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Abstract: The influence of cathodic pulse parameters was evaluated on plasma electrolytic oxidation (PEO) coatings 
grown on 7075 aluminum alloy in a silicate-based electrolyte containing potassium titanyl oxalate (PTO) using pulsed 
bipolar waveforms with various cathodic duty cycles and cathodic current densities. The coatings were characterized by 
SEM, EDS, and XRD. EIS was applied to investigate the electrochemical properties. It was observed that the increase 
of cathodic duty cycle and cathodic current density from 20% and 6 A/dm2 to 40% and 12 A/dm2 enhances the growth 
rate of the inner layer from 0.22 to 0.75 µm/min. Adding PTO into the bath showed a fortifying effect on influence of 
the cathodic pulse and the mentioned change of cathodic pulse parameters, resulting in an increase of the inner layer 
growth rate from 0.25 to 1.10 µm/min. Based on EDS analysis, Si and Ti were incorporated dominantly in the upper 
parts of the coatings. XRD technique merely detected γ-Al2O3, and there were no detectable peaks related to Ti and Si 
compounds. However, the EIS results confirmed that the incorporation of Ti4+ into alumina changed the electronic 
properties of the coating. The coatings obtained from the bath containing PTO using the bipolar waveforms with a 
cathodic duty cycle of 40% and current density values higher than 6 A/dm2 showed highly appropriate electrochemical 
behavior during 240 d of immersion due to an efficient repairing mechanism. Regarding the effects of studied 
parameters on the coating properties, the roles of cathodic pulse parameters and PTO in the PEO process were highlighted. 
Key words: Al2O3−TiO2 coating; plasma electrolytic oxidation; potassium titanyl oxalate; electrochemical impedance 
spectroscopy 
                                                                                                             

 
 
1 Introduction 
 

The 7xxx series of Al alloys have an extensive 
application thanks to their high specific strength 
ratio. The 7075 aluminum alloy (AA7075) is one  
of the widely used high-strength alloys in the 
aerospace industry. Although the intermetallic 
particles of the alloy elements (Al, Mg, and Cu) 

distributed in the Al matrix enhance its mechanical 
properties, they make the alloy be prone to different 
kinds of localized corrosion [1,2]. Anodization is a 
common technique for surface treatment of Al 
alloys to increase the thickness of oxide layer to be 
protective against corrosion attack. However, the 
electrochemical characterization of the intermetallic 
particles may vary during anodization owing to 
dealloying or anodic dissolution, which could make 
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the growth of a flawed alumina oxide [1]. 

Plasma electrolytic oxidation (PEO) is an 
advanced model of anodizing process and promotes 
durable, thick, uniform, more crystalline, and 
strongly adherent coatings on various types of 
metals especially the valve metals including Al,  
Mg, and Ti metals and their alloys [3]. There is 
significant progress in the industrialization of the 
PEO process owing to extensive studies that   
have been conducted in recent years [3]. The   
PEO process is commonly carried out in an 
environmentally friendly alkaline medium under 
high voltages, which trigger micro-discharges 
across the grown oxide [4,5]. It is well known that 
applying a pulsed bipolar current regime with an 
appropriate ratio of negative to positive charge 
quantities to Al and its alloys may lead to a 
soft-sparking mode and create fine, homogenous 
sparks promoting a thicker oxide layer [6]. 

The PEO method consists of a set of various 
processes with significantly different natures 
including chemical, electrochemical, and plasma- 
chemical reactions, and also heat and mass transfer 
processes [7]. One of the most common drawbacks 
of the PEO coatings is their intrinsic porosity and 
micro-cracks allowing penetration of the corrosive 
solution toward the metal [8]. In addition, these 
flaws inside the alumina reduce the stiffness by an 
order of magnitude compared to fully dense 
alumina [9]. The literature review shows that the 
incorporation of titania into alumina improves its 
densification during thermal-involved processes 
including plasma spraying and PEO [10−14]. TiO2 
may incorporate into the PEO alumina coating by 
the addition of TiO2 nanoparticles [15], or salt 
additives such as potassium titanyl oxalate [13,16], 
and dipotassium hexafluoro titanate [17] in the 
electrolytic solution. The stability of the electrolytic 
solution is highly important for the fabrication    
of reproducible coatings, which is significantly a 
necessary parameter for use on an industrial scale. 
Potassium titanyl oxalate (PTO) hydrolyzes in the 
alkaline solution and produces a colloidal solution, 
which is highly more stable than the suspension 
solution resulting from TiO2 nanoparticles [13]. It has 
been observed that oxalates form a thicker double 
layer on the alumina/electrolyte interface [18,19]. 
This thick double layer shields the external electric 
field and then inhibits strong sparking induced by 
the strong external electric field and thereby, and 

finally develops a defect-free coating [20]. The 
fluoride-contained salt such as dipotassium 
hexafluoro titanate releases fluoride ions, which 
may promote the field-assisted ejection of Al3+ ions 
from the film surface and thereby reduces the 
efficiency of film growth [21]. Also, the HF gas 
evolution may occur during the PEO process due to 
the local acidification of the oxide/electrolyte 
interface. Considering these points, potassium 
titanyl oxalate can be a novel and environmentally 
safe additive for improving the quality of the PEO 
coatings. 

Wear-resistant coatings are commonly 
fabricated in a dilute silicate solution using low- 
frequency (50 Hz) alternating current, which usually 
leads to a low growth rate and a relatively thick 
outer layer [22]. However, it has been stated that the 
bipolar pulses in the kHz range can provide 
sufficient control over plasma chemical processes 
occurring at the electrolyte/metal interface [15,22]. 
The short on-time pulse is more effective for the 
formation of intensively ionized plasma thanks to 
enhanced impact ionization [22]. 

In this work, the effect of cathodic pulse 
parameters including current density and duty cycle 
beside PTO impact was evaluated on the properties 
of the PEO coatings applied on AA7075 using 
high-frequency (2 kHz) bipolar waveforms in a 
silicate-based electrolytic solution. Based on the 
coating microstructure and literature review, a 
mechanism for the role of cathodic pulse and PTO 
additive in the PEO process was proposed. 
 
2 Experimental 
 
2.1 Sample preparation 

The substrates were disk-shaped specimens of 
AA7075 with a diameter of 20 mm and thickness  
of 3 mm. Both flat sides of the specimens were 
ground mechanically using 1200-grit SiC paper. 
The substrates connected to a Cu wire were 
employed as the working electrode in the PEO 
process and washed in distilled water and degreased 
in ethanol before use. 
 
2.2 PEO treatment 

The PEO process was conducted using a 
switching power supply which had the ability to 
deliver adjustable unipolar and bipolar waveforms 
up to 750 V and 30 A for anodic pulse and −300 V 
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and −30 A for cathodic pulse. The experimental 
setup consisted of a 7 L stainless steel cylindrical 
cell which functioned as the counter electrode. The 
cell was positioned within a temperature-controlled 
container filled with 100 L of water. The electrolyte 
within the cell was continuously stirred using a 
submersible full polymer-body electrical pump.  
The electrolyte temperature was maintained at 
(20±2) °C throughout the experiment. A solution 
containing 3 g/L sodium metasilicate pentahydrate 
(Na2SiO3·5H2O, SMS) and 2 g/L KOH was used to 
produce reference coatings. In order to prepare  
the Al2O3−TiO2 composite, 3 g/L PTO (K2TiO- 
(C2O4)2·2H2O) was added to the reference 
electrolyte. Two samples with a total surface area of 

0.19 dm2 were simultaneously coated. The PEO 
treatments were conducted by applying four bipolar 
waveforms, which had the same anodic pulse 
parameters (average anodic current density of 
6 A/dm2 with a duty cycle of 20%) and different 
cathodic pulse parameters. A duty cycle is defined 
as the ratio between the on-duration in an anodic 
pulse or cathodic pulse during a single cycle to the 
total time of a cycle. Table 1 shows the cathodic 
pulse parameters including cathodic duty cycle (Dc) 
and average cathodic current density (Jc), and the 
waveforms recorded by oscilloscope. The specimen 
codes were defined based on the cathodic     
pulse parameters of the applied waveforms.    
The frequency of all waveforms was 2 kHz and the 

 
Table 1 Summary of specimen’s codes, cathodic pulse parameters of applied waveforms, PTO concentration in PEO 
bath, and recorded waveforms in PEO process 

Specimen code Dc/% Jc/(A·dm−2) CPTO/(g·L−1) Recorded waveform 

I6D20 20 6 0 

 

I6D20P 20 6 3 

I3D40 40 3 0 

 

I3D40P 40 3 3 

I6D40 40 6 0 

 

I6D40P 40 6 3 

I12D40 40 12 0 

 

I12D40P 40 12 3 
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treatment time was 60 min. CPTO in Table 1 states 
the PTO concentration in the PEO bath. 
 
2.3 Coating characterization 

The top-view surface and cross-sectional 
morphologies of the PEO coatings were observed 
using a field emission scanning electron microscope 
(FESEM FEI Quanta feIg 450; Hillsboro, USA) and 
scanning electron microscope (SEM LEO 1455VP; 
Zeiss, Jena, Germany), respectively. For the 
investigation of the cross-sections, the specimens 
were mounted in an epoxy resin vertically, ground 
through successive grades of SiC papers (up to 
2400-grit), and then polished with a diamond past 
of 2.5 µm. After ultrasonically cleaning in ethanol, 
the specimens were dried in the cold-air flow. 
Energy dispersive spectroscopy (EDS) was used for 
the elemental analysis and mapping on cross- 
section of the coatings. The cross-section images 
were used for the measurement of the average 
thickness of the coatings by Image J 1.44p software. 

X-ray diffraction (XRD) patterns were 
recorded using a X-ray diffractometer (Bruker, 
Billerica, USA) with a Co Kα radiation source 
(λ=0.179 nm, 40 kV, and 40 mA) in the Bragg− 
Brentano mode. 
 
2.4 Evaluation of electrochemical behavior 

The long-term electrochemical behavior of  
the coatings was evaluated by conducting 
electrochemical impedance spectroscopy (EIS) test 
using a potentiostat/galvanostat (AMETEK model 
PARSTAT 2273, Berwyn, USA). The corrosive 
solution was 3.5 wt.% NaCl with pH 4 adjusted by 
adding dilute HCl solution. The pH was established 
at 4 to increase corrosivity of the solution according 
to Ref. [23]. A standard three-electrode cell was set 
up that included a platinum plate and a saturated 
Ag/AgCl as the counter and reference electrodes, 
respectively. The prepared PEO coatings were the 
working electrode. The perturbation amplitude was 
10 mV and the frequency range was from 10−2 to 
105 Hz. The record of EIS responses was started 
after 24 h immersion in the mentioned corrosive 
solution and then was carried out at a regular 
interval of 7 d. Regarding that the EIS response was 
not changed significantly in a short-term period, the 
results related to the immersion time of 1, 30, 90, 
150, and 240 d were reported. It is necessary to be 
mentioned that if one specimen fails before the 

240th day, the EIS result of the failure day is 
presented. The corrosive solution was refreshed 
once a 7 d for maintaining its composition and pH 
constant. 
 
3 Results and discussion 
 
3.1 Voltage−time response 

Figure 1 displays the effect of Dc, Jc, and PTO 
addition on the variation of amplitudes of anodic 
and cathodic voltages versus PEO processing time. 
At initial, the variation of anodic voltage is almost 
the same for all cases. The cathodic voltage is 
significantly lower than the anodic one. As known, 
aluminium oxide is an insulating material, which 
blocks the circulation of an anodic current if the 
electric field strength across the oxide is lower than 
the threshold required for the oxide growth under a 
high field. The latter in turn depends on the applied 
voltage and on the thickness. Under cathodic 
polarization, the metal is not going to be oxidized 
and thus the only option is the circulation of an 
electronic current. The electronic current can 
circulate across the oxide if the oxide Fermi level 
enters in the conduction band. Moreover, since the 
flat band potential of the Al2O3 is not exactly at the 
mid gap, but closer to the conduction band edge, the 
necessary current density to sustain a potential 
difference in absolute value is higher than that 
necessary under anodic polarization. When the 
electric field reaches the level of dielectric 
breakdown of the gas-steam shell surrounding   
the passive layer surface, micro-arc discharges 
initiate [24]. 

During the PEO process under Dc=40% 
(Figs. 1(b), (c) and (d)), a transient drop in anodic 
and cathodic voltage occurs. This sudden drop 
happens simultaneously with the appearance of soft 
sparking, which is detectable by the intensive 
decrease of micro-discharge intensity and acoustic 
emission. However, this behavior is transient and 
after about 1 min, the voltage starts to increase and 
the number and intensity of the sparks rise. The 
PEO process at 12 A/dm2 and Dc=40% (I12D40 and 
I12D40P) shows a completely different voltage− 
time response after voltage drop and the behavior 
looks more similar to the soft-sparking (Fig. 1(d)). 
The gradual increase of the voltage is accompanied 
by the homogenous increase of spark intensity and 
acoustic emission. However, the transient voltage 
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Fig. 1 Voltage−time (U−t) curves during PEO treatment of I6D20 and I6D20P (a), I3D40 and I3D40P (b), I6D40 and 
I6D40P (c), and I12D40 and I12D40P (d) specimens 
 
drop and the sign of soft sparking are not seen at 
6 A/dm2 under Dc=20%, i.e. for I6D20 and I6D20P 
(Fig. 1(a)). 

As seen in Fig. 1, the time and magnitude of 
the transient voltage drop depend on the cathodic 
current density and the presence of PTO in the  
bath. Regarding the voltage−time curves of PEO 
processes at 6, 12 A/dm2 and Dc=40% (I6D40 and 
I12D40), presented in Figs. 1(c) and (d), it is 
interesting that doubling the Jc cuts in half the 
required time for voltage drop. Also, the presence 
of PTO in the bath decreases the required time for 
voltage drop except for I3D40P if compared with 
I3D40. It has been suggested that the soft-sparking 
occurs sooner when the growth rate is high [3]; 
therefore, it can be concluded that the increase of 
cathodic pulse and PTO encourages the transient 
soft-sparking because of promoting the growth rate. 
 
3.2 Microstructure and phase constitution 

Figure 2 displays the surface morphology of 
the as-prepared PEO coatings through the different 

waveforms and PTO addition. The surface exhibits 
the typical features of the PEO coatings obtained by 
a bipolar waveform, i.e. a combination of pancake 
structures rich in Al covered partially by nodules 
rich in electrolyte species and also volcano-like 
protrusions [25]. 

Furthermore, micro-cracks are observable on 
the coating surface as the result of thermal stress 
and high pressure during the PEO process [26]. 
However, according to Figs. 2(d) and (h), the 
surfaces of I12D40 and I12D40P specimens are 
covered by round-shaped precipitates, and no 
cracks are seen on the surface [27]. Pancake 
structure is created by strong micro-discharges 
occurring at the metal/coating interface and the 
central pore is most likely connected to the 
substrate [28,29]. The fine-distributed nodules are 
formed through interfacial micro-discharges 
occurring in pores and cracks on the surface [29]. 
Volcanoes are protuberances with asymmetrical 
shallow holes in their centre and are created only 
under a bipolar waveform and through discharges 
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Fig. 2 Top-view SEM images showing surface morphology of PEO coatings prepared in pure silicate electrolyte (a−d) 
and silicate−PTO electrolyte (e−h) at cathodic duty cycle and cathodic current density of 20% and 6 A/dm2 (a, e), 40% 
and 3 A/dm2 (b, f), 40% and 6 A/dm2 (c, g), 40% and 12 A/dm2 (d, h), respectively 
 
occurring at the upper parts of the inner       
layer [23,30,31]. 

As seen in Figs. 2(a) and (e), the coating 
surface at Dc=20% is largely dominated by the 
pancake structures surrounded by a few nodules. 
The increase of cathodic pulse parameters including 
duty cycle and current density or adding PTO 
reduces the number and size of the pancakes and 
develops more nodular and volcano features. It is 
noticeable that Jc=3 A/dm2 promotes large pores on 

the surface, especially in the presence of PTO. 
Cross-sections SEM images of the PEO 

coatings are presented in Fig. 3. The bilayer 
structure of I6D20 and I3D40 specimens includes a 
fused outer layer and a compact inner layer with 
large pores between them (interfacial pores). As 
seen in Fig. 3(c), the I6D40 specimen shows an 
outer layer with a mixture of fused and sponge-like 
morphology along with a compact inner layer   
free of the interfacial pores. The fused morphology 
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Fig. 3 Cross-section SEM images of PEO coatings prepared in pure silicate electrolyte (a−d) and silicate−PTO 
electrolyte (e−h) at cathodic duty cycle and cathodic current density of 20% and 6 A/dm2 (a, e), 40% and 3 A/dm2 (b, f), 
40% and 6 A/dm2 (c, g), and 40% and 12 A/dm2 (d, h), respectively 
 
completely disappears in the I12D40 specimen, 
while the sponge-like morphology develops 
(Fig. 3(d)). It has been suggested that the 
disappearance of the large interfacial pores occurs 
during the transient soft-sparking because Al-rich 
deposits fill them [32]. The increase of Dc and    
Jc parameters raises the inner layer thickness 
significantly. 

Adding PTO into the bath does not considerably 
influence the thickness and the cross-sectional 
morphology of the coating prepared at Jc=6 A/dm2 

and Dc=20%. However, at Dc=40%, the fused 
characteristic of the outer layer transfers to be 
homogenous porous. The thickness values of the 
inner layer and outer layer of the coatings are 
displayed in a bar graph presented in Fig. 4. Overall, 
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Fig. 4 Effect of cathodic pulse parameters and PTO 
addition on thickness of inner and outer layers of PEO 
coatings 
 
the thickness of the inner layer is higher than the 
outer layer. The increase of cathodic pulse 
parameters is in favor of the inner layer growth so 
that the growth rate of the inner layer increases 
from 0.22 µm/min for I6D20 to 0.75 µm/min for 
I12D40. Adding PTO fortifies this effect and raises 
the growth rate of inner layer from 0.25 µm/min for 
I6D20P to 1.10 µm/min for I12D40P. 

The mapping of elemental distribution out on 
the cross-section of the PEO coatings. Regarding Al 

and O with a homogenous distribution on the cross- 
section of all coatings, only the distribution of Si 
and Ti is presented in Fig. 5. 

As seen in Fig. 5, Ti and Si are incorporated 
dominantly in the outer part of the coatings. The 
incorporation of Si and Ti in the dense fused part of 
the outer layer is negligible in all coatings. Si is 
dominantly distributed at the bottom of the pores in 
the outer layer. Regarding the no-fused outer layer, 
there is a homogenous distribution of Si in the  
outer layer of the coatings grown at 12 A/dm2   
and Dc=40% (i.e. I12D40 and I12D40P). The Ti 
distribution shows a trend similar to that of the Si 
and dominantly incorporates the porous parts of the 
outer layer. It is obvious that the increase of 
cathodic pulse parameters and PTO addition inhibit 
the growth of the dense fused morphology; thereby 
they lead to an even distribution of the electrolyte 
species in the outer layer. 

As stated in the literature [29,33], silicate 
forms silica gel on the alumina surface and 
incorporates into the growing oxide through 
interfacial discharges occurring inside the cracks 
and pores. Simultaneously, the PTO hydrolyzes and 
produces a colloidal solution containing greatly fine 
TiO2 nano-particles and oxalate anions [13]. In our 
previous research [13], it was observed that Ti is 
distributed homogenously in a cross-section of the  

 

 

Fig. 5 Si and Ti distribution in PEO coatings prepared in bath without PTO and with 3 g/L PTO at different cathodic 
pulse parameters 
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coating prepared by unipolar waveform, which is 
attributed to its capability for the incorporation 
through all kinds of micro-discharges. As TiO2 has 
a negative zeta potential in an alkaline medium, the 
cathodic pulse imposes a repelling force on TiO2 

particles; therefore, their incorporation under the 
bipolar waveforms is significantly lower than the 
unipolar one and is dominantly on the porous parts 
of the outer layer. 

The phase composition of the coatings was 
determined using the XRD technique. Because the 
XRD patterns are similar, only those for I12D40 
and I12D40P specimens are reported as seen in 
Fig. 6 (the rest are presented in Fig. S1 of the 
Supplement Materials (SM)). 
 

 
Fig. 6 XRD patterns of I12D40 and I12D40P specimens 
(S shows peaks related to substrate) 
 

In all specimens, the peaks related to the 
substrate and γ-Al2O3 responded by the coating 
body are detected. The changes of Dc and Jc do not 
change the XRD patterns and only influence the 
intensity of substrate peaks due to the variation of 
coating thickness. There are no peaks related to the 
Si component because the higher glass-forming 
ability of Si leads to Si incorporation as an 
amorphous phase [34]. Adding PTO makes the 
intensity of γ-Al2O3 (γ phase) peaks extremely 
weaker; meanwhile, no peak belonging to Ti 
components appears due to doping into alumina and 
forming a polymeric titanium oxide on the coating 
surface [13,20]. 
 
3.3 Long-term EIS data 

Bode phase and Bode |Z| (Z is the magnitude 
of complex impedance) plots of the alumina and 

alumina−titania coatings at different immersion 
time up to 240 d in 3.5 wt.% NaCl solution 
(adjusted at pH 4) are presented in Figs. 7 and 8, 
respectively. After 1 d of immersion, the coatings 
reveal one semi-asymmetric broad hump in the 
middle-frequency region of 10 kHz−0.1 Hz, attributed 
to the overlap of two capacitive responses from their 
inner and outer layers. However, I6D20P coating 
shows two separate humps (Fig. 8(a)). In addition, 
there is an increase in phase angle above 10 kHz for 
all coatings, which might be owing to an experimental 
artifact originated by the parasitic capacitance of 
the measurement cables and the cell [35]; therefore, 
it would not be discussed. In Bode |Z| plots of all 
coatings, there is a transmission behavior from 
capacitive to resistive at low frequencies, indicating 
the local ingress of the aggressive solution toward 
the substrate through the micro-pores. 

For I6D20 coating, by increasing the 
immersion time, the broad hump responded by the 
outer and inner layers separates into two 
distinguished humps (Fig. 7(a)), while for others, it 
shifts to the lower frequencies and also more 
negative phase angles (about −75°). It should be 
noticed that this shift is also observed for the   
two humps of I6D20P coating (Fig. 8(a)). These 
changes in Bode phase plots are also associated 
with the disappearance of resistive behavior in the 
low-frequency region on Bode |Z| plots. These are 
indications of an improvement in corrosion barrier 
performance. This denotes that a repairing 
mechanism is governed by longer immersion time. 
After 150 d of immersion, the I6D20 coating 
exhibits two different humps located in 10 Hz− 
1 kHz and 0.3−0.01 Hz ranges at phase angles of 
about −65° and −30°, respectively, where the 
low-frequency hump is resulted by the local 
corrosion attack on the aluminum substrate [36]. 
Thus, the I6D20 specimen is exposed to pitting 
corrosion after 150 d. The pitting also occurs for the 
I6D20P coating after 190 d (Figs. 8(a) and (aʹ)). 
However, the I3D40, I6D40, and I12D40 coatings 
lose their protection after 240 d of immersion, while 
I6D40P and I12D40P show no decay in protective 
action during the 240 d immersion. At 30 and 90 d 
of immersion, the Bode phase plot of I12D40P 
coating (Figs. 8(d)) shows a flat part in the low- 
frequency region beside the hump in middle to low 
frequencies. This flat part is due to the formation of  
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Fig. 7 Bode phase (a−d) and |Z| (aʹ−dʹ) plots of as-prepared alumina coatings including I6D20 (a, aʹ), I3D40 (b, bʹ), 
I6D40 (c, cʹ), and I12D40 (d, dʹ) immersed in 3.5 wt.% NaCl solution at pH 4 for different time 
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Fig. 8 Bode phase (a−d) and |Z| (aʹ−dʹ) plots of as-prepared alumina−titania coatings including I6D20P (a, aʹ), I3D40P 
(b, bʹ), I6D40P (c, cʹ), and I12D40P (d, dʹ) immersed in 3.5 wt.% NaCl solution at pH 4 for different time 
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a diffusion layer [36]. This diffusion response 
disappears after 150 d and a hump appears in    
the middle to low frequency region, as seen in 
Fig. 8(d). 

The EIS results are simulated using equivalent 
electrical circuits (ECs) shown in Fig. 9 and the 
extracted data are presented in Tables S1−S8 in SM. 
Regarding the overlap of the capacitive loops on the 
first day of immersion, an EC with one time constant 
(Fig. 9(a)) is used for fitting the EIS responses 
except for I6D20P. The ECs related to the failure of 
the coatings are reported in Fig. S2 in SM. 
 

 
Fig. 9 ECs used for simulation of EIS data of Figs. 7  
and 8: (a) EC for simulation of porous PEO layer; (b) EC 
for simulation of PEO layer with sealed defects; (c) EC 
for simulation of diffusion of corrosive solution through 
PEO inner layer 
 

In Fig. 9, Rs, Rpore, Rout, and Rin are the 
uncompensated solution resistance, pore resistance, 
outer layer resistance, and inner layer resistance, 
respectively. CPEc, CPEout, and CPEin are related to 

the constant phase elements of the defective coating, 
outer layer, and inner layer, respectively. Also, W is 
the Warburg element denoting the semi-infinite 
length of diffusion, and RW and CPEW are the 
Warburg impedance and the constant phase element 
associated with diffusion processes, respectively. 

The variation of polarization resistance (sum 
of the resistances) of the coatings and the Cx value 
(Cx is the capacitance of the PEO coating) of their 
inner layer during the immersion are displayed in 
Fig. 10. The capacitance and polarization resistance 
(Rp) values are indicators of the protective 
performance and reflect the barrier properties of the 
coatings. The high resistance and low capacitance 
reveal that the coating is more protective [37]. 

It is noticeable that despite the higher 
thickness, each coating prepared in the presence of 
PTO shows lower polarization resistance (Rp) and 
higher capacitance compared to their reference 
coating during the first day of immersion. This 
might be due to the change of electronic properties 
of the alumina via doping by Ti4+. The substitution 
of Ti4+ with Al3+ leads to the formation of donor  
and acceptor levels at the impurity points and 
compensating cation vacancies, respectively. These 
levels readily support charges for conduction or 
polarization;  in this way, ionization of the donors 
releases electrons while positive holes capture 
electrons from the valance band. This charge 
transfer leads to interfacial polarization which 
increases the dielectric constant [38]. This 
mechanism can be assumed if it is considered that a 
low amount of impurities, about 0.5 wt.%, is more 
than enough to produce substantial electrical 
charges [38]. Moreover, after 1 d of immersion, the 
polarization resistance of the coatings prepared   
by bipolar waveforms is extremely lower 
(Rp≤1 MΩ·cm2) than that of the coating grown 
using unipolar waveform (∼10 MΩ·cm2) at the 
same anodic pulse reported in our previous    
work [13]. This is so strange if considering that the 
bipolar coatings are thicker and more compact than 
the unipolar coating. It is well established that the 
thin barrier layer attached to the substrate provides 
most of the total corrosion performance in the PEO 
coatings [39]. Therefore, it seems that the damage 
occurs in the barrier layer through the cathodic 
pulse. However, the repairing mechanism during 
the immersion occurs in the bipolar coatings, which 
considerably improves the electrochemical behavior. 



Mehri HASHEMZADEH, et al/Trans. Nonferrous Met. Soc. China 34(2024) 3326−3343 3338 

 

 
Fig. 10 Variation of Rp (a−d) and Cx (e−h) values of inner layer 
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In this way, voluminous hydrated alumina might be 
formed by the reaction between the anhydrous 
alumina and the adsorbed water [40]. These 
self-sealing products raise polarization resistance 
through the blocking of the paths available for 
penetration of the aggressive solution toward    
the substrate. As seen, the I6D40P and I12D40P 
coatings show a polarization resistance higher than 
500 kΩ·cm2 during the prolonged immersion time, 
because, they show stable and better self-sealing 
during immersion time. This approves that these 
coatings have relatively small imperfections that 
can readily be blocked [15]. The appropriate 
microstructure of these two coatings is attributed to 
the even sparking promoted by oxalate and the 
sintering facilitation of alumina by the doped Ti4+. 
 
3.4 Role of cathodic pulse and PTO in PEO 

process 
Despite the significant research conducted on 

the role of the cathodic pulse, the accurate role of 
the cathodic pulse in the PEO process is not so  
clear [3]. However, it is well-known that the 
cathodic pulse leads to a higher growth rate and 
lower porosity in alumina PEO coatings [6]. One 
proposed reason is that the cathodic pulse impedes 
excessive charge accumulation on the coating 
surface, which results in large discharges [41]. A 
fascinating phenomenon during PEO of aluminum 
alloys under bipolar waveform with an optimum 
electrolyte and electrical parameters is the soft- 
sparking mode, which is accompanied by a decrease 
of anodic voltage and acoustic emission [6]. 
Soft-sparking leads to a more uniform discharge 
distribution over the sample surface and therefore 
develops a hard, thick, and dense coating [6,41,42]. 

In spite of equal cathodic electrical charge in 
the I6D20 and I6D40 processes, the voltage−time 
curve and the characteristics of the coatings are 
completely different. Regarding the lower growth 
rate of I6D20 and I6D20P than that of I6D40, it can 
be suggested that the cathodic current dominantly 
results in hydrogen evolution at the coating/ 
electrolyte interface. However, for I6D40, H+ could 
diffuse into the coating and change the coating 
properties. This is suggested regarding the proton 
conductivity of alumina coating [42]. 

As observed in Fig. 3, the increase of cathodic 
pulse parameters (including Dc and Jc), and also 
PTO addition increase the growth rate of the inner 

layer. Since the coatings prepared in the absence 
and presence of PTO under the same waveform 
show almost the same surface morphology, it can be 
concluded that a part of PTO’s role in the PEO 
process is similar to that of the cathodic pulse. In 
the initial time of the PEO process, the coating has 
sufficiently high electronic conductivity to support 
hydrogen evolution during the cathodic pulse. 
When the coating thickens enough, it may be 
considered resistant to arriving electrons from the 
metal/coating interface to the coating/electrolyte 
interface [42]. ROGOV et al [42] proposed that 
local acidification of the electrode surface due to 
the low rate of hydrogen evolution rearranges the 
electrical double layer at the oxide/electrolyte 
interface, which leads to a decrease and an increase 
of the potential barrier in anodic and cathodic 
directions, respectively. As seen in Fig. 1, instead of 
an increase, the drop in cathodic voltage occurs in 
coincidence with the drop of anodic voltage, which 
is indicative of the increase in electrical 
conductivity in both directions. Then, it can be 
concluded that the rearrangement of the electrical 
double layer is not the reason for the voltage drop 
in this study. This might be due to the high 
frequency of the waveforms (2 kHz), which makes 
the rearrangement of the electrical double layer 
impossible. This is in agreement with the 
observation of NOMINÉ et al [41]. Regarding the 
literature and the observations in this project, a 
mechanism is proposed for the role of cathodic 
pulse and PTO additive during the PEO process as 
follows: As stated before, in valve metals, the 
electrons can flow through the oxide layer when the 
metal is the cathode. This process is limited by the 
increase in coating thickness and the decrease in 
electronic conductivity. Therefore, after the coating 
thickens enough, the electrons flow in the oxide 
during the cathodic pulse and acidification occurs  
at the oxide/electrolyte interface. Alumina−silicate 
surface is prone to be dissolved in an acidic 
medium and then a porous outer layer forms [43]. 
The porous outer layer could facilitate the diffusion 
of H+ ions into the oxide. The increase of cathodic 
current increases the growth rate and facilitates  
the formation of a thicker layer. The higher 
acidification induced by water dissociation makes 
more porosities and thus higher diffusion of H+ ions 
into the oxide. These ions could combine with the 
electrons at the metal/coating interface and release 
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H2. The H2 evolution could destroy the barrier layer 
continuity at the metal/oxide interface; therefore, 
the increase in mass and charge transfer rates leads 
to an increase in growth rate at this interface. 

At 6 A/dm2 and Dc=20%, the short time of 
cathodic pulse (100 µs) might not be sufficient for 
local acidification of the electrode surface and  
then a fused dense outer layer is developed. This 
mechanism is in agreement with the results      
of the research conducted by GEBAROWSKI and 
PIETRZYK [44]. They observed a significant 
change in the electrical properties of the oxide 
coating prepared under the soft sparking transition. 
Before soft sparking, the coating significantly 
showed high resistance (order of MΩ) for charge 
and mass transfer. However, the coating 
experiencing soft sparking had extremely less 
resistance and higher capacitance. The authors 
attributed this to the formation of some defects in 
the barrier layer that destroys the barrier layer 
continuity due to the hydrogen evolution during  
the cathodic pulse. In addition, the smooth 
metal/coating interface seen in Figs. 3(d) and (h) 
shows the lack of diffusion barrier at the 
metal/coating interface of the coatings grown at 
12 A/dm2 and Dc=40% (i.e. I12D40 and I12D40P) 
due to the highly defective barrier layer. 

As seen in Fig. 3, PTO enhances the cathodic 
pulse effect. It is noticeable that the role of PTO is 
prominent at higher Dc and Jc. It has been 
confirmed that organic acids and their conjugate 
salts could make a considerable influence on 
various types of minerals and enhance elemental 
mobility and intensify the solid matrix solubility. 
For instance, the adsorption of oxalate as a 
bidentate chelator on alumina weakens the Al—O 
bonds by polarizing bridging Al—O bonds, which 
is called oxalate-promoted dissolution of the oxide 
minerals [45]. In addition, it was shown that the 
proton-promoted dissolution rate in the presence of 
oxalate could be significantly high [43]. Thus, it can 
be concluded that the proton-promoted alumina 
dissolution induced by cathodic pulse, oxalate- 
promoted alumina dissolution, and synergistic 
effect of oxalate on the proton-promoted alumina 
dissolution make the fused dense layer as a barrier 
for H+ penetration into the growing oxide and 
develop the porous layer. In this way, the H2 
evolution at the metal/oxide interface intensifies the 
defective barrier layer and helps the coating growth. 

Also, regarding that the dense fused layer is more 
likely leading to the spallation of the coating during 
the PEO process [20,31,46], it can be suggested that 
the porous outer layer is useful for the even 
distribution of the sparks created during the anodic 
pulse and also the porous layer is more capable for 
accommodating the volume expansion of the oxide 
formation. 

As stated, the soft sparking transient did not 
occur in the PEO processes at 6 A/dm2 and Dc=20% 
(i.e. I6D20 and I6D20P), which might be due to  
the lack of required acidification during the    
short cathodic pulse. The higher compactness of 
I6D20 and I6D20P coatings in comparison with  
that of the coatings prepared by the unipolar 
waveform at the same anodic pulse [13], is owing 
to the modification of anodic sparks by cathodic 
pulse through prevention of excessive charge 
accumulation on the coating. 
 
4 Conclusions 
 

(1) A higher growth rate of PEO coating was 
achieved by designing an appropriate cathodic 
pulse of bipolar waveform and adding potassium 
titanyl oxalate into the PEO electrolyte. The 
cathodic duty cycle and cathodic current density 
influence the growth rate of the inner layer 
significantly. This was accompanied by the 
changing of the surface morphology of the coating 
from a fused-dense morphology to a homogenous 
porous morphology. 

(2) By XRD analysis, only γ-Al2O3 was found 
in the coatings and no crystalline Ti-containing was 
detected. EIS results revealed that the PTO addition 
into the bath made Ti4+ incorporation as point 
defects into alumina crystal lattice, which led to a 
lower polarization resistance and higher CPE values 
after 1 d of immersion in the corrosive solution. The 
cathodic duty cycle of 40% and cathodic current 
density values more than 6 A/dm2 along with 
adding PTO in the PEO bath developed coatings 
that showed a repairing mechanism during 
immersion and protected the substrate from the 
corrosive solution during immersion of 240 d. 
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摘  要：在含草酸钛钾(Potassium titanyl oxalate, PTO)的硅酸盐电解液中采用不同阴极占空比和阴极电流密度的脉

冲双极波形，在 7075 铝合金上生长等离子电解氧化(Plasma electrolytic oxidation, PEO)涂层，研究阴极脉冲参数对

PEO 涂层的影响。通过扫描电子显微镜、能量色散 X 射线光谱(EDS)和 X 射线衍射(XRD)对涂层进行了表征。使

用电化学阻抗谱(Electrochemical impedance spectroscopy, EIS)研究其电化学性能。结果表明，当阴极占空比和阴极

电流密度分别从 20%和 6 A/dm2 增加到 40%和 12 A/dm2 时，内层的生长速率从 0.22 µm/min 提高到 0.75 µm/min。

向电解液中加入 PTO 增强了阴极脉冲的影响，由此产生的阴极脉冲参数的变化使得内层生长速率从 0.25 µm/min

增加到 1.10 µm/min。EDS 分析结果表明，Si 和 Ti 主要分布在涂层的上部。XRD 仅检测到 γ-Al2O3，未检测到与

Ti 和 Si 化合物相关的峰。然而，EIS 结果证实，Ti4+掺入氧化铝改变了涂层的电性能。在含有 PTO 的电解液中使

用 40%阴极占空比和大于 6 A/dm2 电流密度的双极波形获得的涂层，在 240 d 的浸泡期间表现出优异的电化学行

为，这归因于有效的修复机制。关于研究参数对涂层性能的影响，强调了阴极脉冲参数和 PTO 在 PEO 过程中的

作用。 

关键词：Al2O3−TiO2 涂层；等离子电解氧化；草酸钛钾；电化学阻抗谱 
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