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Abstract
The plasma electrolytic oxidation (PEO) of aluminum in sodium tungstate (Na2WO4 · 2H2O) and Na2WO4 · 2H2O doped

with Zr was analyzed in order to obtain oxide coatings with improved corrosion resistance. The influence of current

density in PEO process and anodization time was investigated, as well as the influence of Zr, with the aim to find out

how they affect the chemical content, morphology, surface roughness, and corrosion stability of oxide coatings. It was

shown that the presence of Zr increases the corrosion stability of oxide coatings for all investigated PEO times. Evolu-

tion of EIS spectra during the exposure to 3% NaCl, as a strong corrosive agent, indicated the highest corrosion stability

for PEO coating formed on aluminum at 70 mA/cm2 for 2 min in a zirconium containing electrolyte.
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1. Introduction
Plasma electrolytic oxidation (PEO) is a processing

technique in which the surfaces of metals such as aluminum,
magnesium, titanium, zirconium, tantalum as well as their al-
loys are converted into oxide coatings.1–8 The whole process
involves anodizing of metals above the dielectric breakdown
voltage where numerous transient short-lived discharges are
generated continuously over the coating surface, accompa-
nied by visible light emission and gas evolution.9 Plasma-
chemical, thermal, and anodic oxidation processes are indu-
ced at the discharge sites, due to increased local temperature
and pressure, which modify the structure, composition, and
morphology of such oxide coatings. The composition and
concentration of electrolyte play a crucial role in obtaining
the desired oxide coatings by PEO. The oxide coatings usual-
ly contain crystalline and amorphous phases with constituent
species originating both from metal and electrolyte.

PEO of aluminum is a complex electrochemical pro-
cess combining concurrent partial processes of oxide la-
yer formation, dissolution, and dielectric breakdown. At
the beginning of the anodization a thin barrier oxide layer
is formed on the substrate.10 The barrier oxide layer is
produced at both aluminum/oxide and oxide/electrolyte
interfaces as a result of migration of the O2

–/OH– and Al3+

ions across the oxide, assisted by a high electric field
(∼107 V/cm). Barrier oxide layers are amorphous featu-
ring ionic conductivity and high electrical resistance.
Thickness of the barrier oxide layer is limited to several
hundred nanometers due to the dielectric breakdown.
Three main steps lead to formation of PEO coatings.11 In
the first step, a number of separated discharge channels
are formed in the oxide layer as a result of loss in its die-
lectric stability in a region of low conductivity. Due to the
strong electric field, anionic components of electrolytes
are drawn into the channels. Concurrently, aluminum is
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melted out of the substrate, it enters the channels and be-
comes oxidized. Thus, plasma chemical reactions take
place in the channels as a result of these processes. These
reactions lead to an increase in pressure inside the chan-
nels. At the same time, a separation of oppositely charged
ions occurs in the channels due to the presence of the elec-
tric field. The cations are ejected from the channels into
the electrolyte by electrostatic forces. In the next step, the
oxidized metal is ejected from the channels onto the coa-
ting surface. Finally, the discharge channels get cooled
and the reaction products are deposited onto their walls.
This process repeats itself at a number of discrete loca-
tions over the coating surface, leading to the increase of
the coating’s thickness. 

One of the most desirable properties of oxide coa-
tings obtained by PEO is their excellent corrosion resi-
stance. In our earlier work we have shown that the pre-
sence of tungsten was beneficial for the corrosion stability
of oxide coatings formed on aluminum by PEO process in
sodium tungstate solution.12 Since the incorporation of in-
hibitors into the protective coatings could improve their
corrosion stability, the aim of this work was to analyze the
possibility to further improve the corrosion stability of
tungsten containing oxide coatings by incorporation of
zirconium, i.e. more stable oxide, ZrO2. Zirconium was
chosen as a metal with excellant corrosion resistance.
Morphology, chemical composition, and corrosion stabi-
lity of oxide coatings containing both tungsten and zirco-
nium were evaluated. The goal of this work was to iden-
tify the PEO parameters that result in improved corrosion
stability of obtained oxide coatings.

2. Experimental

Oxide coatings were formed on cold-rolled alumi-
num samples (40 mm × 15 mm × 0.25 mm) of 99.5% pu-
rity. The working electrodes were sealed with insulation
resin leaving only active surface with an area of 5 cm2.
Before the anodization, aluminum was degreased in ace-
tone, ethanol, and distilled water, using ultrasonic cleaner,
and dried in a warm air stream. The oxidation process was
carried out in an electrolytic cell.13 Two platinum wires 
(5 cm long and 1 mm in diameter) were used as cathodes.
The power supply was a homemade DC power unit provi-
ding voltages of 0–600 V and a current of 0–1 A. For ano-
dization of aluminum we used water solution of 0.01 M
Na2WO42H2O with or without 1% Bonderite® (Henkel),
Zr containing solution. The electrolyte was prepared using
double distilled and deionized water and PA (pro analysis)
grade chemical compound. Anodizing was carried out at
current densities of 50–70 mA/cm2. During anodization,
the electrolyte circulated through the chamber–reservoir
system. The temperature of the electrolyte was maintained
during the anodization process at (20 ± 1) °C. After anodi-
zation, the samples were rinsed in distilled water to pre-

vent additional deposition of electrolyte components du-
ring drying.

Scanning electron microscope (SEM) JEOL JSM
5800 equipped with X – ray energy dispersive spectros-
copy (EDS) was used to characterize surface morphology
and chemical composition of formed oxide coatings. 

The surface roughness of PEO coatings were deter-
mined by TR-200 Handheld roughness tester. 

Electrochemical impedance spectroscopy measure-
ments of the PEO coatings on aluminum were recorded
in three-electrode cell arrangement, during the exposure
to 3 % NaCl solution as corrosion agent. A coated sam-
ple, with a tested area of 1 cm2, was used as a working
electrode, the counter electrode was a platinum mesh,
and the reference electrode a SCE. EIS data were obtai-
ned at the open-circuit potential using a Reference 600
potentiostat/galvanostat/ZRA (Gamry Instruments), over
a frequency range of 100 kHz to 10 mHz using 7 mV am-
plitude of sinusoidal voltage. 

The corrosion rates in aerated 3% NaCl solution of
the PEO coatings were determined using extrapolation of
anodic polarization curves to the open circuit potential.
Potential sweep rate of 1.0 mV s–1 was applied starting
from the open circuit potential (OCP), after the constant
OCP was established (∼1h). 

3. Results and Discussion

3. 1. The Influence of Current Density
Although several current densities were investiga-

ted, it was only possible to reach the breakdown voltage at
current densities ranging from 50 to 70 mA/cm2. In tung-
sten containing electrolytes the breakdown voltage is typi-
cally reached at 15 mA/cm2, but the addition of zirconium
to commonly used electrolyte required application of
much higher current densities. The influence of three dif-

Fig. 1. Time variation of voltage during galvanostatic aluminum

anodization in 0.01 M Na2WO42H2O containing Zr, at different

current densities 
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ferent current densities on the voltage-time dependency is
shown in Fig 1. 

Typical voltage-time responses during galvanostatic
aluminum anodization in 0.01 M Na2WO42H2O contai-
ning Zr were recorded for all three current densities. The
time for reaching breakdown voltage was lower for higher
current density. 

The electrochemical properties of PEO coatings ob-
tained at these three current densities, for PEO process ti-
me of 2 min, were determined by EIS analysis (Fig. 2), a
commonly used method in corrosion testing.3,14–18 The
EIS response of bare Al is given as a reference in Fig. 2. 

Short PEO times of 0.5 and 1 min were not long
enough for incorporation of W and Zr, although break-
down voltage was reached after about 20 s. Longer oxida-
tion times generally result in higher amount of both W and
Zr, while the amount of Al decreases. The amount of O al-
so increases with the PEO time, confirming that W and Zr
were predominately incorporated into the coating as oxi-
des. 

SEM cross-section micrograph of coating formed
for 5 min is shown in Fig. 4. The EDS analysis of the
cross-section showed quite homogenous distribution of W
and Zr in the oxide coating. On the cross section micro-
graph two distinct layers could be observed: the thicker

Table 1 – EDS analysis of surface coatings shown in Fig. 3.

Sample PEO time/min wt (%)
O Al W Zr

Fig. 3a 0.5 19.31 80.69 / /

Fig. 3b 1 28.14 71.86 / /

Fig. 3c 2 30.96 63.43 3.02 2.59

Fig. 3d 3 36.79 57.22 1.23 4.77

Fig. 3e 4 35.35 56.74 2.14 5.78

Fig. 3f 5 36.52 49.95 6.84 6.80

Fig. 2. Nyquist plots of bare Al (inset) and PEO coatings with Zr

formed at different current densities during 2 min, after 1 h exposu-

re to 3% NaCl

Fig. 3. SEM micrographs of oxide coatings formed in 0.01 M

Na2WO42H2O containing Zr on aluminum at various stages of

PEO process: (a) 0.5 min; (b) 1 min; (c) 2 min; (d) 3 min; (e) 4

min; (f) 5 min.

It can be seen that all PEO coatings showed signifi-
cantly higher impedance values than bare Al surface (up
to four orders of magnitude). Similar EIS response was re-
corded for PEO coatings formed at 50 and 60 mA/cm2,
whereas the overall impedance was increased for coating
formed at 70 mA/cm2. Since the aim of this work was to
determine parameters for acquiring zirconium containing
PEO coating with the increased corrosion stability the
current density of 70 mA/cm2 was chosen for further
analysis. 

3. 2. Morphology and Chemical Composition
of PEO Coatings
SEM micrographs of oxide coatings formed in vari-

ous stages of PEO process are shown in Fig. 3. Relatively
uniform coatings are formed for short PEO times (Fig. 3
a–c). Clearly, at longer oxidation times the lacy surfaces
were more pronounced, with an increasing diameter of
pores.

Results of the EDS analysis of surface coatings (Fig.
3) are shown in Table 1. Main elements of the coatings are
Al, O, W, and Zr, confirming that species from the elec-
trolyte could be incorporated into the coating layer during
the PEO process.

a) b)

c) d)

e) f)
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outer layer and much thinner, but compact, inner layer. It
is obvious that cracks and pores are not present just on the
oxide surface but are distributed through the whole coa-
ting. It was shown that, typically for PEO process, the
coating thickness increases with prolonged PEO process
time,12 reaching ∼15 μm for 5 min oxidation. 

Based on the SEM analysis it can be concluded that
at oxide coatings containing Zr can be obtained at current
density of 70 mA/cm2 for PEO times higher than 2 min.
However, at this high current density even short oxidation
times of 4 and 5 min result in a cracked oxide coatings
with high porosity (Fig. 3 e and f). 

The surface roughness of PEO coatings was also de-
termined since it could be an important parameter for cor-
rosion stability. The dependence of the values of surface
roughness, Ra, on the PEO time in Zr containing electroly-
te, is shown in Fig. 5. 

The longer PEO time results in the increased surface
roughness. This could be explained as follows: micro-
discharges are generated by dielectric breakdown through
weak sites in the oxide coating. The number of weak sites

is reduced with increasing time of anodization, i.e. with
increasing thickness of the coating.19 The increased size
of microdischarges with increasing time of PEO is ascri-
bed to the reduced number of discharging sites through
which higher anodic current is able to pass. As it was
shown in Fig. 3 the surface morphology evolution of the
coatings formed on aluminum during PEO process clearly
demonstrates the decrease in the number of micropores
and their increase in size. In a thicker layer of oxide coa-
tings, higher energy is required for the current to pass
through it. This is the reason why the diameter of the disc-
harge channel increases. So, thicker coatings have higher
surface roughness (Fig. 5). In initial stage of PEO, disc-
harge channels are well distributed and oxide coatings ex-
hibit lower surface roughness. As the number of discharge
channels decreases with time of PEO, non-uniformities in
the oxide coatings appear causing an increase in surface
roughness.

Based on our experimental data, surface roughness
increases with oxidation time from 0.216 μm for 1 min
PEO process to 0.462 μm for 5 min PEO process. 

3. 3. Electrochemical Properties of PEO 
Coatings
An EIS study of PEO coatings on Al in 3% NaCl

formed during various PEO times was performed in order
to investigate the influence of process time on the EIS
properties of zirconium containing oxide coatings. EIS
plots for Zr-free oxide coatings are shown in Fig. 6a. All
Zr containing samples showed only one time constant af-
ter a short immersion time in a corrosive solution (Fig.
6b), whereas Zr-free oxide coating formed during 4 min
PEO process had two time constants (inset in Fig. 6a). 

The increased impedance values of Zr containing
oxide coatings could be seen from Figs. 6 a and b, for the
same PEO parameters, suggesting that Zr-doped coatings
are capable of reducing the corrosion processes. This
could be the result of the incorporation of ZrO2 into the
mixed oxide coatings, as well as the reduced porosity of
these coatings due to precipitation of ZrO2 within the oxi-
de coating. Namely, oxide coatings formed by plasma
electrolytic oxidation have many cracks and pores that
enable the ingress of the corrosive agent to the metal sub-
strate, and, in turn, the initiation of corrosive processes. If,
during the PEO process, zirconium ions bond with Al sub-
strate and/or ZrO2 precipitates at the walls of the dischar-
ge sites, oxide coatings with reduced corrosion activity
can be formed. 

According to our earlier results, as well as the re-
sults of other authors,12,14,20–23 the EIS spectra for PEO
coatings could be basically characterized by two time
constants. One constant in the high frequency range,
which is related to the porous outer oxide layer, and the
second one in the lower frequency range, associated to the
inner, barrier layer. It should be noted that even though the

Fig. 4. SEM cross-section micrograph of PEO coating formed for 5

min in 0.01 M Na2WO42H2O containing Zr on aluminum 

Fig. 5 Influence of PEO treatment time on roughness of Zr contai-

ning oxide coatings
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outer oxide layer is usually much thicker than the inner
oxide layer, the former is quite porous (Fig. 4) so its impe-
dance is significantly smaller than the impedance of the
inner barrier one. Therefore, the high impedance of the in-
ner oxide layer often overlaps with the impedance of the
outer layer, so one time constant EIS plots could often be
fitted with only one time constant equivalent circuit (Fig.
7), which is related to the entire oxide coating. 

The fitting of experimental data was accomplished
using the appropriate equivalent electrical circuits (Fig. 7)
and Gamry Instruments Echem Analyst fitting program,
version 5.50. One time constant equivalent circuit shown
in Fig. 7a was used for fitting the impedance plots of all
oxide films for short time of exposure to NaCl (one time

constant plots). This equivalent circuit consists of the
electrolyte resistance, RΩ, the total oxide layer resistance,
Rox, and constant phase element CPEox related to the total
oxide layer capacitance. Clearly this equivalent circuit
corresponds to the oxide films with negligible resistance
of outer porous layer compared to inner barrier layer. 

The fitting results for all investigated samples after
one hour of exposure to NaCl are shown in Table 2. 

Fig. 6. Nyquist plots of PEO coatings formed at 70 mA/cm2 a) wit-

hout Zr, during 2 and 4 min and b) with Zr during different time, af-

ter 1 h exposure to 3% NaCl

a)

b)

Fig. 7. Equivalent electrical circuits used for the impedance plots

fitting of the PEO coatings on aluminum for a) short time of expo-

sure to 3% NaCl and b) prolonged immersion in 3% NaCl.

Table 2. Fitting results of EIS plots of the PEO coatings on Al and

corrosion current density, jcorr, after 1h of exposure to 3% NaCl

PEO time Rox · 10–6/ ΩΩ CPEox jcorr · 102 /
/ min cm2 Yo · 107/ n μA cm–2

sn ΩΩ–1 cm–2

Al 0.002160 56 0.86 7.9

1 11.6 0.41 0.96 0.11

2 21.9 8.0 · 10–5 0.98 0.070

3 12.8 4.5 0.79 0.63

4 18.6 4.4 0.81 0.10

5 10.4 6.2 0.78 0.14

It can be seen from Fig. 6 and Table 2 that, among
all Zr containing oxide coatings, the smallest impedance
values were obtained for the ones formed during the shor-
test and longest time, i.e. 1 and 5 min. Oxide coating for-
med for 1 min was quite homogenous, but did not contain
Zr (Fig. 3, Table 1), which could also give evidence for the
beneficial role of Zr in corrosion stability of oxide coa-
tings. On the other hand, oxide coating formed for a long
PEO time of 5 min was quite porous (great CPE value). As
it was shown in Fig. 4 cracks and pores are interconnected
at certain points, providing pathways for the penetration
of corrosive agents towards the metal substrate, thus redu-
cing the overall protective properties of such coatings.
Although PEO coating formed for 2 min had the smallest
amount of Zr it showed the highest impedance. These re-
sults suggest that the incorporation of Zr is beneficial for
corrosion stability, but that it is not the sole factor deter-
mining good protective properties of these PEO coatings. 

The corrosion behaviour of PEO coatings was also
evaluated by potentiodynamic polarization after 1 h of ex-
posure to 3% NaCl solution. Since it has been shown that
the incorporation of Zr into PEO coatings resulted in in-
creased corrosion protection of Al (Fig. 6a), only the sam-
ples containing Zr were tested. Some of the obtained E-
log j dependences are shown in Fig. 8. The polarization
curve for bare Al is also given in Fig. 8 for a reference.
The corrosion current density (jcorr) determined from po-
tentiodynamic polarization plots are shown in Table 2. 

A clear difference among the samples could be seen
just by looking at the potentiodynamic curves (Fig. 8). All
PEO coatings doped with Zr have smaller corrosion rate
compared to bare Al. The Ecorr of oxide coatings was shif-
ted to lower values, as well as both anodic and cathodic

a) b)
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branches of the polarization curves, suggesting the protec-
tive effect of zirconium containing PEO coatings on the
anodic process of metal dissolution. The jcorr of PEO coa-
ting obtained after 2 min is significantly lower than for
coatings formed during longer times (Table 2). This is in
agreement with previously discussed EIS results. 

In order to further examine the corrosion behavior
and the deterioration od PEO coatings on Al, the corrosion
behavior of zirconium containing PEO coatings on Al was
also examined by EIS measurements during prolonged
immersion in 3% NaCl. The influence of Zr on the corro-
sion stability of oxide coatings was studied in two diffe-
rent ways. In one set of experiments oxide coatings were
formed at 70 A/cm2 in the tungsten and zirconium contai-
ning electrolyte for 2 and 4 min. In the second set, oxide
layers were formed at the same current density, but in the
tungsten only containing electrolyte for 2 and 4 min and
then immersed in the zirconium containing solution for 1
min, with the aim of sealing the pores formed during PEO
process with Zr film. 

After longer exposure to NaCl solution (5 hours and
up, depending on the PEO time), PEO films were fitted
with two time constants equivalent electrical circuit that
consisted of the electrolyte resistance, RΩ, the oxide layer
resistance, Rox, the charge–transfer resistance, Rct, and the
constant phase elements, CPEox and CPEdl, which are re-
lated to the oxide layer capacitance and double-layer ca-
pacitance, respectively (Fig. 7b). The evolution of Rox and
Cox of these PEO coatings, during 192 h, is presented in
Fig 9 a and b.

Initially, during the first day for all samples, the oxi-
de layer resistance decreases (Fig. 9a) and oxide layer ca-
pacitance increases (Fig. 9b) as a consequence of the in-
gress of the electrolyte. The highest change (three orders
of magnitude) could be observed for PEO coating formed
for 4 min and sealed in Zr containing electrolyte. This is

probably the result of the very porous coating, providing
many pathways for the corrosive agent (Fig. 3e). It is inte-
resting to note that there was no significant difference
among other analyzed samples. This, again, suggests that
the presence of Zr is not the only factor leading to the in-
creased corrosion stability. It was shown to be beneficial
in the early exposure to corrosive agent (Fig. 6, Table 2),
but neither sealing, nor greater Zr content helped during
longer exposure to a strong corrosive agent. 

The highest Rox and lowest Cox values were obtained
for oxide coating containing Zr and formed for 2 min. In
addition, after the initial small drop, these values did not
change much during the exposure to NaCl, suggesting the
maintenance of good protective properties of this oxide
coating. Such high corrosion stability is probably the result
of both high compactness and thickness of this oxide layer.
However, it is possible that a solid solution of three oxides
(Al, W, and Zr -oxides) was formed under these condi-
tions, which along with the compact layer strengthens the

Fig. 8. Polarization curves in 3% NaCl for Al and zirconium contai-

ning PEO coatings formed during various PEO times

Fig. 9. Time dependences of oxide coating a) resistance, Rox, and b)

capacitance, Cox, for different PEO coatings, during exposure to

3% NaCl

a)

b)
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protective behavior of this oxide coating on aluminum. Na-
mely, it is well known that rapid cooling could result in wi-
dening of the range of solid solution compositions in a
phase diagram. Since PEO coatings are formed under ex-
treme conditions (the local temperatures and pressures du-
ring PEO process could be as high as 10 3– 104 K and ∼102

MPa high1), this hypothesis seems probable. 
So, under locally present high temperatures and pres-

sures, which result from the appearance of the microdisc-
harges at sites of dielectric breakdown, the solid solution
of mixed oxides could be formed, resulting in a very high
corrosion stability during long exposure to NaCl solution. 

On the basis of all presented results it can be conclu-
ded that corrosion stability of bare Al was improved by
mixed oxide layers investigated in this work, consisting of
Al, W, and Zr –oxides, and PEO coating formed for 2 min
showed the highest corrosion stability due to both its high
compactness and thickness. 

4. Conclusions

Plasma electrolytic oxidation (PEO) of aluminum
was performed in sodium tungstate (Na2WO4 · 2H2O) and
Na2WO4 · 2H2O doped with zirconium at different current
densities and different times. The corrosion stability of
obtained oxide coatings was investigated by electrochemi-
cal impedance spectroscopy and polarization curves. It
was demonstrated that the high current densities of 50–70
mA/cm2 are required for incorporation of Zr in the oxide
coatings, whereas the overall impedance was increased
for coating formed at 70 mA/cm2. 

The PEO process time influences the coating thick-
ness, roughness, and corrosion stability. The coating
thickness, as well as coating roughness, increase with in-
creasing PEO treatment time, while the presence of Zr in-
creases the corrosion stability of oxide coatings for all in-
vestigated PEO times. The greatest corrosion stability, i.e.
the highest resistance and the lowest capacitance and cor-
rosion current density values, was achieved with 2 min
PEO time in a zirconium containing electrolyte. The ob-
served protective properties against corrosion are the con-
sequence of both high compactness and thickness of oxide
layer consisting of Al, W, and Zr –oxides. Longer PEO ti-
mes resulted in porous oxide coatings enabling a fast in-
gress of a corrosive agent. 
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Povzetek
Plazemsko elektrolitsko oksidacijo (PEO) aluminija v natrijem volframatu (Na2WO4 · 2H2O) in Na2WO4 · 2H2O, ki je

dopiran z cirkonijem, smo uporabili kot na~in tvorbe oksidnih plasti z izbolj{animi protikorozijskimi lastnostmi.

Analizirali smo vpliv gostote toka, ~asa oksidacije in dodatka cirkonija z namenom ugotoviti, kako ti dejavniki vplivajo

na kemijsko sestavo, morfologijo, povr{insko hrapavost in korozijsko stabilnost prevlek. Dodatek cirkonija izbolj{a ko-

rozijsko stabilnost prevleke ne glede na dol`ino ~asa oksidacije. Na podlagi elektrokemijskih impedan~nih spektrov,

izmerjenih med potopitvijo vzorcev v korozivno 3 %-tno raztopino NaCl, smo ugotovili, da najve~jo korozijsko stabil-

nost izkazujejo PEO prevleke na aluminiju, ki so bile pripravljene pri gostoti toka 70 mA/cm2 v ~asu trajanja 2 minuti v

raztopini, ki vsebuje cirkonij.


