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Abstract
Current waveforms with different cathodic duty cycles of 0, 20 and 40 % were applied to coat
7075 aluminum alloy in a silicate based electrolyte containing titania nano-particles. Using a
constant current mode, the recorded voltage-time response showed that the required voltage
for PEO coating process is lower in the presence of sodium tungstate as additive. By
increasing the cathodic duty cycle, pancake surface morphology was converted to crater-like.
Phase and chemical composition of the coatings were investigated by using grazing angle
XRD and SEM/EDS. The tungsten concentration decreased linearly with the increase of
cathodic duty cycle, which is dissimilar to the titania content. It was proposed that physical
entrapping has been associated with electrophoretic incorporation of titania nano-particles,
while the adsorption mechanism of tungstate anions is purely electrophoretic. Corrosion
performance of the coatings was evaluated by potentiodynamic polarization and EIS
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measurements. Addition of sodium tungstate was detrimental for corrosion performance of
the coating in the case of unipolar waveform while the corrosion resistance was improved
when bipolar waveforms were used. Long-term corrosion behavior of the coatings was
investigated by EIS up to 16 weeks. The results showed remarkable difference between
corrosion performance of the coatings produced by unipolar and bipolar waveforms, but the
difference was negligible for the coatings produced by the bipolar waveforms with different
cathodic duty ratios.

Keywords: Plasma electrolytic oxidation; 7075 Aluminum alloy; Pulse waveforms;
Titania nano-particle; Sodium tungstate

1 Introduction
Plasma electrolytic oxidation (PEO) processing allows in-situ growth of oxide films by
plasma discharges on the surface of valve metals in aqueous electrolytes [1-4]. Nowadays,
this process is being optimized for fabricating thick, hard, and well-adhered oxide ceramic
layers [5-9] with excellent wear resistance [3, 6, 10]. Such oxide coatings have wide variety
of morphology and composition, excellent bonding strength to the substrate, good electrical
and thermal properties [11]. The properties of PEO coating depends on various parameters,
including electrolyte and electrical parameters.
One of the most important parameters is the applied waveform. It has been demonstrated that
direct current (DC) mode produces thin and porous coatings [12]. A considerable
improvement could not be seen by using pulsed unipolar waveform instead of DC for
aluminum alloys [13, 14]. In fact, destructive discharges cause high porosity and low
adhesion in PEO coatings produced by DC or unipolar waveforms. This kind of discharges
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are found to be avoided by employing AC or bipolar power supplies [15]. Yerokhin et al. [9]
reported that, compared to the AC process, the application of higher-frequency pulsed bipolar
current results in increased coating growth rate. They found that the optimum range is 1 to 3
kHz region which provides better control over plasma discharges occurring at the sample
surface and can reduce the volume fraction of the porous outer layer. Recently, much
attention has been paid to ‘soft’ sparking of PEO, which is often observed at a selected AC or
bipolar PEO conditions with higher cathodic current cycles with respect to the anodic current
ones [15, 16].
The composition and concentration of the electrolyte are other important factors which
determine the microstructure and properties of the coating. Various processes including
chemical, electrochemical, thermodynamic and plasma-chemical reactions occur at the
discharge sites due to increased local temperature (~ 103 to 104 K) and pressure (~ 102 MPa)
[11], thus introducing ions into the discharges can change the coating composition, properties
and microstructure. Many studies [5, 17-23] have confirmed that the electrolyte composition
would directly affect the composition, structure, morphology and properties of the PEO
coatings. Silicate based electrolyte is normally used to produce PEO coatings on Al alloy.
Although SiO32- has a strong adsorption capacity, allows to obtain greater growth rate and
thicker ceramic coating, the stability of this electrolyte is poor and it usually results in rough
coatings surfaces. Thus, in recent years many researchers have tried to improve the properties
of PEO coating by adding additives to this electrolyte [17]. Additives are usually in the form
of some metallic salts or nano/micro-particles. PEO coatings formed in the presence of ionic
additives are favorable because of the unique effects of the additives on coating properties
[16, 17, 22, 23]. For instance, the base electrolyte has been developed by adding potassium
permanganate as a strong oxidizing agent [23], sodium tungstate as a neutral medium
inhibitor [17] or ammonium metavanadate as a coloring agent [24]. It is also seen in literature
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that the addition of FeSO4 [16] into the base electrolyte for increasing the availability of
oxygen and improving the combining chances of oxygen and aluminum, has positive effects
on the resulted coating. The addition of particles into the electrolyte also influences the
electrolyte characteristics, such as viscosity, which might have an effect on the coating
morphology and properties. The particles can also contribute to the coating formation. They
can incorporate inertly, partly reactive or reactively depending on their melting point [25, 26],
size [25, 27] and the applied electrical parameters [28, 29].
In our previous work [14], the effect of titania nano-particles on surface morphology,
composition and corrosion behavior of PEO coatings on 7075 Al alloy was studied using
unipolar and bipolar waveforms with cathodic duty cycles of 20 and 40 %. By incorporation
of TiO2 nano-particles in the coatings, the coating thickness was slightly decreased, microcracks were developed and even became widen when unipolar waveform was applied.
However, by using bipolar waveform at cathodic duty cycle of 40 %, the lowest porosity, and
thus, the highest corrosion resistance was achieved at long-term immersion. PEO coatings
with sodium tungstate (Na2WO4) additive are of interest because of their higher microhardness [17], catalytic, semiconducting and corrosion resistant properties [30]. The effect of
adding both titania particles and sodium tungstate on photo-catalytic properties of the PEO
coatings produced by DC current on Al from a similar silicate-based electrolyte are
investigated by Tadić et al. [31]. However, the corrosion performance of the obtained
coatings was not evaluated in this work. Moreover, the incorporation of the particles and
contribution of ionic additives in the coating depend strongly on electrical parameters [29].
Thus, following our previous work [14] and similar to the ref. [31], we decided to study the
effect of pulsed current regimes on microstructure and corrosion performance of the PEO
coatings containing both titania particles and sodium tungstate. The influence of cathodic
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duty cycle on uptake of tungstate ions and TiO2 nano-particles and the resulting changes of
coating microstructure and properties are also studied in this work.

2

Experimental procedure

2.1 Sample preparation
20 mm × 12 mm (Ø×H) cylindrical pieces of 7075 Al with chemical composition of 5.1 Zn,
2.2 Mg, 1.2 Cu, 0.3 Fe, 0.2 Si, 0.2 Cr and 0.2 wt. % Mn with remained aluminum were used
as the substrate. The circumferences of the specimens were masked using epoxy adhesive and
thermal shrink. Thus, only two flat sides of the cylindrical specimens were available for
oxidation. The flat surfaces of all specimens were ground to average roughness of 0.08 µm
using SiC abrasive papers. After degreasing in an acetone-charged ultrasonic cleaner and
successively rinsing in deionized water, the samples were dried in warm air blow.

2.2 Plasma electrolytic oxidation
PEO process was carried out in 66 L of silicate based electrolyte consisting of 10 g L-1
Na2SiO3, 2 g L-1 KOH, 3 g L-1 TiO2 nano-particles (rutile in spherical shape with average
diameter of 30 nm) and 3 g L-1 sodium tungstate. The temperature of electrolyte was
controlled indirectly in the range of 25±1 ᵒC by aid of a R403 gas charged industrial double
reciprocating compressor chiller. The pH of electrolyte was 12±0.1, measured using a digital
pH-meter (AZ instrument model: 8651 PH & ORP Meter). Using a digital conductometer
(SCHOTT CG 857), the conductivity of the electrolyte before and after addition of sodium
tungstate additive were measured 5.51 and 7.06 mS respectively. Zeta potential of TiO2 nanoparticles was found about -45 mV using Zetasizer Nano ZS90 apparatus. The samples were
coated using three different waveforms with cathodic duty cycles of 0, 20 and 40 %. All the
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waveforms were applied for 1 h at 2 kHz with the average anodic (positive) current density of
5.6 A dm-2 for all waveforms and cathodic (negative) current density of 0, 5.6 and 11.2 A dm2

for 0 %, 20% and 40% cathodic duty cycles respectively. During the PEO process,

potential-time responses were recorded and a GPS 2042 digital oscilloscope was used to
monitor the waveform shapes. The recorded waveforms, the bath composition, sample codes
and coatings visual appearances are shown in Table 1.

2.3 Coating characterizations
The thicknesses of the coatings were measured using an eddy current coating thickness gauge
(CEM DT-156); ten random measurements were taken from each coated surface followed by
a statistical analysis to calculate the mean thickness value and standard variations. Surface
roughness was evaluated using a profilometer (Mitutoyo SurfTest stylus working based on
ISO 1997).
The phase composition of the samples was evaluated using a grazing angle X-Ray
diffractometer (GAXRD, Bruker). The X-ray diffraction patterns were obtained over a 2
range of 10–80  using Cu Kα radiation generated at 40 kV and 30 mA. The beam incident
angles were 3, 5 and 10 ᵒ. X’pert Highscore software with PDF2 database was employed to
analyze the patterns. A scanning electron microscope (SEM, TESCAN Vega3 SB) was used
to study the surface morphology and cross-section of the specimens (which were sputtered
with a thin gold layer in order to prevent surface charging effects [9]). The cross-sections
were ground through successive grades of SiC papers and final polishing to 1 µm diamond.
The coating surface was analyzed by energy dispersive spectroscopy (EDS, eumeX
(IXRFsystems)) to determine the chemical composition. Elemental maps from the crosssection of the coatings were obtained using the same apparatus and an accelerated voltage of
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15 kV was applied for SEM and EDS investigations. SEM (Philips XL30) was used to study
the corroded surfaces of coatings.

2.4 Evaluation of corrosion behavior
The corrosion tests were performed using an AMETEK potentiostat/galvanostat (PARSTAT
2273). The tests were carried out in a three-electrode cell kit with a standard calomel
electrode (SCE) as the reference electrode and a platinum plate as the counter electrode. The
corrosion behavior of the coatings was evaluated by potentiodynamic polarization tests after
1 h immersion in 3.5 wt. % NaCl solution at pH 4, adjusted by adding HCl acid solution. The
potential scan, which ranged from −250 to 1500 mV versus open circuit potential (OCP) at a
scan rate of 1 mV s-1 was used for potentiodynamic polarization readings.
Electrochemical impedance spectroscopy (EIS) was used for further studying the corrosion
behavior of the coatings, especially after long-term immersion up to 16 weeks in 3.5 wt. %
NaCl solution (pH 4). The frequency-range of 10 kHz–100 mHz and 10 mV peak-to-peak
voltage amplitude versus OCP were used for the measurements. The EIS data were analyzed
using Zview software. In all tests, specimens with 2.54 cm2 surface area were exposed to the
corrosive solution, and each test was repeated at least three times.
Table 1: The visual appearance of the coated samples and the main effective parameters

Waveforms
Parameters

Bath (S3)

Oscilloscope recorded graph

Frequency=2 kHz

Anodic duty ratio=20 %
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10 g L-1 Na2SiO3+2 g
L-1 KOH + 3 g L-1
Nano-TiO2 particles +
3 g L-1 Na2WO4

Cathodic duty ratio=0 %
S3W1
(W1)

Frequency=2 kHz

Anodic duty ratio=20 %

Cathodic duty ratio=20 %

(W2)

S3W2

Frequency=2 kHz

Anodic duty ratio=20 %

Cathodic duty ratio=40 %

S3W3

(W3)

3 Results and discussion
3.1 Surface morphology observations
In Figure 1 a, related to the S3W1 specimen surface which is grown using unipolar
waveform, cracks as long as 100 µm are obvious around and even in the center of the
pancakes. The cracks become hair-like and shorter by applying 20 % cathodic duty cycle
(S3W2 specimen, Figure 1b) and they are almost eliminated by using 40 % cathodic duty
cycle (S3W3 specimen, Figure 1c). In our previous work [18], it was found that in the
absence of sodium tungstate, the surface morphology of the titania-contained composite
coating changed from a pancake to the crater-like by increasing cathodic duty cycle. In the
presence of sodium tungstate, the bipolar waveforms can also decrease the number and size
of micro-cracks, but, some craters and pancakes are still observed (Figure 1b and c).
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Moreover, the bipolar waveform with cathodic duty cycle of 40 %, i.e. S3W3, has changed
the surface morphology towards a higher numbers of craters (Figure 1c). The addition of
sodium tungstate and increasing the cathodic duty cycle are both beneficial for reducing the
micro-cracks and micro-pores but they may enhance the crater features. Similar to image
analysis done in ref. [14], by assuming complete pancake morphology for the coating
obtained by unipolar waveform (Figure 1a), the crater/pancake ratios are estimated by means
of “Mipcloud image processing software” as 0.36 and 1.53 for S3W2 (Figure 1b) and S3W3
(Figure 1c), respectively.

Figure 1: SEM surface morphologies of the coated specimens: a) S3W1, b) S3W2 and c) S3W3.

3.2 Coating thickness and roughness measurements
Figure 2 shows the thickness of the coatings produced by different waveforms.
Approximately, a linear increase in thickness can be distinguished by increasing the cathodic
duty cycle for the coatings obtained in tungsten-containing bath. PEO is a kind of anodizing
process and it is expected that the growth phenomenon occurs only when the substrate is in
anodic state. Therefore, the anodic part of the waveforms should be responsible for growing
the oxide layer. However, the obtained results indicate that this may not be a true assumption.
The thickness of S3W1 is ~ 33 µm using unipolar waveform with only anodic parts. In the
case of bipolar waveforms, the sum of anodic parts is equal to that of unipolar, but they
benefit from the different cathodic duties of 20 and 40 %, respectively. In this case, higher
9

thickness values (~ 37 and ~ 42 µm for S3W2 and S3W3 coatings, respectively) are obtained
for these coatings as compared to S3W1. As seen, the bipolar waveforms provide higher
coating thickness than the unipolar one.

Figure 2: The coatings thicknesses measured using eddy-current technique and the relative surface roughness values
(Ra).

Figure 2 also shows the roughness value of the coatings. The increase of the cathodic duty
cycle increases the coating roughness. In agreement with literature [4, 11, 32], the surface
roughness increases with increase of the coating thickness. For thicker layers of oxide
coatings, higher energy is required for the current to pass through the coating. Under this
condition, the current is localized at weak points of the formed layer to find its way.
Consequently, the diameter of the discharge channels and molten oxide eruption increases
resulting in a higher surface roughness [11].

3.3 Coatings cross-section observation
Figure 3 shows SEM cross-section images of the composite coatings produced in the
presence of tungstate. Increasing roughness caused by increasing the cathodic duty cycle is
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obvious from the cross-section images of the coatings, which are in a good agreement with
Figure 2. However, due to the nature of eddy-current measurement which its accuracy may be
affected by surface roughness and porosity, the thickness values obtained by SEM and eddycurrent technique are not the same, but reasonably close to each other. S3W1 shows a
network of the large pores in the substrate/coating interface which cannot be found in S3W2
and S3W3 coatings. These adjoined pores are called “pore band” [33], which is a sign of low
coating/substrate adhesion [30]. A similar pore structure has been observed for the PEO
coatings produced by DC current in a very similar electrolyte bath containing both titania
particles and sodium tungstate [31]. In return, no “pore band” was detected in the absent of
tungstate, according to our previous work [14]. This observation reveals that the sodium
tungstate changes not only the surface morphology, but also the porosity features of the
coatings. Figure 3b shows cross-section of S3W2, which reveals some discrete micro-pores
instead of the pore band. This demonstrates that the bipolar waveform can also modify the
pores structure. In Figure 3c, the porosity is obviously low. It is clear that the increase of
cathodic duty cycle has a significant effect on decreasing level and structure of the pores,
which also enhancing the adhesion of the composite coatings. Overall, it can be concluded
that in the presence of sodium tungstate, using the bipolar pulsed waveform with a wide
cathodic duty cycle is essential for producing high quality PEO coatings.

Figure 3: SEM cross-section images of the tungsten-containing composite coatings a) S3W1, b) S3W2 and c) S3W3
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3.4 Compositional and phase analyses of the coatings
Figure 4 shows GAXRD patterns of the coatings at different waveforms. As seen, the
coatings show γ-alumina and rutile plus metallic tungsten for all waveforms. During the PEO
process, rapid solidification of molten alumina favors the formations of γ-Al2O3 [4, 11]. The
mullite (alumina-silicate) has chance to be formed in crystalline structure because the molten
alumina can react with silicate ions present in the electrolyte bath [34]. The most stable phase
among mullite, γ and α alumina phases is α-alumina which needs higher temperature to form.
The molten alumina may also produce α-alumina instead of γ-alumina (directly or through
γα phase transformation), where the presence of titania nano-particles facilitates the phase
transformation [12]. However, the formation of mullite or α-alumina needs enough energy
which should be provided by the plasma discharges during the PEO process [23]. In Figure 4,
there are no peaks related to α-alumina in the patterns, thus it can be concluded that the
applied energy was not high enough to transform γ-alumina to α, and even, the catalytic role
of titana nano-particles was not effective for encouraging this transformation. The obtained
result is in agreement with ref. [2], where the lower duty cycle of pulsed waveform resulted
in lower ratio of α-alumina/γ-alumina. It should be mentioned that the dependency of the
phase composition to the current mode is not limited to Al alloys and it has also been
reported for Ti [35] and Mg alloys [36, 37]. In the present study, 7075 aluminum alloy was
used as the substrate which has a considerable amount of alloying elements, thus, the effects
of these elements especially Zinc should also be taken into account and not only the lower
applied energy for preventing α-alumina formation as mentioned in refs. [12, 14].
Although there are some reactions that have been suggested for the formation of WO3 [4],
eventually, WO3 can react with Al under high temperature condition by the following
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chemical reaction [4, 38-41] proceeding due to the fact that the Al is abundant in the
discharge channels:
WO3 + 2Al  Al2O3 + W

(1)

In the present study, the formation of pure W in the coatings was confirmed by XRD patterns
(Figure 4) too. However, very low concentration of tungstate in the electrolyte and high
dispersion of tungsten containing species over the surface prevent the detection of tungsten
species in the coating [31]. It seems that the presence of tungsten in the composition or
contribution of tungstate ions in plasma discharges has facilitated the reaction of the molten
alumina with silicate ions and formation of mullite which is completely in accordance with
ref [42]. By applying the bipolar waveforms, the intensity of the peaks related to tungsten
drops significantly with subsequent disappearing of the mullite. This emphasizes the catalytic
effect of tungstate on formation of mullite. By increasing the cathodic duty cycle from 20 to
40 %, the coating composition remains almost constant, but nearly, the peaks related to
tungsten are eliminated from the patterns. This is related to the wider cathodic cycle. The
anions such as tungstate are more repulsed using wider cathodic cycle and contribute less in
the coating formation.
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Figure 4: The GAXRD patterns of W containing composite coatings, a) S3W1, b) S3W2 and c) S3W3.

3.5 EDS analysis and elemental maps
Figures 5-7 show the elemental maps on cross sections of S3W1, S3W2 and S3W3 coatings.
More uniform distribution of Ti rather than W element is confirmed from the maps. However,
some localized areas with higher Ti concentration can be distinguished, especially in the
boundaries of the pores. This may be due to sample preparation which creates accumulation
of detached nano-particles on cross-sections during polishing or by particles entering into the
open pores during PEO processing. The latter is much more likely.
It is obvious that the tungsten is not distributed uniformly in the cross-section of the coatings
and some enriched areas are evident as well as some depleted zones. The interesting finding
is the similarity between distribution maps of tungsten and silicon elements. By reconsidering
the figures, it can be concluded that by using the bipolar waveforms, these elements are
distributed more uniform in the coatings (S3W2 and S3W3). The reason is the frequent
adsorption and repulsion of these ions during anodic and cathodic cycles, respectively. This
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strongly confirms that the incorporation of electrolyte elements (tungsten and silicon) in the
coating is based on the electric force.
By considering EDS data in Table 2, it is seen that the incorporation of titania nano-particles
in the coatings does not show a reasonable correlation with increasing cathodic duty cycle.
The results is in agreement with the composite coatings obtained previously in additive-free
bath [14]. However, regarding the tungsten, its concentration decreases linearly by increasing
the cathodic duty cycle, in accordance with visual observation of the coatings brightness,
elemental maps and also GAXRD results. As seen in Table 1, the coating produced by
unipolar waveform (S3W1) is darker than S3W2 and S3W3 coatings produced by the bipolar
ones at the same condition. If the tungsten content decreases, the coatings will be brighter as
mentioned in ref. [42]. It has been reported that the color intensity depends on the tungstate
concentration in the electrolyte, but it also highly depends on the current pulse mode [42].
Since TiO2 nano-particles are distributed more uniformly in the coatings and because its
concentration has not changed reasonably with the waveforms, it can be concluded that the
embedding of TiO2 nano-particles into the coatings is not just through electrophoretic force.
This also happened when DC waveform was used in our previous study [12]. For the particles
to participate in the PEO coating, they need to be transferred into the electrolyte/coating
interface with the aid of an external force. The contribution of particles in the PEO coating
can be divided into two steps including uptake and incorporation. For the uptake step, one of
the most promising factors which bring the particles near the anode is electrophoretic force
[26, 27]. The electrophoretic mobility and mechanical stirring are mentioned as the main
factors for particle movements [43]. The electrophoretic force depends on zeta potential value
and its magnitude dictates the degree of electrostatic repulsion between the adjacent particles
inside the solution. The particles with higher absolute values of zeta potential are more stable,
and this prevents them from agglomeration and settling in electrolyte solution. It is found that
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most of the particles are fortunately negatively charged (show negative zeta potential) after
dispersion in the alkaline electrolyte and surrounding by hydroxyl ions [26, 27]. Thus, it is
expected that the amount of incorporated particles is in direct relation with the applied
voltage or current density, since the dispersed particles are negatively charged and they
should move towards the anode continuously [29]. In the present study, if the electrophoretic
mobility be assumed as the only way for incorporation of nano-particles into the coatings,
thus, lower incorporation of nano-particles should be seen when the bipolar waveforms are
applied. Thus, it can be concluded that comparing mechanical stirring and electrophoretic
force for incorporating the particles, the former overcomes the latter in our study. The reason
is the high stirring intensity of the centrifugal pump applied here in comparison with
magnetic stirrers or bubbling generators used commonly in laboratory PEO process [25, 27].
When the stirring is not strong enough, the dispersing and uptaking of particles in the
electrolyte are controlled by electrophoretic force as described in many references [25-29,
33]. In current study, it seems that although the zeta potential of titania nano-particles is low
enough (~ -45 mV), the strong stirring provided by centrifugal pump diminishes the role of
electrophoretic force. However, our results showed that this vigorous stirring cannot
eliminate the electric force which supports the ions migration. In contrast to the nanoparticles, the amount of tungsten and silicon is reduced linearly with increasing cathodic duty
cycle of the bipolar waveform in agreement with EDS and GAXRD results. In fact, with the
wider cathodic cycle, the contribution of electrolyte anions in the oxide formation during
PEO process decreases and thus their constituent elements (W and Si) in the coatings will be
lower (Table 2). It is known that the PEO coatings grow using both substrate and electrolyte
constituents, thus, reducing the contribution of electrolyte constituents means increasing
contribution of substrate constituents. However, unlike the unipolar waveform which
encourages the anions attraction, the bipolar waveforms tend to consume both anions and
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cations. Therefore, Al3+ ions may incorporate more in the coating using the bipolar
waveforms. These are the reasons for the higher Al concentration found in the bipolar grown
coatings as seen in Table 2.

Figure 5: Cross-section elemental mappings of S3W1 specimen a) SEM image of mapped area, b) map of oxygen, c)
map of aluminum, d) map of titanium, e) map of silicon and f) map of tungsten
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Figure 6: Cross-section elemental mappings of S3W2 specimen a) SEM image of mapped area, b) map of oxygen, c)
map of aluminum, d) map of titanium, e) map of silicon and f) map of tungsten

Figure 7: Cross-section elemental mappings of S3W3 specimen a) SEM image of mapped area, b) map of oxygen, c)
map of aluminum, d) map of titanium, e) map of silicon and f) map of tungsten
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Table 2: Surface composition (at. % ) of PEO coatings determined by EDS analysis

Coating

O

Na

Al

Si

K

Ti

W

S3W1

57

1.5

11

23

1.5

2.8

2.4

S3W2

54

2.1

21

18

1.4

1.5

1

S3W3

55

2.5

20

17

2

2.5

0.5

3.6 Corrosion behavior of the coatings
3.6.1 Potentiodynamic polarization tests
Potentiodynamic polarization technique was employed to investigate the corrosion
performance of the coatings in 3.5 wt.% NaCl solution (adjusted at pH 4 using hydrochloric
acid). The potentiodynamic polarization curves of the coatings after 1 h immersion are shown
in Figure 8. In the polarization curves, the cathodic response is due to the oxygen reduction
reaction while the anodic one is related to the repassivation reactions occurred in the oxide
coating and/or anodic dissolution of aluminum limited by IR drop through the PEO layer
which is in turn proportional to the barrier properties of the films and dependent on their
stability. A rapid increase of anodic current is seen for the uncoated alloy, suggesting that the
sample cannot be passivated because of the onset of localized corrosion. A very high anodic
current is also measured for the sample coated by unipolar waveform at higher potentials
suggesting that the coating does not protect the substrate properly and does not ensure
sufficient barrier properties as also later demonstrated by EIS results. In contrast, when PEO
was performed using the bipolar modes, lower current values can be observed demonstrating
good barrier properties of the layers and their high stability. Notably, the polarization curve
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for the S3W3 coating is laid at the lowest current densities indicating its best corrosion
performance. However, both coatings grown by the bipolar waveforms show passive
behaviors. For S3W3 coating, no sign of localized attack even at very high potentials can be
detected. This behavior is so different from the polarization behavior observed for S3W1.

Figure 8: Potentiodynamic polarization curves for the coated specimens and 7075 aluminum alloy substrate. The tests
are performed in 3.5 wt % NaCl solution at pH 4 after 1 h immersion at scan rate of 1 mV s -1.

According to Figure 8, the PEO coating produced in the presence of tungstate using unipolar
waveform is not beneficial for corrosion protection of 7075 Al alloy. In this case, the
corrosive solution could easily penetrate into the coating and reach the substrate surface, i.e.
there is no efficient barrier against the penetration of corrosive solution. The results are in
accordance with the cross-sectional observations, where the higher density of pores and also
the “pore band” were obviously seen in cross-section of S3W1 coating (Figure 4). In
contrast, for the coatings produced using the bipolar waveforms, the corrosion performances
are considerably higher than that provided by the unipolar one. It is seen that the presence of
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cathodic part of the waveform plays a significant role on improving the corrosion
performance of the coating by preventing the pore band formation, where the wider cathodic
cycle also creates the less porous oxide layers providing more effective barrier.
There are two suggested mechanisms on the positive effects of cathodic part of a bipolar
waveform named “randomizing the breakdowns” and “sealing effect”. The former is due to
the unique effect of cathodic cycles of the bipolar waveforms which randomizes the sites of
succeeding anodic breakdowns. The repetition of breakdowns in the same locations leads to
the localized breakdown areas which promotes the formation of large discharge channels
[15]. Additionally, it can promote the formation of “pore band” and lead to coating spallation
during the PEO process. Therefore, the coatings produced using DC [12] and unipolar
waveforms, which provide no cathodic parts, are more porous. The present study along with
our previous work [14] show that the bipolar waveforms lead to higher compactness and
thickness of the PEO composite coatings on 7075 Al alloy. The latter mechanism is sealing
where cathodic pulse which follows an anodic one can seal the cracks and discharge channels
left by the anodic pulses [42]. Hydrogen liberation and alkalization of adjacent electrolyte
regions are old assumptions which can be supposed for the sealing mechanism [44, 45], but
the details of mechanism needs more study. Both of these mechanisms should increase the
coatings corrosion performance. The results show that the sodium tungstate enhances the
necessity of applying the cathodic duty cycles. The results are in accordance with the results
of Mann et al. [42], in which the highest corrosion performance of the coatings was achieved
by simultaneous application of tungstate and high frequency bipolar pulses, where the coating
produced by unipolar pulse showed poor corrosion performance. Xiang et al. [30] have also
reported higher corrosion performance of the coatings in the presence of sodium tungstate by
using the bipolar waveform. Regarding the results obtained in current research and those
found in the literature [30, 42], it is concluded that the effect of sodium tungstate on the
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corrosion performance of the coatings depends on the mode of the applied waveform. In this
study, sodium tungstate may act deterioratively or constructively by using unipolar and
bipolar waveforms, respectively. Similarly, titania nano-particles are also found beneficial for
improving the corrosion performance of the obtained coatings if the bipolar waveforms are
applied, but, they are deteriorative if the unipolar waveform is applied [14].
3.6.2 Electrochemical Impedance Spectroscopy measurements
Electrochemical impedance spectroscopy (EIS) was used for better understanding and
comparing the corrosion performance of the coatings produced at different conditions at long
immersion times from 1 h up to 16 weeks. It should be noticed that the corrosion behavior at
OCP is different from that of the polarized conditions. In polarization readings, due to the
positive electrical field applied at anodic condition; diffusion of Cl- ions from bulk solution
into the pores is possible. This means that a higher concentration of aggressive solution will
attack the substrate. However, in EIS tests at OCP condition, the substrate is attacked by the
penetrated solution with almost similar ion concentrations as the bulk electrolyte. Figure 9
shows EIS diagrams after different immersion times. Figure 10 illustrates the equivalent
electrical circuits used for fitting the EIS data.
PEO coatings is usually composed of an outer porous layer and an inner barrier layer.
Accordingly, there are two time constants for PEO coatings in EIS tests corresponding to
response of these two layers [11, 21]. In our study, because of the presence of “pore band” in
the unipolar coated specimen, the outer porous layer misses its effective role in corrosion
performance, while for the bipolar coated specimens, both outer and inner layers show high
resistances indicating good barrier properties. However, the corrosion of Al substrate is just
possible for the coating grown by the unipolar waveform. Accordingly, two different
equivalent circuits are used for fitting data as seen in Figure 10a and b. These two equivalent
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circuits are well known and commonly used for PEO coatings [21, 30, 46-49]. Actually, the
connected pores as “pore band” found in S3W1 create easy pathways for corrosive solution
to reach the substrate and are responsible for appearing a constant phase element related to
electrical double layer (CPEdl) parallel with charge transfer resistant (Rct), respectively.
Table 3 shows the fitted data from EIS tests after 1 h immersion using the models represented
in Figure 10. In accordance with the polarization test results, the inner layer resistance (Rin)
of the coatings produced using the bipolar waveforms are significantly higher than the
coatings produced by the unipolar waveform. For S3W3 specimen, there is no doubt that its
higher compactness plays the major role for achieving the highest Rin and outer layer
resistance (Rout) values (Table 3), and thus, the highest corrosion performance.
GAXRD and EDS results show that increasing the cathodic duty cycle decreases the
incorporation of tungstate ions in the process, and thus, tungsten in the coatings composition.
Xiang et al. [30] have reported that the presence of sodium tungstate as an additive improves
the corrosion resistance of PEO coatings against corrosive environment, which may be
attributed to the abundant oxygen available for the oxide formation leading to smooth surface
with fewer defects. If sodium tungstate is assumed beneficial, the increase of its contribution
should raise the corrosion performance of the coatings. By considering Table 3, this behavior
is not seen. It shows that although W1 waveform has led to maximum incorporation of
tungstate ions, the corrosion performance of S3W1 is much lower than S3W2 and S3W3,
thus, it can be concluded that the coating morphology and its pores structure determine the
corrosion performance of the PEO coatings, not the amount of incorporated tungsten. This
result is in agreement with ref. [11], which has reported that neither the tungsten content nor
the thickness of the coatings are identified as the important factors in determining the
corrosion performance of PEO coatings. In fact, the morphology and pores structure play the
major roles.
24

Figure 9: Bode plots of PEO coatings after 1 h immersion in 3.5 % NaCl with at pH 4.

a

b
Figure 10: Equivalent electrical circuit used to fit the EIS data of PEO coated specimens, Rs: uncompensated solution
resistance, Rout: outer porous layer resistance, CPEout: constant phase element of outer porous layer, Rin: inner
compact layer resistance, CPEin: constant phase element of inner compact layer, Rct: the resistance of charge
transfer and CPEdl: constant phase element for electrical double layer.
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Table 3: Fitting results of EIS data for the PEO coatings after 1 h immersion in 3.5 % NaCl at pH 4

Porous outer layer

Inner compact layer

Charge transfer

Specimen
CPEout

Rout

CPEin

Rin

CPEdl

Rct

(kΩ.cm2)

T (µF.cm-2.Sn-1)

P

(kΩ.cm2)

45.5±3.18

0.622

4.975±0.348

Code
T (µF.cm-2.Sn-1)

P

(kΩ.cm2)

T (µF.cm-2.Sn-1)

P

0.531±

S3W1

-

-

-

18.36±1.3

0.187±0.013

±

0.037
0.042

0.816±

S3W2

S3W3

903.610±

0.32±0.013

0.763±
1.294±0.05

0.033

36.15

0.734±

2044.5±

0.520±0.016
61.33

-

-

-

0.031

0.96±
1.100±0.033

0.02

1462±60

1643±50
0.03

Figure 11 shows the variation of the Rin of the S3W1, S3W2 and S3W3 versus immersion
time in 3.5 wt % NaCl solution. The Rin of S3W1 is very low and it remains low during longterm immersion with just a negligible increase which is due to accumulation of corrosion
product in the pore band and passible formation of an artificial barrier. However, the Rin
values of S3W2 and S3W3 are increased gradually after the first sudden drop during the test.
The reason is believed to be the repairing mechanism [48], which is also called “self-healing”
[26]. The inert incorporated TiO2 particles has been beneficial for donating self-healing
functionality to the PEO coatings by prompting the hydroxide phases [26]. This reported for
the composite coatings with no tungsten content before [14]. In some cases, the added
particles are not effective or even they are deteriorative for the corrosion performance of the
coatings during long-term corrosion tests because of the higher porosity created by them,
especially at higher contents [26]. However, the process of repairing mechanism is more
possible for the coatings with relatively small defects which can easily be blocked [50]. After
16 weeks of immersion, S3W2 and S3W3 specimens retain their high resistances (Figure 12).
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This means that the composite coatings containing tungsten had the ability to protect the
substrate by slowing down the penetration of aggressive Cl- even up to 16 weeks of
immersion.

Figure 11: The variation of Rin versus time for the coatings during immersion in 3.5 % NaCl solution at pH 4.

Figure 12: Nyquist plots of the PEO coatings after 16 weeks immersion in 3.5 % NaCl adjusted at pH 4.
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SEM images from surface and cross-section of the specimens immersed up to 16 weeks are
presented in Figure 13. As seen, for the coatings produced by the bipolar waveforms (S3W2
and S3W3), no obvious dissolution can be detected inside the coating or at the
coating/substrate interface. However, it seems that a slight dissolution has occurred through
the pore band in S3W1. This means that the corrosion reactions have proceeded beneath the
coating, although the coating surface did not undergo significant changes.

Figure 13: SEM images of the surface and cross-section of the coated specimens after 16 weeks immersion in 3.5
wt.% NaCl adjusted at pH 4. a, b) S3W1, c, d) S3W2 and e, f) S3W3.
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4 Conclusions
Sodium tungstate was added to the electrolyte containing TiO2 nano-particles (30 nm) as an
additive and three different waveforms were used to produce PEO coatings on 7075 Al
substrate in the resultant electrolyte. Following results can be obtained from evaluation of the
process and the coatings.
1- Adding sodium tungstate into the electrolyte decreased voltage during all steps of the
PEO process using all waveforms.
2- The unipolar waveform produced pancake-like morphology, while using bipolar mode
lead to crater-like morphology.
3- Contribution of tungstate ions in PEO process and using a higher cathodic duty cycle
led to a less porous morphology without the presence of pore band in the coatings.
4- The compactness, roughness, thickness and thus growth rate of the coatings increased
by increasing the cathodic duty cycle.
5- Electric adsorption is the dominant mechanism for incorporation of tungstate ions and
physical entrapping associated with electrophoretic incorporation of titania nanoparticles. The vigorous mechanical mixing which encourages the physical trapping,
did not disturb the electric forces, and thus, did not interfere with the ions
incorporation. Hence, the anions response well to the waveform polarity changes.
However, this overcame the electrophoretic forces for the nano-particles.
6- The cathodic duty cycle of the waveform not only changed the morphology and pores
structure of the coatings, but also it changed the chemical composition of the coatings.
7- Applying the bipolar waveform eliminated the “pore band” at substrate/coating
interface. Accordingly, the bipolar coated samples showed better corrosion
performance than that obtained by the unipolar waveform. Both coatings grown by
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the bipolar waveforms showed passive behaviors. For the coating grown by wider
cathodic duty cycle, stronger passivation was observed with no sign of localized
attack even at very high polarized potentials during the polarization test.
8- The inner layer resistances of the coatings produced using the bipolar waveforms are
significantly higher than the coating produced by the unipolar waveform. The outer
porous layer in the unipolar coated specimen missed its effective role in corrosion
performance because of the presence of “pore band”, while this layer acted as an
effective barrier for the bipolar coated specimens. This highlights the role of the pore
structure on corrosion performance of the PEO coatings.
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