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Plasma electrolytic oxidation (PEO) coating is gaining attention as a promising surface treatment technique
for lightweight metals and alloys such as Al, Mg and Ti. The coating involves complex interactions among various
process parameters including substrate composition, current modes and electrolyte composition. In this study,
ceramic coating was produced in silicate based alkaline solution on Al-Mg alloy by pulsed PEO with different
applied frequencies (100, 500, 1000, 2000 Hz). The resultant coating was characterized using FE-SEM, EDS and
HR-XRD. The electrochemical characteristics of the PEO coating were also investigated in seawater solution.
It was found that changing frequency in the PEO process had a prominent effect on both surface and cross-
sectional morphology of the coating. The electrochemical studies indicated that the pulsed PEO have improved
the corrosion resistance of the Al-Mg substrate. In particular, the applied frequency of 100 Hz has produced one
order of magnitude lower corrosion current density than that of the Al-Mg substrate.
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1. Introduction

With the increasing demand on lightweight materials,
Al alloys have received great attention for alternative
material to replace conventional materials such as steel,
since they have excellent strength to weigh ratio, ther-
mal conductivity and electrical conductivity despite of
their low density. However, because of their relatively low
hardness, Al alloys have poor wear resistance compared
with other alloys. Such poor surface properties constitute
an obstacle to spreading of Al alloys for lightweight mate-
rial, and therefore surface modification of the alloys are
essential in practical applications. Plasma electrolytic
oxidation (PEO) is a novel surface treatment technique
for valve metals such as Al, Mg and Ti which converts
the metal surface into ceramic oxide layer using micro-
discharge on surface. It is a similar process to anodizing
but it is carried out at a higher voltage in dilute alkaline
solutions. The hard ceramic coating layer produced by
PEO possesses excellent corrosion, wear and thermal re-
sistance, thus having a commercial appeal. There are in-
creasingly many studies of PEO technology being under-
taken in various countries across the world. These stud-
ies focus on surface enhancement by varying electrolyte
composition or electrical parameters or explore the tech-
nical feasibility for commercialization by evaluating the
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coating layer in terms of corrosion, wear and thermal
resistance. Particularly, PEO coating technology with
a pulsed current provides easy control of coating prop-
erties by adjusting duty ratio and frequency of pulse.
The pulsed PEO coating produces relatively uniform and
compact coating layer compared to normal current mode.
Comprehensive work was carried out by A.L. Yerokhin
et al. and R.O. Hussein et al. related to the influence of
electrical parameters on coating characteristics in pulsed
PEO coating process for Al and Al alloys [1-3]. How-
ever, the materials in their investigations were limited
to 1000 or 6000 series Al alloy, and only a few studies
have dealt with Al-Mg alloy. In this paper, PEO coat-
ing was fabricated on Al-Mg alloy in a pulsed current
regime at different current frequencies. Various charac-
terizations of the coating were carried out including sur-
face and cross-sectional observation, elemental analysis,
identification of crystalline structure and measurement of
thickness and roughness along with electrochemical eval-
uation. The influence of applied frequency on coating
layer was investigated.

2. Experimental method

The Al-Mg alloy (Si: 0.40, Fe: 0.15, Cu: 0.18, Mn: 0.18,
Mg: 6.42, Cr: 0.12, Zn: 0.12, Ti: 0.01, Al: bal. wt.%) was
used in this study as a substrate for PEO coating process.
A rectangular sample with dimension of 20 x 20 x 5 mm?
was mounted with epoxy resin to expose only the de-
sired surface area of 4 cm? for PEO process, with con-
ducting wire threaded to the opposite side. The sample
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was polished with emery polishing paper up to 1000 grit,
and then rinsed with acetone and deionized water, fol-
lowed by hot air drying. The positive terminal of DC
power supply was connected to the sample serving as an-
ode and the negative terminal was connected to STS304
plate (150 x 300 mm?) acting as cathode. The unipo-
lar DC pulsed current of 0.1 A/cm? was applied to two
electrodes immersed in an electrolyte solution at different
frequencies (100, 500, 1000 and 2000 Hz) for 30 minutes
while keeping the duty cycle at 20%. The micro-discharge
phenomenon on surface during PEO coating process was
recorded with digital camera. The process was carried
out in dilute alkaline solution (KOH: 2 g/L + NaySiOs3:
2 g/L) temperature of which was maintained at approxi-
mately 20 °C by circulation and chilling of the electrolyte.
After the coating process, the surface and cross-section
of the PEO coating was observed with FE-SEM. EDS
analysis was carried out to reveal elemental composi-
tion of the coating, and the crystalline phase was identi-
fied by HR-XRD. The thickness of the coating was mea-
sured with eddy-current thickness gauge, and the aver-
age of 20 readings was considered to be the thickness of
the coating. The roughness of the coating surface was
measured by 3D optical microscope with cut-off length
of 0.8 um, and the roughness value was averaged over
10 measurements. Potentiodynamic polarization experi-
ment for non-processed substrate and PEO coatings was
carried out to investigate the electrochemical character-
istics of the coating in seawater solution. The polar-
ization experiment was carried out in a three-electrode
cell, the working electrode was the PEO-processed sam-
ple with an exposed area of 1 cm?; Pt mesh was used as
counter electrode; Ag/AgCl was used as reference elec-
trode. The polarization was conducted from open cir-
cuit potential (OCP) to the anodic and cathodic direc-
tions (OCP + 0.25 V) with a scanning rate of 1 V/min.
The obtained polarization curves were analyzed with
Tafel extrapolation method to determine the corrosion
potential and corrosion current density.

3. Results and discussion

Figures 1a and b represent the voltage-time response
and the corresponding micro-discharge evolution with
time during PEO coating process with different applied
frequencies, respectively. Typical voltage-time response
during PEO coating process constitutes a rapid increase
of voltage at very early stage where the oxide layer is
formed by oxidation reaction, followed by a moderate in-
crease of voltage at certain range [4]. In this voltage range
(referred to breakdown voltage), dielectric breakdown oc-
curs with visible micro-discharge on surface, accompa-
nied by destruction of the previously formed oxide layer
and growth of ceramic layer. In this study, from obser-
vation of the micro-discharge event, the breakdown volt-
ages for all PEO coatings were determined to be approxi-
mately 460 V, showing a negligible dependence on the ap-
plied frequency. This is in accordance with the previous
finding that the duty cycle during unipolar pulsed PEO
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Fig. 1. Voltage-time response (a) and the correspond-
ing micro-discharge evolution vs time (b) for PEO coat-
ing carried out at different frequencies.

coating is the prominent influencing factor on breakdown
voltage rather than the frequency [5]. However, voltage-
time behavior after the breakdown voltage was distinctive
for different applied frequencies. It was observed that the
increase of voltage was retarded for the applied frequency
of 100 Hz, which is referred as the critical voltage. In the
case of applied frequency of 500, 1000 and 2000 Hz, on
the other hand, the voltage continued to increase grad-
ually throughout the PEO coating process without the
presence of critical voltage, which implies development
of micro-discharge into localized arc discharge. At final
stage, the applied frequency of 2000 Hz has generated the
highest voltage of 660 V, while the frequency of 100 Hz
showed the lowest voltage of 594 V among tested PEO
processes. In this study, the overall micro-discharge
evolution with time for PEO coating process involved
three stages: (i) initial stage at breakdown voltage: uni-
form distribution of micro-discharges over surface (color:
white); (ii) intermediate stage: decreased density but in-
creased size of micro-discharges (color: yellow); (iii) final
stage: further decreased density and transformation of
the micro-discharge into arc (color: orange). The inten-
sity of the micro-discharge at dielectric breakdown volt-
age could be distinguished very well between the applied
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frequencies. The frequency of 100 Hz can be character-
ized by relatively high intensity of micro-discharge dur-
ing overall PEO process, compared to the other frequen-
cies, and this was particularly pronounced at breakdown
voltage.

Elmt. | wt.%
OK | 6355 |
MgK | 1.70
AIK | 27.04
Sik | 747 |
KK | 054
Total | 100.00

Fig. 2. FE-SEM images (a) and corresponding EDS
spectra (b) for surface of PEO coatings produced at
different frequencies.

Figure 2 presents FE-SEM images for surface of PEO
coatings produced at different frequencies and the cor-
responding EDS spectra with the result of elemental
analysis. It was noticed that the surface produced at
frequency of 100 Hz had presented a relatively porous
structure, while 500 Hz had generated a “volcano-like
structure”, also referred as “crater”, over the surface
and this might somewhat reduce the porosity, but some
pores were still observed. At the applied frequency
of 1000 Hz and 2000 Hz, the crater structure was dom-
inant over the entire surface with significantly reduced
porosity. The appearance of craters is a typical sur-
face feature of PEO coating, which is produced when the
molten substrate material by high temperature plasma
is erupted from coating-substrate interface and rapidly

solidifies by the electrolyte at relatively low tempera-
ture [6]. The presence of a central pore on the crater
indicated the discharging channel through which molten
Al substrate has erupted. It was also observed that the
number of craters showed an increasing tendency with
the increasing applied frequency, and this is attributed to
the short-lived plasma discharge due to relatively higher
frequencies. The result of elemental analysis by EDS
has revealed the elemental composition for the surface of
PEO coating layer to contain Al, Mg, Si, O with trace
amounts of K. It is considered that the Al and Mg were
derived from the substrate, while both K and Si were
electrolyte constituents. This confirms that the ceramic
oxide layer existed mostly in the form of Al-based ox-
ides or Si-based oxides. It was also revealed that a com-
positional difference was not pronounced between PEO
coatings produced with different frequencies. This indi-
cates that electrolyte composition or additives may exert
more noticeable influences on composition of PEO coat-
ing, rather than the electrical parameters.
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Fig. 3. X-ray diffraction pattern for PEO coating pro-
duced at different frequencies (s: substrate, ~: -
alumina, n: n-alumina, B: bayerite).

Figure 3 displays the X-ray diffraction patters of PEO
coatings produced at different frequencies. All PEO
coating layers, irrespective of applied frequency, had ~-
alumina (y-AlzO3) and n-alumina (7-AloO3) peaks along
with Al diffraction peaks. This suggests that the pro-
duced PEO coatings had ~-alumina as the main crys-
talline phase. This agrees with the previous report that
the PEO coating of Al alloy with high amount of Mg pro-
duces y-alumina as a dominant crystalline phase [4-5].
In this study, it appears that the the produced aluminas
were synthesized by two different processes. Generally,
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~v-alumina is one of transition aluminas with metastable
phase, that are obtained by the thermal decomposition of
Al hydroxides (A1(OH)s). It is known to be formed un-
der sintering in the temperature range of 450-750 °C [7].
From the result of XRD analysis, the y-alumina is as-
sumed to be derived from boehmite (v-AlO(OH)), which
is an Al oxide hydroxide and is later transformed into
~-alumina due to hydrothermal reaction driven by PEO
process. On the other hand, the n-alumina is considered
to be developed from bayerite (a-Al(OH)s3), which is con-
firmed by the presence of weak bayerite peak in the XRD
pattern. Moreover, higher peak intensities of n-alumina
were observed with the increasing applied frequency, and
this is considered to be associated with insufficient hy-
drothermal reaction due to short-lived micro-discharge
at relatively higher frequencies. For a given substrate
composition, the formation of Al-Mg spinel (MgAl;Oy)
was expected due to high-temperature plasma reaction,
however the corresponding peak was not detected in this
study. Furthermore, mullite (3A1503-25105) peak was
not detected, which is typically observed in PEO pro-
cess of Al alloys with silicate based electrolyte. This
is believed to be due to relatively low concentration of
NaySiOj3 in the electrolyte.
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Fig. 4. Cross-sectional view of PEO coatings produced
at different frequencies.

Figure 4 exhibits the cross-sectional SEM observation
for the PEO coatings produced at different frequencies.
It is evident that different cross-sectional morphology was
produced at different applied frequencies. The dark area
in the images indicates a hallow section filled with epoxy
resin during the specimen preparation for SEM obser-
vation, and it represents the cross-sectional pore shape
in the coating. It is observed that the PEO coatings

had a wavy irregular structure developed along substrate-
coating interface, and this could possibly be due to selec-
tive dissolution of substrate or intermetallic compounds
at the grain boundary during the PEO process [8]. Fur-
thermore, it was noted that the coating thickness had
increased with the increasing frequencies. This result
conflicts with the result from the earlier work by other
researcher, in which at low duty cycle of 20% the increas-
ing frequency tends to decrease coating thickness, while
at high duty cycle the effect of frequency becomes neg-
ligible [1]. This could be attributed to the difference in
experimental conditions such as the substrate and the
electrolyte compositions [9]. It is clearly seen from the
SEM images that the PEO coating produced at frequency
of 100 Hz presents a relatively dense microstructure with
low porosity, compared with those produced at higher
frequencies. On the whole, it appears that the cross-
section of PEO coatings had more porosity and through-
thickness pores with the increasing frequency. The pres-
ence of such porosity in the coating greatly influences the
corrosion resistance of PEO coating system, providing a
path for permeation of corrosive solution or a reservoir
for the solution [10].
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Fig. 5. Thickness and roughness of PEO coatings pro-

duced at different frequencies.

Figure 5 demonstrates the variation of thickness and
surface roughness of PEO coatings produced at different
applied frequencies. It is clear that the coating thickness
shows an increasing tendency with the increase of the
applied frequency. The PEO coating with applied fre-
quency of 100 Hz had thickness of approximately 21 pm,
while a thickness of 29 pym was obtained at 2000 Hz,
showing 1.3 times difference between values at maximum
and minimum frequency. The surface roughness for coat-
ings processed at 100 Hz and 2000 Hz were determined
to be 1.3 pym and 1.6 um, respectively, and this could
indicate an increasing tendency of surface roughness but
at the same time seems to be a minor difference, depend-
ing on the conditions. Generally, the principal factors
influencing the PEO coating thickness are known to be
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current modes (DC, AC, unipolar pulse, bipolar pulse),
composition and concentration of electrolyte as well as
PEO process time. In this study, it was revealed that the
frequency of pulse could have a significant influence on
thickness growth of PEO coating [11]. Other researchers
have reported the similar results with respect to rela-
tionship between the applied frequency and the thickness
growth of PEO coating. They claimed that the increase
of applied frequency promotes the thickness growth rate
for PEO coating of AZ91D Mg alloy [12]. However, the
result of this study is limited to the frequency effects
with a relatively low duty cycle, and it is worth noting
that different influences of frequencies can be expected at
higher duty cycle. Therefore, it is important for pulsed
PEO process of Al alloys to correlate duty cycle with fre-
quency, and it is more desirable to establish relationship
between frequency and duty cycle.
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Fig. 6. Polarization curves of PEO coatings and of the

substrate in seawater.

Figure 6 exemplifies the potentiodynamic polarization
behavior in seawater solution for PEO coatings pro-
duced at different applied frequencies and their electro-
chemical parameters determined by Tafel extrapolation
method. The potentiodynamic polarization curve can be
obtained by applying a potential sweep to a specimen
in aqueous solution, measuring and plotting cell poten-
tial against current density. The curve provides useful
information on electrochemical corrosion characteristics
of the specimen. All PEO coatings represented more no-
ble corrosion potential than the substrate (—0.799 V),
showing a potential difference of approximately 0.1 V.
The PEO coating produced at frequency of 100 Hz has
exhibited the most noble corrosion potential (—0.676 V).
Considering the corrosion current density, all PEO coat-
ings had a lower corrosion current density than the sub-
strate (3.5 x 1077 A/cm?). In particular, the PEO
coating produced at 100 Hz had the lowest corrosion
current density, which is one order of magnitude lower
than that of the substrate, followed by the PEO coat-
ing produced at 500 Hz (1.2 x 10~7 A/cm?). The PEO

coatings produced at 1000 Hz and 2000 Hz represented
the highest corrosion current density among tested PEO
coatings, both showing similar electrochemical behavior.
The above result indicates the overall improvement of
corrosion resistance by PEO coating as compared to the
substrate (non-PEO processed). The different behav-
ior with the applied frequencies might be attributable
to the cross-sectional microstructure, rather than ele-
mental composition or surface morphology of the coating
layer. The PEO coating at 100 Hz has shown a rather
porous surface structure, while its cross-section structure
appeared dense compared with other coatings. It was ob-
served that increasing applied frequency had promoted
crater structures on surface but had increased the forma-
tion of cross-sectional pores in the coating layer. Such
through-thickness type of pores provides a path for in-
gression of corrosive solution, which can in turn initiate
corrosion of substrate. The porosity in PEO coatings is
formed by physical entrapment of oxygen evolved during
PEO process within the coating layer [13]. Although it
is quite challenging to prevent porosity formation dur-
ing PEO process, the optimization of process parameters
may help to suppress the porosity to a certain degree.

4. Conclusions

In this paper, we investigate the influence of applied
frequency on the microstructural and electrochemical
characteristics during pulsed PEO coating process of
Al-Mg alloy, and the following conclusions have been
reached:

1. In pulsed PEO coating of Al-Mg alloy, all frequency
conditions exhibited a similar dielectric breakdown
voltage with a slight difference in micro-discharge
behavior, an especially high intensity observed at a
relatively low frequency.

2. Controlling the applied frequency did not produce a
large difference in elemental composition and crys-
talline phases of the surface layer, while the fre-
quency had a pronounced influence on the surface
and cross-sectional microstructure. Both thickness
and surface roughness have shown an increasing
tendency with the increase of the applied frequency.

3. Regardless of applied frequency, the pulsed PEO
coating process resulted in an improvement of the
corrosion resistance of Al-Mg alloy. Particularly,
the applied frequency of 100 Hz resulted in the most
noble corrosion potential and one order of magni-
tude lower corrosion current density than that of
the substrate.
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