
industry because of desirable physical properties such as the low den-
sity, high strength, good casting ability, and low cost [1,2]. However,
the relatively high chemical reactivity of Al and Al alloys leads to easy
corrosion under harsh conditions in spite of the native surface passi-
vation film [3,4]. Plasma electrolytic oxidation (PEO), which can pro-
duce a thick, hard, and adherent ceramic alumina-based coating on
aluminum alloys [5], is an effective technique to improve the corrosion
resistance [6,7]. Nevertheless, pores and defects are inevitably formed
during PEO because of the drastic discharge-cooling and gas evolution
processes, which produce porous coating that lack the barrier ability
against corrosion especially in harsh environments [8,9].

Generally, sealing the pores of PEO coating can increase the cor-
rosion resistance. Different methods have been utilized to minimize the
size and number of pores in PEO coating. For example, post-treatment
in boiling water can decrease the pore size of PEO coating, but it is still
difficult to completely fill the pores to improve the corrosion resistance
[10]. Some organic materials such as benzotriazole, poly(L-lactide)
(PLLA), and others can be applied to seal the pores [11,12] and sig-
nificant enhancement is obtained because of the inertness of organic
materials. However, organic materials have poor thermal stability and

aging resistance, resulting in insufficient durability. Recently, some
inert inorganic particles with nanometer to micrometer size have been
proposed to seal pores by adding the particles into the electrolyte
during PEO [13,14]. For example, incorporation of SiO2 nano-particles
decreases the surface roughness and reduces the corrosion current
density about 8 times compared to 7075 Al alloys [15] and CeO2 par-
ticles added in PEO coatings decrease the corrosion current density
about 9 times compared titanium alloy substrate [16]. In addition, the
incorporation of CuO, TiO2, and Al2O3 have also been found to bring
some beneficial effects [17–19]. However, corroding droplets can still
penetrate the coating in long-time service as shown by salt spraying and
it may be attributed to aggregation of particles and most of particles
being isolated in the Al2O3 matrix [20].

Owing to the large band gap, small conductivity and similar che-
mical inertness as alumina [21–23], ZnO has been widely used as filler
materials to improve the corrosion resistance of some organic materials
[24,25]. Furthermore, the reducibility of Zn is slightly smaller than that
of Al [26,27] so that Al can capture O in ZnO at a high arc temperature
resulting in fusion of ZnO and Al2O3 to form a compact composite
coating [28]. In this work, ZnO nanoparticles are incorporated into PEO
coating on Al alloys and the fusion behavior of the two oxides as well as
corrosion resistance in a high salinity environment are assessed.
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2. Experimental details

2.1. Sample preparation

The commercial polished LY12 Al alloy was used as the substrate in
PEO. Before PEO, the substrate was cut into plates (25×50×2mm)
and cleaned ultrasonically in acetone and ethanol for 10min. The
deionized aqueous solution containing sodium silicate (Na2SiO3, 15 g/
L) and sodium hexametaphosphate ((NaPO3)6, 10 g/L) was used as the
electrolyte. ZnO particles (300–500 nm, Aladdin Inc., China) with
concentrations varying from 0 to 10 g/L were added to the electrolyte
and the samples were labeled as ZnO-0, ZnO-2, ZnO-4, ZnO-6, ZnO-8,
and ZnO-10, respectively, where the number represented the con-
centration of zinc oxide in the electrolyte. PEO was performed on a
custom system comprising a DC pulsed power supply (Plasma
Technology Ltd., Hong Kong) and stainless steel solution container
serving as the cathode. The process was conducted at a constant posi-
tive current density of 5 A∗dm−2, frequency of 100 Hz, and duty cycle

of 30% for 10min. During PEO, the temperature of the electrolyte was
controlled to be below 55 °C with a mechanical stirrer.

2.2. Materials characterization

The surface morphology was examined by field-emission scanning
electron microscopy (FE-SEM, Carl Zeiss, SUPRA® 55, Germany) and
the surface and lateral elemental distributions were determined by
energy-dispersive X-ray spectroscopy (EDS). The microstructure was
further examined by high-resolution transmission electron microscopy
(HR-TEM, FEI, Technai F20, USA). The composition of samples was
characterized by grazing incidence X-ray diraction (GIXRD, Rigaku
Smartlab, Japan) with Cu Kα radiation (λ=0.15418 nm) at an in-
cidence angle of 1°. The XRD data were collected in the 2θ range of
10°–80° using a step size of 0.01° and a scanning rate of 5°/min.

2.3. Corrosion evaluation

The corrosion characteristics of the aluminum alloy substrate and
PEO samples was monitored in a sodium chloride solution (NaCl, 3.5 wt
%). The electrochemical measurements were carried out on the CHI
660E electrochemical workstation based on the three-electrode system
with the potential referenced to the saturated calomel electrode (SCE)
and platinum sheet counter electrode. The potentiodynamic test was
conducted with the coated sample being the working electrode, satu-
rated calomel electrode (SCE) as the reference electrode, and platinum
rod (φ=20mm) as the counter electrode. The specimen with a surface
area of 2.5 cm2 was exposed to NaCl solution. After 10min to stabilize
the open-circuit potential (OCP), the potentiodynamic polarization tests
were conducted from −0.25 V to 0.5 V (vs. SCE) at a scanning rate of
1mV/s. After stabilization for 10min, the electrochemical impedance
spectra (EIS) were collected to investigate the electrode/solution in-
terface. The data were recorded from 100 kHz to 100 mHz with a 5mV
sinusoidal perturbing signal at the open-circuit potential. The potential
was scanned from the cathodic to the anodic regions at a rate of 1mV/s

Fig. 1. Anodic voltage vs. treatment time during the PEO process in the con-
stant current mode.

Fig. 2. (a)–(f) SEM micrographs showing the surface morphology for the PEO coating obtained in electrolytes containing different concentrations of ZnO particles; (g)
Proportion of dense areas in the SEM images of the PEO samples; (h) Compositions of PEO coating determined by EDS.
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to acquire the polarization curves. Immersion tests were carried out to
probe the corrosion behavior of the samples. After immersion in 3.5 wt
% NaCl at room temperature for 2, 7, and 14 days, the samples were
taken out, rinsed with water and ethanol, and dried in air. The surface
morphology of corroded samples was observed by FE-SEM and confocal
laser scanning microscopy (CLSM, VK-X200, KEYENCE, Japan) and the
elemental composition was determined by EDS.

3. Result and discussion

Fig. 1 shows the voltage evolution during PEO at a constant current
density. The working voltage increases rapidly to about 380 V in the
initial 20 s indicating rapid electrochemical formation of the initial
oxide film [29]. The voltage increases slower afterward and sparks
moving over the entire sample surface are observed due to breakdown
of the oxide layer and generation of micro-discharges [30]. The voltage
increases gradually reaching a plateau of 400 V to 450 V. The overall
trend of the V-T curves is not affected significantly by the addition of

Fig. 3. SEM micrographs showing the cross-sections of the PEO films and EDS maps of the corresponding areas.

Fig. 4. Grazing incidence X-ray diffraction (GIXRD) spectra of the PEO coating
obtained in electrolytes containing different concentrations of ZnO particles.

Fig. 5. (a) Low-resolution TEM micrograph of a
fragment from the ZnO-10 PEO film with the inset at
the top-right corner showing the SAED pattern of the
related area, inset at the right-middle position
showing the EDS spectrum of the related area, and
insets on the bottom showing the EDS maps of dif-
ferent elements; (b) High-resolution TEM micrograph
taken from area (a).
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ZnO particles but the working voltage increases slightly with ZnO
concentration in the electrolyte.

The surface morphology for the PEO coating is shown in Fig. 2. All
the samples have the typical rough and porous microstructure. As the
concentration of zinc oxide increases, the pores become smaller and
shallower because of the sealing by ZnO particles. The proportion of
dense areas derived from the SEM images indicates that the coating
become denser after incorporation of ZnO particles as shown in

Fig. 2(g). Fig. 2(h) shows that the ZnO-incorporated PEO coating con-
sists of O, Al, Si, and P and Zn. The atomic concentrations of Zn are
0.92%, 2.13%, 2.48%, 3.67%, and 5.07% corresponding to PEO coating
formed in 2, 4, 6, 8, and 10 g/L ZnO electrolytes, respectively. As the Zn
concentration goes up, both Si and P increase but Al decreases in the
PEO coating, indicating that phosphate and silicate can be taken into
the ZnO-doped PEO coating.

Fig. 3 displays the cross-sectional SEM images and corresponding
EDS maps of the PEO samples. All the samples possess a dense and
compact PEO but a wavy interface between the coating and substrate is
observed. The thickness of the coating increases with the addition of
ZnO particles. Zn is mainly enriched in the outer porous layer of the
coating and Si and P become more concentrated as the concentration of
ZnO increases.

The GIXRD patterns of the PEO coating and untreated Al alloy are
depicted in Fig. 4. The typical Al diffraction peaks from the aluminum
substrate are observed and there is a broad peak between 2θ of 20°–35°
indicative of amorphous phases. It has been reported that the amor-
phous phases formed in PEO in a silicate electrolyte are mainly alumina
and silica [25] and in the (NaPO3)6 electrolyte, AlPO4 is formed [26].
Besides, the diffraction peaks at 19.5°, 31.9°, 37.7°, 39.5°, 45.9°, 60.9°,

Fig. 6. (a) Potentiodynamic polarization curves of the untreated and PEO-treated LY12 alloy samples after immersion in 3.5 wt% NaCl solution for 600 s; (b)
Comparison of the corrosion potential (Ecor) and corrosion current density (Icor) values calculated from the polarization curves.

Table 1
Ecor, Icor, and βc of different samples in 3.5 wt% NaCl calculated from the po-
larization curves.

Ecor (V vs. SCE) Icor (A∗cm−2) βc (V/decade)

LY12 −0.954 ± 0.034 (1.93 ± 0.30)×10−6 0.309 ± 0.017
ZnO-0 −0.753 ± 0.055 (1.37 ± 0.48)×10−7 0.548 ± 0.051
ZnO-2 −0.79 ± 0.046 (8.03 ± 2.27)×10−8 0.994 ± 0.187
ZnO-4 −0.80 ± 0.061 (1.57 ± 0.29)×10−8 0.819 ± 0.016
ZnO-6 −0.81 ± 0.026 (9.65 ± 0.91)×10−9 0.786 ± 0.025
ZnO-8 −0.846 ± 0.015 (1.65 ± 0.59)×10−9 0.689 ± 0.062
ZnO-10 −0.876 ± 0.011 (1.42 ± 0.21)× 10−10 0.255 ± 0.012

Fig. 7. (a) Nyquist plots; (b) Bode impedance plots; and (c) Bode phase angle plots of the untreated and PEO-treated LY12 alloy samples after immersion in 3.5 wt%
NaCl solution for 600 s; (d) Equivalent circuit for the fitted EIS data.
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and 67° are associated with γ-Al2O3 (JCPDS NO. 10-0425) and those at
34.4° and 36.3° stem from ZnO (Zincite, JSPDS NO. 36-1451) in the
ZnO-incorporated samples providing more evidence of the existence of
ZnO in the coating.

The ZnO-10 sample was further investigated by transmission elec-
tron microscopy (TEM). Fig. 5(a) shows the low-resolution TEM image
of a fragment from the ZnO-incorporated PEO coating. The EDX map-
ping result shows that all elements such as Al, P, Si, O, and Zn are
observed in the fragment of film. The SAED pattern in Fig. 5(a) shows
an amorphous ring, as well as several crystalline rings that correspond
to the face-centered cubic ZnO phase with random orientations. The
high-resolution TEM image of the coating shows lattice fringes of ZnO
(100), ZnO (002), and γ-Al2O3 (112), suggesting that a multiphase
mixture of ZnO and γ-Al2O3 are formed. No obvious interface can be
observed between the ZnO grains and alumina indicating effective fu-
sion [2]. The fusion mechanism of ZnO in alumina at the high arcing
temperature may be that the zinc oxide particles melt partially in the
molten Al leaving behind small ZnO nanocrystals, or the ZnO particles
melt completely and recrystallize during cooling after arcing [31].

Fig. 6(a) presents the potentiodynamic polarization (POL) curves of
the aluminum alloy substrate and PEO samples in 3.5 wt% NaCl. The
tests are conducted after immersion for 600 s to stabilize the open-cir-
cuit potential (OCP). The corrosion potential (Ecor) and corrosion cur-
rent density (Icor) are derived directly from the Tafel region in the
cathodic polarization curves by Tafel extrapolation and the calculated
Ecor and Icor are listed in Table 1 and shown in Fig. 6(b). After PEO, the
polarization curves shift to the positive side of the potential and smaller
current density suggesting better corrosion resistance. After addition of
ZnO, the corrosion current density decreases continuously from
8.03×10−8 A∗cm−2 to 1.27×10−10 A∗cm−2, while the corrosion
potential increases slightly from −0.79 V to −0.876 V. The improve-
ment in the corrosion performance of the ZnO-incorporated samples
can be contributed to the intrinsically inertness of ZnO [22,23] and the
densification of the fusion with Al2O3. ZnO-10 exhibits the smallest
corrosion current density which is about 800 times less than that of
ZnO-0 sample and 4 orders of magnitude less than that of the LY12
substrate, which is much better than that of conventional doping
without fusion [15,16].

The electrochemical impedance spectroscopy (EIS) results are
shown in Fig. 7. The conductive loops of the Nyquist plots are enlarged
after PEO indicating improved corrosion resistance. The PEO samples
also show larger impedance modulus than the substrate, suggesting
better corrosion protection performance [32,33]. The EIS data are si-
mulated with an equivalent circuit and constant phase elements (CPE)Ta
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Fig. 8. Snapshots taken after immersion for different time from the untreated
and PEO-treated LY12 alloy samples in 3.5 wt% NaCl solution.
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are used to represent the non-ideal capacitors as follows:

=Y Y jω( ) ,n
0 (1)

where Y0 and n are the admittance constant and empirical exponent,
respectively. Generally, the capacitive arc at high frequencies results
from film effects and charge transfer, whereas that at low frequencies
stems from mass transfer [34–37]. Here, Rs(CPEf(Rpore(CPEdlRct))) is
used to simulate the EIS data. In the circuit, Rs stands for the solution
resistance, CPEf is the capacitance of the deposited or passivating film
on the surface, Rpore is the sum of the resistance of the pores in the film,
CPEdl is the capacitance of the electric double layer, Rct represents the
related charge transfer resistance in the faradic process. From the fitting
results shown in Table 2, the Rct increases from 8.27× 104Ω·cm2 of
LY12 to 5.453×105Ω·cm2 of the ZnO-0 sample and
2.557× 107Ω·cm2 of the ZnO-10 sample, suggesting that the PEO
coating effectively protects the substrate and the addition of ZnO fur-
ther improves the corrosion resistance of the PEO coating [38,39].

Fig. 8 shows the images of different samples after continuous im-
mersion in 3.5 wt% NaCl solution for 2, 7, and 14 days. The pristine
PEO samples show a uniform grey surface and the samples with high

ZnO concentrations are darker than those with low ZnO concentrations
and ZnO-0. After immersion for 2 days, LY12 turns from a metallic
luster to dark brown with localized pits, whereas the PEO samples show
no corrosion pits. After 7 days, macroscopic corrosion is observed from
ZnO-0 but the ZnO-incorporated samples show no corrosion. After
14 days, localized corrosion can be observed from ZnO-2 but the
coating with larger ZnO concentrations remain intact, indicating that
ZnO improves the corrosion resistance of the PEO coating and the
corrosion resistance depends on the ZnO concentration. CLSM is per-
formed to observe micro-corrosion of the samples after immersion. As
shown in Fig. 9, localized pits start to emerge on both LY12 and ZnO-0
after 2 days and ZnO-2 after 14 days being consistent with the afore-
mentioned images.

The surface morphology and corrosion behavior of the samples after
immersion in 3.5 wt% NaCl for 14 days are displayed in Figs. 10–13.
The LY12 substrate shows the typical corrosion characteristics of Al
alloys manifested by a surface full of cracks and exfoliated fragments of
the corrosion products as shown in Fig. 10. The corrosion cracks are
attributed to stress released from the native passivation film as a result
of corrosion product formation in the substrate [1]. ZnO-0 after

Fig. 9. Confocal laser scanning microscopy (CLSM) images taken after immersion for different times from the untreated and PEO-treated LY12 alloy samples in 3.5 wt
% NaCl solution.

Fig. 10. (a) SEM image of a typical area on the LY12 sample after immersion in 3.5 wt% NaCl for 14 days; (b) and (c) Magnified region step-by-step; (d)
Corresponding EDS results of area (c).
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immersion for 14 days shown in Fig. 11 shows two different corrosion
features. One has obvious crevice and bud-like corrosion products on
the sample surface like the LY12 substrate (Fig. 11a–d). Generally,
crevice formation in PEO coating results from volume expansion during
formation of the corrosion products and additional stress caused by
hydrogen bubble evolution [40], meaning that the corrosion droplets
penetrate the PEO coating giving rise to severe corrosion of the sub-
strate. The second one has no crevice at all (Fig. 11e–g) representing the
typical PEO morphology comprising micro-arc pores and bud-like
protrusions. A sponge-like structure can be observed from the surface
and particularly the pores after immersion because of the different
corrosion resistance of the multi-phase structure of the coating [41]
confirmed by EDS.

Crevice corrosion can be observed from ZnO-2 after immersion for
14 days as shown in Fig. 12(a). However, different from the ZnO-0

sample, parts of the crevice region in ZnO-2 do not show a porous
structure. EDS result shows that the crevice region contains O, Al, Si, P,
and Zn and the P/Al ratio and Si/Al ratio are much higher than the
ZnO-0 sample. This result suggests that the destruction of coating and
the dissolution of P and Si component are inhibited by the incorporated
ZnO. For the non-crevice region, a porous structure similar to the ZnO-0
sample covers on the most of the surface area. In the non-crevice re-
gions, except for the porous structure, some non-porous areas are also
observed from the surface. As shown in Fig. 12(f), non-porous area and
typical areas of porous are marked as area A and area B, respectively.
EDS results reveal that the area A containing Zn displays higher Si/Al
and P/Al ratios comparing to the area B without ZnO. The SEM and EDS
results suggest that the area containing ZnO keeps a higher content of Si
and P and a more compact surface morphology. However, owing to the
small concentration of ZnO, ZnO-2 is not protected adequately. Fig. 13

Fig. 11. (a) SEM image of a typical area on the ZnO-0 sample with crevice formation after immersion in 3.5 wt% NaCl for 14 days; (b) and (c) Magnified region step-
by-step; (d) Corresponding EDS results of area (c); (e) SEM image of a non-crevice area on the ZnO-0 sample after immersion for 14 days; (f) Magnified view of the
area; (g) Corresponding EDS results of area (f).
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shows the surface morphology of ZnO-10 after immersion for 14 days.
The surface has the typical surface morphology of a PEO film without
crevices and porous feature. EDS reveals that the concentrations of Al,
P, and Zn are similar to those before immersion implying that the
composition barely changes and nearly no corrosion takes place during
immersion.

4. Conclusion

The corrosion resistance of the LY12 Al alloy is improved by per-
forming plasma electrolytic oxidation in the phosphate-silicate elec-
trolyte containing ZnO particles. The ZnO particles incorporated into
the PEO coating can fuse with alumina to form much denser PEO
coating. Electrochemical tests show that the ZnO-incorporated PEO
coating have improved corrosion resistance compared to the substrate
or conventional a PEO coating without ZnO. The incorporated ZnO can
protect the coating from corrosion in the NaCl solution.
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