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Abstract: Plasma electrolytic oxidation (PEO) was applied using a pulsed unipolar waveform to produce Al2O3−TiO2 
composite coatings from sol electrolytic solutions containing colloidal TiO2 nanoparticles. The sol solutions were 
produced by dissolving 1, 3, and 5 g/L of potassium titanyl oxalate (PTO) in a silicate solution. Scanning electron 
microscopy, energy dispersive spectrometry, X-ray diffraction, and Raman spectroscopy were applied to characterizing 
the coatings. Corrosion behavior of the coatings was investigated using polarization and impedance techniques. The 
results indicated that TiO2 enters the coating through all types of micro-discharging and is doped into the alumina phase. 
The higher level of TiO2 incorporation results in the decrease of surface micro-pores, while the lower incorporation 
shows a reverse effect. It was revealed that the higher TiO2 content makes a more compact outer layer and increases the 
inner layer thickness of the coating. Electrochemical measurements revealed that the coating obtained from the solution 
containing 3 g/L PTO exhibits higher corrosion performance than that obtained in the absence of PTO. The coating 
produced in the absence of PTO consists of γ-Al2O3, δ-Al2O3 and amorphous phases, while α-Al2O3 is promoted by the 
presence of PTO. 
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1 Introduction 
 

Despite the high specific strength and 
toughness of 7075 Al alloy, its susceptibility to 
different kinds of localized corrosion such as pitting 
and intergranular corrosion is a major challenge in 
the aerospace industry. The most common surface 
treatment for aluminum alloys is hard anodizing, 
but 7075-T6 Al alloy does not accept hard 
anodizing appropriately due to its compositional 
heterogeneity arising from the intermetallic 
compounds [1]. Plasma electrolytic oxidation (PEO) 

is a surface treatment that drew attention in the last 
decades to prevail the deficiencies of the 
conventional and hard anodizing methods [2]. PEO 
process fulfills over the breakdown voltage of the 
oxide layer, which leads to electrical discharges that 
provide proper conditions for the production of the 
coatings containing oxides of metals present in the 
substrate as well as species incorporated from the 
electrolytic solution [3–5]. Being a multifactor- 
controlled physico-chemical process, the properties 
of PEO coatings depend on electrical parameters 
such as current density and waveform (i.e. 
frequency and duty cycle [6−10]), and on employed 
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electrolyte composition and temperature [8,10−12]. 
The porosity resulting from the micro-discharges, 
and the limited range of composition of the PEO 
coatings are two significant challenges [13]. An 
efficient way to tune microstructure and 
composition of the PEO coatings is the selection of 
the electrolyte. 

Al2O3−TiO2 composite coatings are very 
promising since they can retain the beneficial 
features of both TiO2 and Al2O3 [14]. Indeed, 
adding titania to alumina improves its fracture 
toughness [15], wear resistance and corrosion 
resistance [16,17], and dielectric [18], and 
photocatalytic properties [19]. BAHRAMIAN    
et al [17] revealed that in-situ incorporating TiO2 
nanoparticles into the coating using DC power 
improves the corrosion resistance of the Al alloy  
by reducing the coating porosity. HAKIMIZAD   
et al [10] produced Al2O3−TiO2 composite coatings 
from a silicate-based electrolyte (10 g/L liquid glass) 
by adding solid TiO2 nanoparticles. When unipolar 
waveform was applied, the high level of 
micro-pores in the coating was responsible to fail 
the corrosion withstand. However, bipolar 
waveforms improved the corrosion performance of 
the coatings, which was attributed to the effective 
role of electrical parameters in increasing 
compactness and thickness of the coatings. A 
similar strategy was followed to produce 
Al2O3−TiO2 composite coatings in the same silicate 
solution by adding potassium titanyl oxalate (PTO) 
as an ionic additive [20]. PTO created a sol 
electrolytic solution containing colloidal TiO2 
nanoparticles together with silicate. The coatings 
prepared in these conditions provided higher 
corrosion resistance than those grown using solid 
TiO2 nanoparticles [10]. However, the PTO was 
considered as a fix constituent of the bath, and thus, 
its net effect on improving the coating 
microstructure was less studied. 

In this study, to explore the precise effect of 
colloidal TiO2 nanoparticles on microstructure and 
properties of Al2O3−TiO2 composite coatings, PEO 
process was carried out at different PTO 
concentrations using a simple unipolar waveform to 
reduce the complexity of coating process. 
Regarding liquid glass and its complicated 
polymeric structure, we used sodium metasilicate 
pentahydrate as the silicate source in the electrolytic 
solution. 

 
2 Experimental 
 
2.1 Specimen preparation 

Disc-shaped specimens of 7075 Al alloy with 
the chemical composition (wt.%) of 3.3 Mg, 5.8 Zn, 
1.3 Cu, 0.3 Cr, 0.4 Fe, 0.2 Mn, and balance Al with 
the diameter of 20 mm and the width of 3 mm were 
used as substrates. Both faces of the specimens 
were mechanically polished down to 1200 grit 
using SiC abrasive papers. After connecting the 
specimens to copper wires, they were washed 
ultrasonically in deionized water and ethanol and 
finally dried in cold airflow. 
 
2.2 Plasma electrolytic oxidation process 

For the plasma electrolytic oxidation (PEO) 
treatment, a full-switching double isolated source 
power supply capable of delivering adjustable 
unipolar and bipolar waveforms up to 750 V/30 A 
was employed. A unipolar current at a constant 
frequency of 2 kHz, 20% duty cycle, and average 
anodic current density of 6 A/dm2 was applied using 
the mentioned power supply. A 7 L cylindrical cell 
made of 316 L stainless steel was used, where its 
wall served as the counter electrode. The cell was 
placed in a 100 L water-filled temperature- 
controlled container. The inside electrolyte was 
vigorously stirred using a submersible full polymer- 
body electrical pump, maintaining the electrolyte 
temperature at (20±2) °C. The pretreated specimens 
and the container were connected to the positive 
terminal and the negative terminal of the power 
supply, respectively. The coating bath was prepared 
by dissolving 3 g/L sodium metasilicate 
pentahydrate (Na2SiO3·5H2O, SMS) as the base 
electrolyte, 2 g/L KOH and potassium titanyl 
oxalate (K2TiO(C2O4)2, PTO) as an ionic additive in 
various concentrations. The specimen codes defined 
based on the PTO concentrations in the bath were 
P0, P1, P3, and P5, relating to 0, 1, 3, and 5 g/L 
PTO, respectively. The pH and conductivity values 
of the coating solutions are given in Table 1. 

The coating process was performed for 60 min. 
For investigating the PTO role, the PEO treatment 
was performed in two electrolytes containing 0 and 
3 g/L PTO for different time of 1, 1.5, 3, 5, 10, and 
20 min. 
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Table 1 pH and conductivity of coating electrolytes 
containing different concentrations of PTO 

Specimen code pH Conductivity/(mS·cm−1)

P0 12.32 9.3 

P1 12.27 9.0 

P3 12.13 8.2 

P5 11.58 7.4 

 
2.3 Coatings characterization 

The surface and cross-section morphologies of 
the coatings were examined using a field emission 
scanning electron microscope (FESEM FEI Quanta 
feIg 450) equipped with an energy dispersive 
spectrometer (EDS) for determining the chemical 
composition and elemental maps of the coatings. 
After vertically mounting the specimens in an 
epoxy resin, the cross-sections were ground down 
to 2400 grit using abrasive SiC papers and polished 
to a mirror finishing using Buehler alumina powder 
(0.5 μm). Then, the specimens were cleaned 
ultrasonically in an ethanol bath, washed in 
deionized water, and dried in cold airflow. The 
average thickness of the coatings was estimated on 
cross-section of the SEM micrographs using Image 
J 1.44p software (version 1.6). The thickness values 
were measured in ten locations of each specimen, 
and the average value was reported. 

The phase composition of the coatings was 
evaluated using a glancing-angle X-ray diffracto- 
meter (GAXRD, model ASENWARE A 
W-XDM300). The X-ray diffraction (XRD) patterns 
were obtained over a 2θ range of 20°−80° using 
Cu Kα radiation generated at 40 kV and 30 mA by 
the incident angle of 10°. X'pert Highscore software 
with PDF2 database was employed to analyze the 
XRD patterns. 

Micro Raman spectrum was acquired using a 
Renishaw inVia Raman microscope spectrometer 
equipped with a microprobe and a CCD detector 
with a Nd:YAG laser of 532 nm. 
 
2.4 Evaluation of corrosion behavior of coatings 

Electrochemical impedance spectroscopy (EIS) 
tests were performed to investigate the corrosion 
behavior of the coatings, using a potentiostat/ 
galvanostat (AMETEK model PARSTAT 2273). 
The EIS tests were performed in 3.5 wt.% NaCl 
solution at pH 4, adjusted by adding dilute HCl 
solution, using a three-electrode cell. The pH was 

decreased for intensifying the corrosive media and 
high-lightening the performance of the coating in 
the test [21]. A platinum plate and a saturated 
Ag/AgCl were applied as the counter and reference 
electrodes, respectively. The studied frequency 
range was from 10−2 to 105 Hz. The EIS tests were 
performed after 24 h immersion in the mentioned 
corrosive solution. Also, potentiodynamic 
polarization curves were recorded after 24 h 
immersion in the test solution. The potential range 
for these tests was from −250 mV versus open 
circuit potential (OCP) in the cathodic region to 
500 mV versus OCP in the anodic region, at the 
scan rate of 1 mV/s. A minimum of three replicates 
were taken for each condition. 
 
3 Results 
 
3.1 Voltage−time response 

Figure 1 shows the voltage−time curves 
obtained by applying a constant average current 
density of 6 A/dm2 for 60 min in the presence of 
various PTO concentrations. Based on the slope 
variation of the curves, a typical four-stage 
voltage−time response is observed on each curve. 
The onsets of Stage III and IV are different at each 
PTO concentration and specified by the bullets in 
Fig. 1. The slopes of each stage are summarized in a 
table inserted in Fig. 1. The first stage (Stage I) is 
characterized by an abrupt linear increase of voltage 
versus time ascribed to the formation of a primary 
dielectric oxide film. After that, Stage II 
commences with the dielectric breakdown of the 
oxide film and the appearance of homogeneous fine 
 

 
Fig. 1 Voltage−time graphs for specimens coated by PEO 
at different PTO concentrations (The inset table shows 
the slopes of four stages at different PTO concentrations) 
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white sparks. In Stage III, orange-red sparks occur, 
and the voltage continues to increase. This stage is 
known as the micro-arc stage. In Stage IV, the 
voltage variation is even lower than that of Stage III 
and reaches a near steady-state value similar to that 
in Refs. [22,23]. As observed in Fig. 1, the 
breakdown voltage is raised by increasing the PTO 
concentration. The breakdown voltage values in the 
electrolytes containing 0 and 5 g/L PTO are 419 and 
467 V, respectively. 
 
3.2 Microstructure and phase analysis 

Figure 2 shows the surface morphologies of 
the PEO coatings. As observed, P0, P1, and P3 
coatings exhibit a pancake morphology along with 
some fine particles attached to the pancakes, named 

as the nodules in the literatures [2,24]. The density 
of nodules is reduced by increasing the PTO 
concentration. The size of the surface micro-pores 
is increased by adding 1 g/L PTO in the solution 
(Figs. 2(a, b)), while a reduction is seen at higher 
PTO concentrations (Figs. 2(c, d)). In electrolyte 
containing 5 g/L PTO (Fig. 2(d)), new protrusion 
structures named crater-like features appear on the 
coating surface. Also, micro-cracks are formed   
in the coatings due to thermal stress and high  
pressure [25]. The pancakes are created during 
discharging by the fast solidification of the melt 
thrown out from the coating/substrate interface. 
EDS analysis reveals that the pancakes are rich in 
Al element, (Fig. 3(a)), while the nodules are rich in 
Si and Ti elements (Fig. 3(b)). 

 

 
Fig. 2 Surface morphology images of PEO coatings prepared at different PTO concentrations: (a) P0; (b) P1; (c) P3;  
(d) P5 
 

 
Fig. 3 EDS analysis on pancake (a), and nodular (b) structures  
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Table 2 gives surface elemental compositions 
of the PEO coatings obtained by EDS area analysis. 
The coating produced in PTO-free electrolyte (P0) 
mainly consists of Al, O, and Si. The increase of 
PTO concentration from 1 to 5 g/L raises the Ti 
incorporation in the coating from 1.3 to 7.8 at.%. 
However, the Si content is not influenced 
significantly. The presence of Si and Ti inside the 
coatings indicates that the electrolyte’s species 
participate in the reactions occurring in the 
discharge channels and take part in the coating 
formation. 

Figure 4 displays cross-sectional morphologies 
of the PEO coatings. A bi-layer coating is formed in  
 
Table 2 Elemental composition from EDS analysis of 
prepared coatings (at.%) 

Element P0 P1 P3 P5 

O 42.6 47.2 52.6 41.1 

Na 2.9 2.2 2.0 2.3 

Mg 1.1 1.2 0.6 0.7 

Al 34.9 35.6 28.1 35.2 

Si 16.4 10.7 8.3 10.8 

K 2.0 1.8 1.9 2.0 

Ti − 1.3 6.4 7.8 
 

all cases, with large lateral pores between the layers. 
In the absence of PTO (Fig. 4(a)), no clear inner 
layer can be detected in the coating, and many pores 
are present at the coating/substrate interface. 
However, adding 1 g/L PTO into the electrolyte 
creates a very thin inner layer, as seen in Fig. 4(b). 
By adding 3 and 5 g/L PTO in the electrolyte, the 
thickness of the inner layer and compactness of 
both inner and outer layers increase, although the 
coating thickness decreases from ∼35 to ∼29 µm 
(Figs. 4(c, d)). Therefore, it is reasonable to claim 
that the PTO is a modifier agent due to its capability 
for boosting the inner layer quality. 

Figure 5 shows EDS elemental maps of Al, Mg, 
O, Si, and Ti of the coatings. As seen, Al, O, and 
Mg elements are distributed uniformly throughout 
the coatings. In the coating prepared from 0 and 
1 g/L PTO (P0 and P1 specimens), Si is dominantly 
found on the coating surface, the inner walls of  
the pores, and at the coating/substrate interface. 
However, for the coatings grown in the presence of 
3 and 5 g/L PTO (P3 and P5 specimens), Si is 
mostly accumulated in the upper layers of the 
coatings. In the P1 coating, Ti shows an even 
distribution, while in the P3 and P5 coatings, 
despite the presence of Ti throughout the coating, a 
dominant distribution is observed in the inner layer 
and even on the top surface of the coating. 

 

 
Fig. 4 Cross-sectional SEM images of PEO coatings prepared at different PTO concentrations: (a) P0; (b) P1; (c) P3;  
(d) P5  
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Fig. 5 Elemental mappings of PEO coatings produced in different electrolytes 
 

Figure 6 displays XRD patterns of the coatings. 
In all specimens, the peaks related to Al alloy 
substrate, γ-Al2O3, and δ-Al2O3 are detected. By 
adding and increasing the PTO amount in the 
electrolyte, diffraction peaks of Al, γ-Al2O3, and 
δ-Al2O3 become weak, while the peaks related to 
α-Al2O3 become appear and intensify. The halo 
observed in the XRD patterns can be attributed to 
the significant presence of amorphous phases [26]. 

Figure 7 presents the Raman spectra of the P0, 
P3 and P5 specimens. In the Raman spectra, the 
broad peaks with relatively low intensities indicate 
that these phases have poor crystallinity. The 
Raman bands at 266 and 693 cm−1 are related to the 

 
Fig. 6 XRD patterns of specimens coated by PEO in 
different electrolytes 
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Fig. 7 Raman spectroscopy results of PEO coatings 
prepared from different electrolytes 
 
doped rutile [27], and the band at 398 cm−1 matches 
to 2B1g active mode of anatase polymorph [28]. 
Indeed, the tetragonal structure of anatase belongs 
to the space group D4h and has two formula units 
per primitive cell, leading to six Raman active 
phonons: 3Eg (144, 196 and 638 cm−1), 2B1g (398 
and 519 cm−1) and 1A1g (513 cm−1) [28]. 
 
3.3 Corrosion behavior of coatings 

Figure 8 displays potentiodynamic polarization 
curves employed to evaluate the corrosion behavior 
of the coated specimens in 3.5 wt.% NaCl solution 
(adjusted at pH 4 using hydrochloric acid). 
 

 
Fig. 8 Polarization curves of prepared coatings after 24 h 
immersion in 3.5 wt.% NaCl solution at pH 4 
 

The electrochemical parameters including 
corrosion current density (Jcorr), corrosion potential 
(φcorr), and pitting potential (φpit) extracted from 
potentiodynamic polarization are given in Table 3. 

For the P0 and P1 specimens, the anodic 
branch of the curve shows the onset of pitting 

Table 3 values of electrochemical parameters extracted 
from potentiodynamic polarization plots recorded after 
24 h immersion in 3.5 wt.% NaCl solution at pH 4 
Specimen

code 
Jcorr/ 

(nA·cm−2)
φcorr(vs Ag/AgCl)/ 

mV 
φpit(vs Ag/AgCl)/

mV  
P0 25±7 −814±6 ≈φocp 
P1 80±28 −795±7 ≈φocp 
P3 5 −770±7 −719±6 
P5 6±2.8 −733±10 −696±8 

 
phenomena at potential very close to the corrosion 
potential (φcorr). This means that the localized 
corrosion is possible at open circuit potential (OCP), 
i.e. the corrosion resistance of these coatings is very 
low. Better performances are shown by P3 and P5, 
whose breakdown potential is higher. EIS spectra 
were recorded to get more insight of the corrosion 
resistance of the coating and to highlight the role of 
the inner compact layer in influencing the corrosion 
resistance of the coatings. Nyquist and Bode-phase 
plots relating to the as-prepared coatings are shown 
in Fig. 9. 

As seen in Bode-phase plots (Fig. 9(b)), all 
coatings reveal two humps. Both P0 and P1 
specimens exhibit one hump at high-frequency 
region and another around 10 Hz. The high- 
frequency response is from the outer layer of the 
coating, while the low-frequency response is raised 
by the electrical double layer and the corresponding 
charge transfer [29]. This is because the paths 
created by pores/cracks in the outer layer of the 
coating locally expose the substrate surface to the 
corrosive solution, which results in the localized 
corrosion attack of the substrate [30]. This is in 
agreement with the polarization curves showing the 
local attack at OCP condition for P0 and P1 
specimens (Fig. 8). 

The electrical equivalent circuit (EC) for 
simulating the spectra is specified by applying 
Z-view. The EC is based on χ2 values (≤10−3) and 
logical values obtained from the simulated data.  χ 2 value as a measure of goodness of fitting is 
defined as  

 
2 2

, ,2
2 2 2 2

1

( ) (( ( ) ))n i i i ii p i p

i i i i i

z a z b

a b a b

ω ω
χ

=

 ′ ′′− −
 = +
 + + 


 

  (1) 

 
where iz ′  and iz ′′ are calculated values, ωi, αi, 
and bi are empirical data values, and 𝑝⇀parameter 
is connected to the model [31]. 
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In the EC (Fig. 10), Rs is the uncompensated 
solution resistance, Rout is the outer layer resistance 
of the coating, and Rct is interfacial charge transfer 
resistance. 

CPE is the constant phase element, which is 
applied in the EC instead of capacitance because 
 

 
Fig. 9 Nyquist plots (a) and Bode-phase plots (b) of PEO 
coatings after 24 h immersion in 3.5 wt.% NaCl solution 
at pH 4 
 

 
Fig. 10 Equivalent circuit of P0 and P1 specimens 

often, the capacitance is not ideal. Porosity, 
roughness, cracks, and other intrinsic defects are 
some reasons for the non-ideal behavior of the PEO 
coatings [12]. The impedance representation of a 
CPE is calculated by  
Z(CPE)=1/[Q(jω)n]                         (2) 

 
where Q and ω are the admittance and the angular 
frequency, respectively. Here −1<n<1 and the case 
n=1 belongs to an ideal capacitor [32]. CPEdl and 
CPEout refer to the constant phase elements of the 
electrical double layer and the outer layer of the 
coating. 

For P3 and P5 specimens, the capacitive loops 
are de-convoluted well, as seen in Fig. 9(b). The 
loops at high frequencies are again attributed to the 
outer layers of the coatings, while the low- 
frequency ones are relating to the inner layers of the 
coating [33]. The corresponding EC is presented in 
Fig. 11, where Rin and CPEin are responded by the 
inner layer resistance and inner layer capacitance of 
the coatings, respectively. 

The values of the electrical elements extracted 
by fitting the spectra are summarized in Table 4. 
 

 
Fig. 11 Equivalent circuit of P3 and P5 specimens 
 
3.4 Growth steps in PEO process 

To reveal the precise role of PTO in PEO 
process, the coatings grown at different time from 
the baths containing 0 (P0) and 3 g/L PTO (P3) are 
traced. Figures 12 and 13 present surface and cross- 
sectional images of the P0 and P3 coatings, 
respectively, after various growing time. 

As seen in Figs. 12(a) and 13(a), after 1 min 
processing, the coatings’ surface is relatively flat, 
and a uniform nano-pore distribution is observed at 

 
Table 4 Parameters extracted from Nyquist and Bode-phase plots in Fig. 9 

Specimen code Rout/(kΩ·cm2) CPEout/(µF·s−1·cm−2) nout Rct/in/(MΩ·cm2) CPEdl/in/(µF·s−1·cm−2) ndl/in 

P0 1.8 0.2 0.8 0.3 1.9 0.7 

P1 2.0 2.7 0.6 0.2 0.9 0.8 

P3 49.2 0.2 0.8 10.0 1.5 0.6 

P5 69.4 0.5 0.6 10.8 1.9 0.7 
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Fig. 12 Surface morphologies and cross-sectional SEM images of coatings prepared at different PEO time in electrolyte 
without PTO: (a, a′) 1 min; (b, b′) 1.5 min; (c, c′) 3 min; (d, d′) 5 min; (e, e′) 10 min; (f, f ′) 20 min 
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Fig. 13 Surface morphologies and cross-sectional SEM images of coatings prepared at different PEO time in electrolyte 
containing 3 g/L PTO: (a, a′) 1 min; (b, b′) 1.5 min; (c, c′) 3 min; (d, d′) 5 min; (e, e′) 10 min; (f, f′) 20 min 
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higher resolution. According to the corresponding 
cross-sections, a thin continuous barrier film is 
grown entirely on the substrate for P3 specimen 
(Fig. 13(a′)). However, the coating grown in the 
absence of PTO (P0) is very thin and some areas are 
observed bare (Fig. 12(a′)). 

After the dielectric breakdown (1.5 min), the 
surface morphology of P3 coatings (Fig. 13(b)) 
consists of two regions, including a relatively 
smooth region rich in Al (dark) and a rough region 
rich in Ti and Si (white). The fine pores are also 
created due to the fine sparking occurring after 
dielectric breakdown [23]. The P3 specimen 
displays more discharge channels and its cross- 
section (Fig. 13(b′)) is thicker and denser than that 
of the P0 (Fig. 12(b′)). However, the surface 
morphology of the P0 coating undergoes a similar 
change as P3 coating after 3 min (Fig. 12(c)). At 
this time, the characteristic morphology of PEO 
coating appears for the P3 coating, where the 
pancakes with central holes are seen in Fig. 13(c). 
After 5 min, the pancakes also appear for the P0 
coating (Fig. 12(d)). The cross-section of the P0 
reveals a non-continuous porous layer (Fig. 12(d')), 
while that of P3 seems sufficiently compact with a 
thickness of 1.3−2 µm (Fig. 13(d')). By further 
increasing the time (Figs. 12(e, f) and Figs. 13(e, f)), 
the number of surface pores is reduced, and the 
pancakes become bigger. The comparison of 
Figs. 12(c, d, e) with Figs. 13(c, d, e) displays the 
larger micro-pores on the surface of P3 specimen. 
However, after 60 min coating growth (Fig. 2(c)), 
the micro-pores become significantly smaller. 

The dependency of coating thickness on 
processing time is displayed in Fig. 14. A sudden 
 

 
Fig. 14 Thickness of coatings prepared in electrolyte 
containing 0 and 3 g/L PTO at different PEO time 

increment of thickness occurs after 5 min for both 
coatings. For P3 coating, the thickness versus time 
varies almost linearly from 5 to 20 min, with a 
growth rate of 0.9 µm/min. 

Figure 15 shows the content variation of Si 
and Ti elements of P0 and P3 coatings with process 
time. The results show a decrease of Si content in 
both coatings at the initial stage of treatment. This 
is attributed to the excessive evolution of oxygen 
through plasma discharging. Contrary to the decline 
of Si content, the content of Ti increases right after 
the dielectric breakdown (1.5 min) for the P3 
coating. 
 

 
Fig. 15 Variation of Si and Ti element contents of coating 
with processing time in electrolyte containing 0 (P0) and 
3 g/L PTO (P3) 
 
4 Discussion 
 

An approach to overcome intrinsic porosity 
and limited range of composition in PEO is to 
introduce appropriate additives into the coating bath 
aiming at their in-situ incorporation into the PEO 
coatings [13]. PTO salt, as an additive, dissolves in 
water to produce TiO(C2O4)2

2− and K+ ions, as 
described in Eq. (3). In an alkaline solution, TiO2 
colloidal particles are also formed (Eq. (4)) [34]:  
K2[TiO(C2O4)2]→2K++[TiO(C2O4)2

2−]        (3)  
[TiO(C2O4)2

2−]+2OH−→TiO2+H2O+2C2O4
2−       (4)  

TiO2 nano-particles are negatively charged [35] 
and, thus, they are driven toward the anode 
electrode by electrophoretic force in addition to 
mechanical admixture [36]. The colloidal TiO2 
nanoparticles generated inside the solution are 
significantly fine and easily incorporate into the 
coating. This is confirmed by the higher TiO2 
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content of P3 coating in current study (~6.3 at.%) 
than that produced previously from the solution 
containing 3 g/L TiO2 nanoparticles (~2.5 at.%) [10]. 
In Stage I of growing, the participation of 
decomposed products of PTO into the bottom pore 
of the created anodic films suppresses the 
dissolution of aluminum substrate [37]. Because 
TiO2 is dominantly distributed in both inner layer 
and top surface of the coatings, it can be concluded 
that the various types of micro-discharging should 
be responsible for incorporating colloidal TiO2 
nanoparticles. On the other hand, since a gel of Si 
compounds is formed at the coating/solution 
interface [38], Si is abundant on top of the coating. 
The presence of Si in the inner layer of P0 and P1 
coatings indicates that for these coatings, the 
solution reaches the inner layer via cracks, pores, or 
discharge channels during the PEO process [2]. 

Generally speaking, the PEO process involves 
two growth mechanisms. The first is the 
development of an outer layer far away from the 
substrate surface by micro-discharges releasing 
molten aluminum, which then solidifies and 
oxidizes immediately. The second is the 
development of an inner layer on the substrate 
surface that occurs through the inward oxygen 
diffusion [39]. According to HUSSEIN et al [40], 
the growth rate of the inner layer increases during 
the long treatment because of the thermal-activated 
diffusion nature of the PEO. It is reported that TiO2, 
as a low-temperature sintering additive [41−43], 
decreases the sintering temperature of Al2O3, 
improves the distribution of melted alumina 
produced by micro-discharging, and thereby 
decreases the porosity of the resulted coating. 
Therefore, the outer layers of the coatings grown  
in the solutions containing 3 and 5 g/L PTO 
(Figs. 4(c, d)) are more compact than those 
produced in the absence and presence of lower PTO 
concentrations (Figs. 4(a, b)). For P0 and P1 
coatings, the thickness is determined dominantly by 
the outer layer growth, while for P3 and P5 ones, it 
is determined by the inner layer growth. The lower 
growth rate of the outer layer in P3 and P5 finally 
results the less thickness values than P0 and P1, 
because the more compact outer layer limits the 
intensity and abundance of micro-discharges,  
which causes the lower releasement of molten 

aluminum and then lower outer layer growth. Also, 
the TiO2 weakens the binding forces in the alumina 
structure and enhances the oxygen diffusion in the 
matrix [44], and thereby, it increases the inner layer 
growth rate. It should be remarked that for the 
K2TiF6, a reverse effect was reported [45]. The 
fluoride ions released by ionization of this salt 
promote the field-assisted ejection of Al3+ ions from 
the surface of the oxide film, thereby reducing the 
efficiency of film growth [46]. 

There is a controversy about the formation 
mechanism of micro-pores at the inner/outer layer 
interface. As the processing time reaches 10 min, a 
single-layer with the thickness of (3.5±2) µm is 
seen for the P0 coating (Fig. 12(e′)), while a 
fully-developed bi-layer structure appears in P3 
coating (Fig. 13(e′)). The bi-layer structure is 
composed of a dark-contrast layer in direct touch 
with the substrate surface and an outer layer on top, 
associated with some pores between the two layers. 
However, the similar structure appears in P0 
coating after 20 min (Fig. 12(f ′)). To explain the 
formation of the pores between the inner and outer 
layers, three reasons are proposed: the dissolution 
of the coating and substrate by the electrolyte 
penetrated through open pores in the early    
stages [22], the flow of molten Al2O3 from the pore 
bottom toward the pore wall due to the growing 
stress and the field-assisted plasticity [47], and   
the excessive gas evolution under plasma 
discharging [2,48]. In the PEO process, the 
excessive oxygen evolution occurs due to the 
formation of OH− radicals by ion bombardment of 
electrolyte species at the discharge/electrolyte 
interface [49]. The stress due to gas evolution 
drives the outer layer outward, and then, the pores 
will be formed at the interface of inner/outer layers. 
By considering the coating morphologies in 
Figs. 12 and 13 and the voltage−time responses in 
Fig. 1, it is deduced that the bi-layer structure is not 
created before the initiation of Stage III. In the 
mechanism proposed by CHENG et al [2,48], it is 
supposed that the lateral pores are formed soon 
after the dielectric breakdown. However, by 
considering Figs. 12(e′) and 13(d′), it is found that 
the lateral pores are not formed even after a 
significant dielectric breakdown. 

In each processing time (except 60 min), the 
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thickness of the P3 coating is higher than that of the 
P0 coating due to the higher processing voltage 
governed (Fig. 1), which makes more strong arcs 
and results in higher molten material to emit 
supporting a thicker ceramic layer to be formed. 
Also, the dimension and number of discharge 
channels for P3 coating are higher than those of P0 
coating at each time due to the higher driving force 
for tunneling ionization [50], supported by the 
lower conductivity of the electrolyte containing 
PTO (Table 1). A sudden increment of thickness 
that occurs after 5 min in both P0 and P3 coatings is 
due to the decrement of anodic dissolution. During 
anodizing, the current (I) flows across the oxide 
film in PEO process is the sum of the different 
processes including oxide coating formation, 
dissolution and oxygen evolution on the specimen 
surface: 

 
I=Ii+Ie+Id                                                 (5) 

 
where Ii, Ie, and Id are the ionic current of the film 
growth, the electron current generated by oxygen 
evolution and the anodic dissolution current, 
respectively. In Stage I, when general anodizing 
process occurs, the total current is equal to the  
ionic one, while in Stage II, the rate of coating 
growth diminishes remarkably due to the anodic 
dissolution [51]. Anodic dissolution occurs 
intensively in thin films and withdraws suddenly by 
reaching the film thickness of 1−2 µm [52]. Then, 
after the formation of a thin film during the first 
5 min, a sudden increment in the coating growth 
rate is seen. 

At longer time, more intensive sparks, 
providing higher temperatures, melt the surface to 
fill the primarily created pores [53], and then the 
pore size decreases. Furthermore, refining the 
distribution of melted alumina by TiO2 has a 
significant effect on decreasing the micro-pores in 
the P3 coating at longer processing time. 

In PEO process, numerous micro discharges 
occur, which play important roles in the coating 
growth. Discharge events occurring in PEO process 
are named B-type discharges which originate from 
the substrate/coating interface, A-type and C-type 
discharges which occur in surface holes and 
relatively deep holes, respectively, and also D-type 
discharge occurring near the lateral pores [2,40]. 

The increase of Ti content at the early moments of 
Stage II (from 1 to 5 min) and Si content at longer 
time (from 5 to 20 min) (Fig. 15), indicates that the 
B-type discharges occurring at Stage II play the 
significant role in the incorporation of TiO2 
colloidal particles into the coating, while the Si 
incorporation occurs dominantly through A-type 
and C-type discharging at Stage III. At Stage III, the 
A-type and C-type discharges become dominant 
and the number of B-type discharges reduces 
significantly [40]. The nodular structures, rich in Si 
and Ti, approve the intensive incorporation of Si 
and Ti compounds into the coating through A-type 
and C-type discharges. The entrance of TiO2 into 
inner layer should be attributed to the occurrence of 
D-type discharges. 

By considering the effect of Ti content on the 
properties of the coating layers, the effect of PTO 
on voltage−time curve can be logically interpreted. 
At Stage II, the curve slope relating to P3 coating is 
higher than that of P0, where a denser and thicker 
coating is created. However, the slope inverses at 
Stage III. Here, the effective parameter seems to be 
the coating composition, where the higher Ti 
content entering the coating at the longer time 
raises the electrical conductivity of the P3 specimen 
and thus reduces the voltage required to keep the 
current density constant, as compared to that of P0 
specimen [20]. Therefore, in Stage IV, the cell 
voltage of the coating process relating to P3 
specimen is lower than that of P0. This reduces the 
destructive micro-discharges and thus decreases the 
thickness and porosity of the P3 coating. The 
increment observed in breakdown voltage with 
adding PTO is in agreement with the decrease in 
electrolyte conductivity (Table 1). 

The PEO creates various major and minor 
phases in the coating. The γ-Al2O3 and δ-Al2O3 are 
metastable polymorphs of alumina, while α-Al2O3 
(corundum) is a thermodynamically stable 
polymorph. The lack of Si compound peaks in the 
XRD patterns indicates that this element should be 
incorporated as an amorphous phase. This is 
because the interfacial temperature during the PEO 
process is lower than 1723 °C, not enough for the 
crystallization of silica [26]. The shift of alumina 
characteristic peaks, especially γ-Al2O3, to the lower 
angles along with the peaks broadening confirms 
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that the alumina phases are doped by TiO2, which is 
in agreement with the Raman spectra (Fig. 7). In the 
PEO treatment, the high rate of heat dissipation to 
both substrate and electrolyte leads to a high 
cooling rate of the produced constituents in the 
coating. Hence, it promotes the growth of 
metastable polymorphs of alumina, especially 
γ-Al2O3 phase [24]. The γ to α transformation is 
based on nucleation and growth and requires high 
temperatures; however, doping facilitates this 
transformation by influencing grain boundary 
diffusion and grain boundary mobility [43]. 
Transformation of γ-Al2O3 to α-Al2O3 occurs by 
changing the O2− ion arrays from a cubic face- 
centered packing to a stable hexagonal packing and 
also realignment of Al3+ in octahedral holes by 
short-range diffusion [43,54]. Regarding the limited 
solubility of TiO2 into Al2O3, segregation of TiO2 
cations at Al2O3 grain boundaries is expected [55]. 
In Al2O3 as a polar bonding crystal, diffusivity is 
controlled mostly by ionic bonding strength, which 
is changed by the segregation of the dopant  
cations. Dopant cations change the ionic strength  
by influencing on electron density map and  
vacancy [56]. Generally, increasing the ionicity 
between Al3+ and O2− makes the increment of ionic 
bond. Comparing the energy level of atomic orbitals 
of Ti4+ with Al3+ and O2− (energy level of 3d and 4s 
of Ti4+ is more than that of O 2p and less than that 
of Al 3p) shows the limited covalent interaction 
between Al3+ and Ti4+. Thus, Ti4+ ions do not 
significantly affect the electron density distribution 
between Al3+ and O2−. However, Ti4+ increases Al3+ 
vacancy, which reduces the ionicity in Al2O3 [56]. 
Then, ionic bond between Al3+ and O2− weakens 
and grain boundary diffusion and grain boundary 
mobility, accommodated by grain boundary 
diffusion, will increase. Therefore, increasing the 
PTO concentration in the electrolyte bath raises the 
α-Al2O3 phase content in the coatings. The 
promotion of α-Al2O3 as a hard phase in the coating 
is an important result for tribological property of 
the coating where hardness has a significant effect 
on the wear resistance. Lack of α-Al2O3 in the 
coating prepared in Ref. [10], from solution 
containing solid TiO2 nanoparticle, is attributed to 
the lower level of TiO2 incorporated in the coating. 

EIS results (Table 4) confirm that inner layer 
resistance is significantly higher than that of the 

outer layer and almost determines the overall 
corrosion resistance of P3 and P5 coatings. This is 
in agreement with the cross-section images of the 
coatings (Fig. 4), which confirm the compactness of 
the inner layers for these coatings. In contrast, it is 
observed that P0 and P1 specimens are lack of 
protective inner layers against penetration of the 
corrosive solution toward the substrate. As reported 
in Ref. [17], adding 3 g/L solid TiO2 nanoparticles 
in the bath has an advantage to decrease the 
porosity of the coating produced by DC waveform, 
which improves the corrosion resistance. However, 
applying unipolar waveform in the same bath 
resulted in the larger micro-pores on the coating 
surface, which deteriorated the corrosion  
properties [10]. By comparison, it is found that a 
higher incorporation of TiO2 is caused by DC 
waveform, which could improve the alumina 
sintering process. This decreases the cell voltage 
due to the increase of coating conductivity which 
prevents the destructive sparks. 

As comprehended from Table 4, for P3 and P5 
specimens, the CPEin is higher than that of the outer 
layer. The capacitance of the coating layer is 
expressed as [57]  

0 
 

S
C

d
ε ε⋅ ⋅

=                              (6) 
 

where ε0 and ε are the relative dielectric 
permittivities of the free space and the coating layer, 
respectively. S and d are the surface area and the 
thickness of the coating layer, respectively. The 
dielectric constant depends on density and phase 
constituents presented in the layer [18,58]. In 
general, higher density and lower porosity of the 
coating layer must result in a lower ε. On the other 
hand, the ε value of the coating layer is increased by 
adding TiO2 due to the improved dielectric 
properties of Al2O3 by TiO2 [59]. ZHANG et al [58] 
reported that the TiO2 in Al2O3 is more effective on 
ε than the composite density. Thus, the higher CPEin 
value than CPEout obtained in EIS study (Table 4) 
confirms that the TiO2 is dominantly located in the 
inner layer of the coatings, in agreement with the 
elemental maps of P3 and P5 specimens. 

According to the electrochemical behavior of 
the coatings, 3 or 5 g/L PTO is required in the bath 
to reach the appropriate PEO coatings. Since the 
electrolyte containing 5 g/L PTO is not stable, and 
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some gray sediments appear at the bottom of the 
container through the coating process, the optimum 
PTO amount is considered to be 3 g/L. 
 
5 Conclusions 
 

(1) The incorporation of colloidal TiO2 
nanoparticles into the coating occurs through all 
types of micro-discharging. B-type micro-discharge 
results in the distribution of TiO2 nanoparticles 
throughout the coating, while A-type and C-type 
micro-discharges dominantly distribute TiO2 on top 
coating surface, and D-type ones facilitate the 
entrance of TiO2 inside the inner layer. 

(2) Continuous and thicker inner layers along 
with more coating compactness are resulted from 
higher PTO concentrations. 

(3) The lower incorporation of TiO2 into the 
coating increases the surface micro-pores, while  
its higher incorporation decreases the surface 
micro-pores. 

(4) The incorporated TiO2 nanoparticles 
encourage the α-Al2O3 phase formation. 

(5) The TiO2 in the PEO coating extends the 
passive region and raises the breakdown potential; 
this improves the localized corrosion resistance. In 
this way, the general corrosion resistance of the 
specimens is significantly improved. The reason is 
attributed to the formation of more compact and 
thicker inner layer. 
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等离子体电解氧化涂层性能的影响 
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摘  要：采用等离子体电解氧化(PEO)技术，利用单极脉冲波形在含有胶体 TiO2 纳米颗粒的溶胶电解液中制备

Al2O3−TiO2复合涂层。溶胶溶液是将 1、3 和 5 g/L 的草酸钛酸钾(PTO)溶解在硅酸盐溶液中制得。利用扫描电镜、

能量色散光谱、X 射线衍射和拉曼光谱对涂层进行表征。采用极化和阻抗技术研究涂层的腐蚀行为。结果表明，

TiO2通过微放电方式进入涂层，并掺杂到氧化铝相中。TiO2掺入量较高时，表面微孔减少；反之，掺入量较低时

则微孔增多。TiO2 含量越高，涂层的外层越致密，内层越厚。电化学测试结果表明，与在不含 PTO 溶液中制备

的涂层相比，在含3 g/L PTO溶液中制备的涂层腐蚀性能得到大幅提高。在不含PTO溶液中制备的涂层含有 γ-Al2O3, 

δ-Al2O3 和非晶相，而 PTO 的存在促进 α-Al2O3 的生成。 

关键词：铝合金；Al2O3−TiO2涂层；等离子体电解氧化；草酸钛钾；耐蚀性 
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