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A B S T R A C T   

Since the electrolyte composition plays a crucial role in the plasma electrolytic oxidation (PEO) coating for
mation process, a systematic and in-depth study was proposed to identify an electrolyte composition for fast PEO 
coating growth on AA2024 alloy. Different concentration ratios of mixed alkaline electrolytes (hydroxide, silicate 
and phosphate) were investigated. PEO process was conducted at low constant current density of 50 mA/cm2, 
which is intended for lowering the energy consumption. Results demonstrated that the breakdown voltage of 
PEO coatings is directly proportional to the logarithm of electrolyte resistivity. The coating growth mechanism 
showed two main directions. The thickening of the coating mainly depends on the rapid deposition of electrolyte 
compounds in Si-based electrolyte, and the coating growth occurs mainly towards the electrolyte/coating 
interface. Contrary, in OH-, and P-based electrolytes, the inward coating growth was dominating mainly by 
substrate oxidation. A variety of phases as a function of different electrolyte compositions and final voltages were 
observed. With high final voltages (over 470 V) for coatings produced in mixed electrolytes with low concen
trations of hydroxide, silicate or phosphate (2 and 6 g/L), γ-Al2O3 crystalline phase predominates in the PEO 
layer composition. However, only a low efficiency of coating growth can be reached. In the electrolytes with high 
silicate concentrations accompanied by an increase of phosphate concentration, the final voltage is around 455 V 
and the coating composition is dominated by an amorphous phase in combination with crystalline mullite and 
γ-Al2O3. High silicate-phosphate contents (18–24 g/L) in mixed electrolytes with low final voltages of about 360 
V results in a fully amorphous PEO layer and significantly increases coating thickness. A combination of low 
content of hydroxide, high silicate with increasing content of phosphate in mixed electrolyte increases the 
coating thickness, and improves the density and uniformity of the overall PEO layers.   

1. Introduction 

Since decades, plasma electrolytic oxidation (PEO) has been suc
cessfully used for surface treatment of different alloys (Al, Mg, Ti, etc.) 
[1–5]. The process results in a modification of the surface and formation 
of a protective oxide-based coating. Obtained ceramic coatings have 
high hardness, strength, good adhesion between substrate and coating 
and high thermal stability [6–8]. The main constituents of the PEO 
coatings are high-temperature oxide phases, which are synthesized 
during the electric discharges, combining substrate and electrolyte 

species and convey high corrosion, tribological, photocatalytic, 
biomedical, thermal-barrier and other specific properties [9–13]. 

Up to now, significant progress has been made to understand the 
micro-discharge phenomena and the coating growth mechanisms as well 
as the main factors affecting the formation and properties of oxide 
coatings during PEO processing on aluminium [14–16]. It was shown 
that the structure, composition, and properties of PEO layer are closely 
related to the composition of electrolyte bath [17,18]. The main elec
trolytes for PEO treatment on Al (Ti, Mg, etc.) are eco-friendly alumi
nate-, silicate- and phosphate-based alkaline electrolytes [19,20], which 
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make it easy to achieve discharge voltage and contribute to the coating 
growth. Obviously, the PEO process leads to high energy consumption 
due to the significantly high voltage and current applied [21]. Numerous 
studies focus on reducing the energy consumption during the PEO pro
cess and make it economically viable for various applications. The 
decrease of the discharge voltage by using more concentrated electro
lytes [22] and applying bipolar current mode [23,24] are beneficial to 
achieve high coating growth rate as well as energy efficiency. On the 
other hand, the oxygen evolution does not require much current, since 
alumina has very low electron conductivity and the current transfer 
occurs mainly by ions [21]. Alternative approaches, such as an addition 
of solid particles [25], hybrid/composite coatings [26], or 
pre-anodization step [27,28] to improve the effectiveness of PEO 
coating formation and optimization of intended PEO performance on 
aluminium have been proposed. 

In fact, different coating formation mechanism using alkaline elec
trolytes on different alloys (Al, Mg, etc.) have been observed during PEO 
process [29–32]. It was reported that under certain current densities, 
more energy is required in the phosphate-based electrolyte system in 
comparison with silicate one resulting in a higher ratio of hard 
corundum phase (α-Al2O3) [20]. With respect to the PEO coating uni
formity, it is argued that the silicate-based electrolyte system is more 
favourable than the phosphate-based one on aluminium substrate, due 
to the formation of stable PEO coating with more homogeneous 
morphology [17]. Similarly, PEO process, performed on magnesium 
substrate using silicate and phosphate electrolytes, resulted in a thicker, 
more adhesive, homogeneous coating, when performed in silicate 
electrolyte (~100 µm). This layer also exhibits higher tribocorrosion 
performance than the one obtained in phosphate electrolyte (~40 µm) 
[33]. By increasing the silicate content in the electrolyte, the possibil
ities to form a thick composite Al2O3-nSiO2 PEO coatings on aluminium 
substrate was also shown [34]. In addition, the phase composition of the 
coatings can vary due to the participation of silicate ions from the 
electrolyte in the reactions of coating formation and their incorporation 
into the coating structure [35]. Recently, PEO coatings formation in 
phosphate, silicate and aluminate electrolytes on SiCp/Al composites 
and their characterization have been performed [36]. A significant dif
ference in the plasma discharges is revealed, where the local tempera
ture ranges are approximately 6000–12,000 K for silicate electrolyte, 
6000–10,000 K for aluminate electrolyte and 4000–5000 K for phos
phate electrolyte. The phase composition of coatings, obtained under 
high temperature (silicate and aluminate electrolytes) is based on 
crystalline aluminium oxide and mullite. It results in good wear and 
corrosion resistance of the substrate. For coatings, formed under lower 
temperature (in phosphate electrolyte), an amorphous phase was pre
dominant, demonstrating poorer performances of the layers. In another 
work [37], the microstructure and growth mechanisms of PEO coatings 
obtained in silicate, phosphate and mixed electrolytes were character
ized in detail. The results showed that silicate deposition dominates the 
growth of the PEO coating in the silicate electrolyte, and the Si element 
is located throughout the coating. The formation of the coating in the 
phosphate electrolyte mainly depended on the oxidation of the 
aluminium matrix, growing inwards towards the substrate. The coating 
obtained in the mixed electrolyte was similar to one obtained in the 
phosphate electrolyte: the substrate oxidation predominated, supple
mented by the deposition of electrolyte species. The use of the electro
lytes with mixed composition resulted in a dense structure (low porosity 
of PEO layer) and a superior surface quality. 

Summarising, there are quite a lot of studies using various electrolyte 
compositions for PEO processing, however, not much is done under the 
aspect to optimize coating growth under low current densities condi
tions. The role of different double and triple (hydroxides, silicates, 
phosphates) electrolyte concentration ratios on the PEO coating for
mation on AA2024 alloy is still interesting under the aspect of energy 
consumption and to improve the PEO coating quality and formation 
efficiency. 

Therefore, this work focuses on the formation of PEO coatings on 
AA2024 aluminium alloy with fast coating growth rate in spite of low 
current density (50 mA/cm2) applied. The modification of oxidation 
behaviour during PEO processing and coating evolution in a mixed 
composite electrolyte system (hydroxides, silicates, phosphates) was 
studied based on morphology, elemental distribution and phase 
formation. 

2. Experimental 

Rectangular samples of rolled aluminium alloy AA2024 sheet (D16T, 
according to GOST 4784–97) with sizes of 20 mm × 30 mm × 1.6 mm 
and nominal composition in wt.%: 3.8–4.9 Cu, 1.2–1.8 Mg, 0.5 Fe, 0.5 
Si, 0.3 Zn, 0.3 Mn and Al balance – were selected. Before PEO treatment, 
the specimens were cleaned with ethanol and dried in air. 

PEO processing was perform using a pulsed DC source. A current 
density of 50 mA/cm2, under a constant voltage limit of 500 V, a fre
quency of 200 Hz with a pulse ratio equal to ton: toff = 0.5ms:4.5 ms and 
a treatment time of 20 min were settled. The oxidation process was 
carried out in a PVC vessel equipped with a combined cathode/stainless 
steel coil heat exchanger. Samples connected to a conductive holder 
were used as the anode. The experiments were conducted in different 
concentrations of mixed alkaline electrolytes, which were cooled using a 
water-cooling system to a constant temperature of 20 ± 1 ⁰С. Respective 
electrolyte pH (691 pH meter, Metrohm, Germany) and conductivity 
(SevenMulti, Mettler Toledo) measurements are given in Table 1. For 
clarity, specimens are grouped in four sets as labelled in Table 1. 

During the PEO process, the oxidation voltage as a function of the 
treatment time was recorded, using a data acquisition system SignalSoft 
6000 software package (Gantner Instruments, Germany). The surface 
morphology and cross-section of the coatings were studied using Tescan
Vega3SB scanning electron microscope (SEM, Tescan, Czech Republic). 
Samples for cross-section analysis were mount in an epoxy resin and first 
ground with SiC abrasive paper (from 500# to 2500#) and then pol
ished using diamond paste (1 μm). The element distribution/composition 
on the surface and cross-section of the coatings was examined by an 
energy dispersive spectrometer system (eumeX, EDS, Germany) equip
ped with the SEM. The surface porosity as well as the average pore size 
was measured by analysing SEM images of the surface of the coatings 
using the image processing software “Image J”, and the surface porosity 
of PEO coatings was calculated by the ratio of the area occupied by the 
pores to the total image area (magnification 500 ×). The change in 
surface roughness of the coatings Ra, as the arithmetic mean deviation of 
the roughness profile, was measured using laser scanning confocal mi
croscope (LSM 800, ZEISS, Germany) (magnification 2000 ×). The 
thickness measurements were carried out using a thickness gauge Min
iTest 2100 (Elektro Physik, Germany) and by observing the cross-section 
in SEM. The optical cross-section views of coatings were obtained applying 
optical microscopy (OLYMPUS BX53M) to analyse the coating growth 
direction (inwards/outwards). For that purpose, a part of the surface 
was covered to prevent the coating growth and keep “zero level” 
interface. 

The phase composition of the coatings was determined using X-ray 
diffraction measurements (XRD, D8 Advance, BrukerAXS) with Ni 
filtered Cu Kα radiation operated at 40 kV/40 mA. Diffraction patterns 
were obtained in the 2θ range from 20⁰ to 80⁰ with a step size of 0.02⁰/s 
and grazing angle of 3⁰. 

The depth profile analysis of the PEO coatings was performed by glow 
discharge optical emission spectroscopy (GDOES) (GD-Profiler 2, 
HORIBA, France), where coupling of radiofrequency-pulsed glow dis
charges to emitted light detectors enables a quasi-simultaneous extrac
tion of all atoms, consequently, rapid depth profiling of thick coating 
[38]. A standard 4 mm copper anode with a distance of 0.1 mm from the 
sample was used. Argon was used as a plasma gas at an operating 
pressure of 650 Pa and a power of 30 W. No special sample preparation 
method was used prior to the analysis. 
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The phase composition/distribution across the coating was studied at 
the synchrotron PETRA III (DESY, Hamburg, Germany) at the nano focus 
end station of P03 beamline, with an X-ray energy of 19.8 keV and a 
beam size of 1.5 μm × 1.5 μm [39]. The phases composition of the 
coating and interface regions were investigated by performing a map
ping (mesh) scan [39], with a size of 45 × 45 points with a step size of 2 
and 2 μm, in perpendicular and lateral directions, respectively. This 
resulted in a measured area of 90 × 90 μm. An Eiger 9 M detector (pixel 
size 75 μm × 75 μm) with an acquisition time of 0.5 s was used. Data 
reduction was conducted by pyFAI [40]. Analysis of the diffraction data 
and the two-dimensional analysis was performed by an in house 
developed Matlab code. The diffraction profiles were normalized to the 
ionization current in a gas chamber setup in front of the sample along 
the beam path. That allows to correct X-ray beam intensity variations, 
making the total scattered intensity directly proportional to the gauge 
volume. Each two-dimensional map consisted out of 2025 diffraction 
patterns from which the scattered intensity of distinct X-ray phases was 
extracted. By plotting this intensity in a two dimensional map, the 
spatial phase distribution within the layer can be visualized. This script 

was used to plot 2D maps of the distribution of main phases in the 
coating. 

3. Results 

3.1. Voltage–time curves 

3.1.1. Voltage evolution for PEO coatings obtained in base electrolytes 
The PEO process was operated fully under galvanostatic conditions 

in all cases. The preselected current density value of 50 mA/cm2 was not 
enough to reach the selected voltage limit of 500 V. Fig. 1 shows the 
voltage-time curves for different PEO coatings prepared in the base 
electrolytes. The point, at which the first spark discharge occurs, was 
defined as the breakdown voltage. After the breakdown of the primary 
oxide layer, a turning point appears in the voltage curve. This corre
sponds to the formation of numerous small short living plasma dis
charges [37]. Through the duration of PEO process, voltage increases 
with the increase of the treatment time, and sparks become more 
intensive as well. 

Table 1 
PEO specimens, respective electrolyte compositions, pH and conductivity. The colours are added for easier visibility of the selected groups of electrolytes.  
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Detailed analysis of the voltage response for coatings obtained in 
base electrolytes demonstrates three stages, as consistent with previous 
studies [30,41]. Stage I corresponds to the beginning of the process; 
voltage increases linearly and sharply within the first 50 s. Then, the 
dielectric breakdown occurs and numerous white colour small dis
charges appear. During stage II, voltage rises slower with processing 
time (lasts from around 50 s till 200 s), that contributes to the increase of 
the thickness and resistance of the layer. During the last stage III 
(starting from around 200 s), the voltage steadily increases and dis
charges become more intense with changing their colour to yellow and 
then to orange, similarly as it was shown previously [42]. 

From Fig. 1, it can be seen that the value of breakdown voltage ap
pears earlier in OH-based electrolyte (18K2Si2P) at around 220 V 
probably due to its high conductivity. The final voltage reaches 385 V. 
For Si-based electrolyte (2K18Si2P) the highest breakdown voltage of 
around 280 V is observed, and the final voltage reaches 455 V. In the P- 
based electrolyte (2K2Si18P) a lower breakdown voltage of 260 V and 
the highest final voltage of 475 V were registered. 

Oppositely going trends in the breakdown (VB) and final voltages 
(VF), reached in P-based (VB – 260 V, VF – 475 V) and Si-based elec
trolytes (VB – 280 V, VF – 455 V) can be observed (Table SI-1). However, 
the breakdown voltage dependence from the electrolyte conductivity is 
not that straightforward for both Si- and P-based groups of electrolytes: 
in Si-based electrolyte the conductivity is higher (40.7 mS/cm) than that 
in P-based electrolyte (27.6 mS/cm). In that case, the breakdown 
voltage can be also affected by the different composition and formation 
of initial layer, as well as the insulating properties of the barrier oxide 
layer in respective electrolytes, as discussed in [11]. The difference 
between the breakdown voltage and the final voltage is a kind of 

indicator of phase stability at high temperatures and pressures. 

3.1.2. Voltage evolution for PEO coatings obtained in P-based electrolyte 
system 

In P-based electrolyte system with a gradual increase in hydroxide 
content (Fig. 2(a)), the breakdown and final voltages decrease with a 
conductivity increase. The intensity of discharges becomes stronger over 
time as well. The voltage-time slope shows three successive stages as 
marked in Fig. 2(a). Breakdowns of the dielectric barrier layer for 
specimens 2K2Si18P, 6K2Si18P, 18K2Si18P occurs at 260, 250 and 210 
V, respectively. The corresponding final voltages are 475, 455 and 378 
V. 

With an increase of silicate content, a similar breakdown voltage at 
around 260 V was registered for the specimens 2K2Si18P and 2K6Si18P 
(Fig. 2(b)). The final reached voltages are 475 and 470 V, respectively. 
The three stages are determined during the treatments. In 2K18Si18P 
specimen, the breaking down of initial oxide layer occurs at around 250 
V, and after the onset of stage III, the discharge voltage remains rela
tively low without further increase until the end of the treatment (330 
V). The treatment is characterized by discharges with visibly less in
tensity. This might be explained via the inhomogeneity of the forming 
coating. After breaking down of the barrier layer, the coating is no 
longer growing uniformly, forming island-like coating clusters on the 
top of the surface. 

3.1.3. Voltage evolution for PEO coatings obtained in Si-based electrolyte 
system 

In Si-based electrolyte system with increasing concentration of 
phosphate, a similar value of breakdown voltage for the 2K18Si2P, 

Fig. 1. Voltage-time curves for PEO coatings formed in base electrolytes.  

Fig. 2. Voltage-time curves for PEO coatings formed in P-based electrolyte system with a gradual increase of the hydroxide content (a), and with a gradual increase 
of the silicate content (b). 

Fig. 3. Voltage-time curves for PEO coatings formed in Si-based electrolyte 
system with a gradual increase of the phosphate content. 
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2K18Si6P specimens at around 280 V is observed (Fig. 3). Correspond
ing final voltages are 465 V and 466 V, respectively. However, visually 
more intense discharges were noticed in Si-based electrolyte than in the 
P-based electrolyte system. 

3.1.4. Voltage evolution for PEO coatings obtained in mixed electrolyte 
system 

In the mixed electrolyte group with a gradual increase of both silicate 
and phosphate concentrations (Fig. 4(a)), two more compositions were 
added with lower (2K12Si12P) and higher (2K24Si24P) contents of Si- 
and P-based compounds in the electrolyte to understand more about the 
behaviour of the treatment in 2K18Si18P electrolyte. The 2K12Si12P 
treatment has a typical voltage-time curve with three stages, higher 
breakdown voltage is at around 270 V, and higher final voltage equal to 
475 V in this system. The process runs with intensive discharge sparks. 
Whereas for the 2K24Si24P treatment the curve type is different. After 
reaching the breakdown voltage of 220 V at stage I, the voltage con
tinues to rise steadily with some fluctuations during the following-up 
stages. Discharges become more powerful. At ca. 900 s of treatment, 
the process reaches stage IV with a maximum voltage value of 430 V 
changing of sparks colour from yellow to orange. Moreover, the many 
stages (I-IV) may indicate a reluctant coating growth in 2K24Si24P. 
Afterward, local white stronger discharges appear (plasma arcing) and 
the voltage drops sharply down from 460 to 400 V (stage V). Local 
stationary burning on the surface of the specimen is observed by visual 
inspection at this moment. Then, after ca. 1100 s of treatment time, the 
voltage stabilizes at 360 V until the end of PEO processing (stage VI). 

With increasing equal concentrations of all components (Fig. 4(b)), 
three stages are observed in the curve. At the lowest concentration of 
electrolyte (2K2Si2P) the highest breakdown (380 V) and final (499 V) 
voltages were found. The strong discharge noise was noticed during the 
process, possibly due to the thin forming layer. With a gradual increase 
of electrolyte concentrations, the breakdown voltages correspondingly 
decrease with increase of the electrolyte conductivity. For 6K6Si6P 
specimen, the less intensity of discharge noise was noticed. The long- 
lasting large sparks are predominating in the process with increasing 
the electrolyte concentrations (18K18Si18P). The lowest breakdown 
voltage at around 200 V was registered and final voltage of 389 V was 
reached. 

In general, it is noted that the chemical composition of the electro
lytes and their conductivity influence the breakdown and final voltages 
during the PEO processing. An increase in conductivity comes with an 
increase of the concentrations of electrolytes. This influences the 
breakdown voltage as well as the final processing voltage, which 
decrease for all P-, Si-based and mixed electrolyte series with concen
tration increase. 

The dependence of breakdown voltage (VB) from the logarithm of 

electrolyte resistivity (ρ) for PEO coatings given in Fig. 5. The depen
dence can be represented by a line that satisfies the empirical equation 
[43]: 

VB = 281log(ρ) + 173 (1) 

Some deviation points can be attributed either to the oxidation 
process or to the structure defects of the oxide layer. 

3.2. Surface morphology and chemical composition 

3.2.1. Surface morphology for PEO coatings obtained in base electrolytes 
Fig. 6 shows the surface and cross-sectional morphologies of PEO 

coatings fabricated in base electrolytes. The surface morphologies of the 
coatings are dominated mostly by crater- and volcano-like structures 
with numerous pores and cracks. This observation is in good agreement 
with previously published results [1,11,25]. The surface features overall 
can be characterized by pore distribution, which are mainly created by 
the discharge channels due to the rapid solidification of the melting 
coating materials and gas evolution. The surface porosity, number of 
pores and the surface roughness (Ra) for all the produced coatings are 
given in Table SI-2. 

For the specimen obtained in OH-based electrolyte (18K2Si2P) 
(Fig. 6(a)), a large size open pores (14.0 ± 1.3 µm) surrounded by 
molten species in volcano-like forms is observed, giving an overall sur
face porosity of 15.4 ± 1.5% (number of pores is 1963 ± 319). However, 
the coating surface demonstrates relatively low roughness, being pro
duced in OH-based electrolyte (1.5 ± 0.3 µm) as well as in P-based 
electrolyte (1.4 ± 0.1 µm) in comparison with silicate-based electrolyte. 
PEO processing in Si-based electrolyte (2K18Si2P) (Fig. 6(b)) resulted in 

Fig. 4. Voltage-time curves for different PEO coatings formed in mixed electrolyte system: equally increasing contents of silicate and phosphate (a), and equally 
increasing contents of hydroxide, silicate and phosphate (b). 

Fig. 5. Breakdown voltage as a function of the logarithm of electrolyte re
sistivity for different PEO coatings. 
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a rough surface of 2.6 ± 0.2 µm with a total porosity of 7.1 ± 1.0% 
(number of pores equal to 1490 ± 244). Surface characterized by crater- 
and volcano-like morphological features surrounded by molten elec
trolyte species. In the P-based electrolyte (2K2Si18P) (Fig. 6(c)), the 
coating surface has a lowest porosity of 4.4 ± 0.3% (number of pores 
equal to 1325 ± 256). Mainly crater-like structure with lower pore size 
of 6.1 ± 0.8 µm in diameter was found. 

3.2.2. Surface morphology for PEO coatings obtained in P-based electrolyte 
system 

A gradual increase in hydroxide content from 2 to 6 g/L, a crater-like 
surface structure with large size and nano-sized pores is still observed for 
the 6K2Si18P coating (Fig. 7(b)). This coating has a relative smooth 
surface (1.3 ± 0.1 µm) with less surface porosity (3.5 ± 0.3%) compared 
with base 2K2Si18P specimen. However, with an increase in the hy
droxide content till 18 g/L (18K2Si18P) (Fig. 7(c)), there is a drastic 
change in the surface morphology, more similar to the 18K2Si2P 
coating. Surface porosity (15.7 ± 1.1%) as well as number of pores 
(1770 ± 323) increased much with an increase in hydroxide content. 
Mainly, a volcano-like structure with large sizes of open pores (16.3 ±
2.0 µm) is observed for 18K2Si18P. 

In the case of an increase in the silicate content, a slight increase in 
surface roughness till 1.6 ± 0.1 µm, porosity (till 4.7 ± 0.7 µm) and 
number of pores (1592 ± 287) was registered for 2K6Si18P coating 
(Fig. 7(d)) compared to the base 2K2Si18P. With further increase of the 
Si content (2K18Si18P specimen), the surface morphology changes 
completely (Fig. 7(e)). The coating is not uniform, and a higher rough
ness of 4.6 ± 1.2 µm with island-like surface morphology is determined. 
An approximate surface porosity of 12.9 ± 2.3% was calculated. 

3.2.3. Surface morphology for PEO coatings obtained in Si-based electrolyte 
system 

An increase in the phosphate content in Si-based electrolyte system 
resulted in the decrease of surface porosity from 7.1 ± 1.0% to 5.4 ±

0.6% (number of pores 1095 ± 175) for the 2K18Si6P coating (Fig. 8 
(b)). However, the size of pores increases till 9.3 ± 0.4 µm for 2K18Si6P 
as well as surface roughness (3.6 ± 0.5 µm) compared to base 2K18Si2P 
system. With a large increase in the Si content in the electrolyte, the 
situation is similar to the 2K18Si18P described above (Fig. 8(c)). 

3.2.4. Surface morphology for PEO coatings obtained in mixed electrolyte 
system 

In the group with an equally increasing concentrations of Si and P, 
two specimens (2K12Si12P, 2K24Si24P) have showed typical PEO 
coating morphology in contrast to 2K18Si18P. In 2K12Si12P (Fig. 9(a)), 
the coating surface is relatively flat, with a surface roughness of 2.5 ±
0.7 µm. The coating contains a large size of pores of 7.9 ± 0.9 µm 
(number of pores equal 1115 ± 209) with crater-like structure. Differ
ently, for the 2K24Si24P specimen (Fig. 9(c)), the surface porosity value 
almost didn’t change (5.4 ± 0.9%), but the number of pores even 
decreased to 569 ± 148. However, the size of pores (17.6 ± 2.5 µm) as 
well as the surface roughness (5.2 ± 0.2 µm) is increased twice in 
2K24Si24P compared to 2K12Si12P. The damages from the arcing PEO 
processing were also observed at the corners of the 2K24Si24P spec
imen, which may indicate the formation of a secondary PEO layer, due 
to appearance of white localized large discharges. With the rapid coating 
growth associated with the relatively high pH and conductivity, the 
relatively low voltage leads to intermittent sparking, and the formation 
of the coating can be very variable. In the case of 2K18Si18P system 
(Fig. 9(b)), it might be related to the transition from crystalline to an 
amorphous structure supported by the high Si and P content and lower 
melting temperature of coating phase. The surface tension of the melt on 
the surface under these conditions prevents uniform distribution of 
molten volume over the surface, resulting in preferred island-like 
morphology. However, the increase of the concentration of Si and P 
can improve the coating formation and surface morphology, but causes 
other problems associated with arc discharges (2K24Si24P). 

At the lowest concentration of species in PEO bath (2K2Si2P) (Fig. 9 

Fig. 6. Surface SEM images of PEO coatings obtained using base electrolytes: 18K2Si2P (a), 2K18Si2P (b), 2K2Si18P (c).  
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(d)), a high porosity (11.0 ± 1.8%) and elongated pores of 16.2 ± 1.8 
µm are observed. For the 6K6Si6P coating (Fig. 9(e)), the surface 
morphology changes completely. Mainly, crater-like structures with 
open pores were the main feature of these coatings. A smooth and 
compact coating with the lowest value of surface roughness (1.3 ± 0.2 
µm), porosity (2.8 ± 0.2%) and size of pores (4.7 ± 0.5 µm) is noticed. 
However, the number of pores on the surface of these coatings remains 
approximately constant (1130 ± 188). The coating 18K18Si18P reveals 
a crater-like structure with large sized pores (17.9 ± 1.9) (Fig. 9(f)). 
Moreover, a surface is relatively rough (5.3 ± 0.4 µm) and overall 
porous (6.8 ± 0.7%). 

3.2.5. Surface elemental (EDS) analysis of different PEO coatings 
Table 2 provides the surface composition of PEO coatings from EDS 

analysis. It can be seen, the main components of coatings are O, Al, Si, 
and only a small amount of P is incorporated into the surface. The 
amount of O was relatively constant for the different coatings. 

In Si-based electrolyte as well as in the systems with high Si content 
(from 6 g/L to 24 g/L), an increase of the Si amount in the coating 
composition is observed. An increase in the Si content led to a reduced Al 
incorporation in the coating, due to the formation of phases enriched 
with Si. The highest Si value of 25.3 ± 0.9 at.% was reached for 
2K24Si24P coating. In P-based electrolyte systems even with the highest 
phosphate content in the treatment bath, the surface composition still 
has a higher level of Si than P. Surprisingly, the highest level of P of 

Fig. 7. Surface SEM images of PEO coatings obtained using P-based electrolyte system: with increasing concentration of hydroxide - 2K2Si18P (a), 6K2Si18P (b), 
18K2Si18P (c), and with increasing concentration of silicate - 2K6Si18P (d), 2K18Si18P (e). 
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around 1.9 ± 0.3 at.% is found in the 2K2Si2P coating. Moreover, in P- 
based electrolyte system, an increase of the hydroxide content (6 till 18 
g/L), reduces the content of both P and Si in the coating. The difference 
in the Si and P amount in the layer might also be a result of differences in 
reactivity of SiO3

2− and PO4
3− species with substrate ions [44]. Only a 

relatively small amount of copper is present on the surface, since most of 
it remains in the substrate, having little effect on the surface treatment. 
Respective elemental analysis for different PEO coatings shown in 
Fig. SI-1. 

The last column in the Table shows the expected phase formation, 
calculated from the ratio of the elements in the PEO layer. The results 

show that as soon as Si content in the mixed electrolyte reaches 6 g/L, 
some silicate phases (mullite/amorphous) starts to form, since an 
overestimated silicon content is observed. In addition, in the specimens 
with an amorphous phase (2K18Si18P, 2K24Si24P and 18K18Si18P), 
some silicate phases might be present, probably also in the form of 
mullite. 

3.3. Cross-sectional morphology and elemental distribution 

3.3.1. Cross-sectional morphology and elemental distribution for PEO 
coatings obtained in base electrolytes 

Cross-sectional morphology of the PEO coatings obtained in base 
electrolytes shown in Fig. 10 (additionally given in Fig. SI-2). The 
growth rate is the highest in the 2K18Si2P coating (ca. 1.1 ± 0.2 µm/ 
min) (Fig. 10(b)). Cross-sectional observation for this specimen shows 
that in spite the outer layer is denser, the pore band tends to be formed 
inside the coating. For the 18K2Si2P and 2K2Si18P coatings growth rate 
of about 0.9 ± 0.2 µm/min and 0.6 ± 0.1 µm/min was determined, 
respectively. Cross-sectional analysis of 18K2Si2P specimen shows that 
the coating has numerous structural defects, and it is not uniform 
(Fig. 10(a)). In 2K2Si18P, more uniform coating was observed compared 
to others, although there are still some cavities in the intermediate layer 
(Fig. 10(c)). 

The distribution of the main PEO coating forming elements (Al, Si, P) 
reveals that in 18K2Si2P, Si is mainly located in top layer of the coating 
in limited amount (Fig. 10(a)), whereas almost no P intensity is visible 
throughout the layer. For 2K18Si2P, Si is distributed relatively uni
formly in the layer with some trends to locate at regions closer to the 
coating surface and around the pores and holes within the coating. P 
signal intensity for this coating is not detectable (Fig. 10(b)). Contrary, 
for 2K2Si18P coating, intensive P signal localized at the coating/sub
strate interface can be detected, while less intensive Si signal is visible 
around the pores (Fig. 10(c)). 

3.3.2. Cross-sectional morphology and elemental distribution for PEO 
coatings obtained in P-based electrolyte system 

Obviously, there is an increase of the coating thickness with an in
crease of electrolyte concentrations in the electrolyte. With an increase 
of hydroxide content in P-based electrolyte, the coating growth rate 
increased slowly, from 0.6 ± 0.1 µm/min for the standard electrolyte 
2K2SI18P to 0.8 ± 0.1 µm/min for 6K2Si18P (Fig. 11(b)) till only 0.9 ±

Fig. 8. Surface SEM images of PEO coatings obtained using Si-based electrolyte 
system with increasing concentration of phosphate - 2K18Si2P (a), 2K18Si6P 
(b), 2K18Si18P (c). 

Fig. 9. Surface SEM images of PEO coatings obtained using mixed electrolyte system: with increasing concentration of phosphate and silicate - 2K12Si12P (a), 
2K18Si18P (b), 2K24Si24P (c), with increasing concentration of OH:Si:P - 2K2Si2P (d), 6K6Si6P (e), 18K18Si18P (f). 
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0.2 µm/min for 18K2Si18P coatings (Fig. 11(c)). However, there is an 
increase in the size and number of connected pores and holes within the 
coating with an increase of hydroxide concentration. 

With an increase of the silicate concentration in the electrolyte bath, 
the 2K6Si18P coating has a growth rate of 0.8 ± 0.2 µm/min (Fig. 111 
(d)). Cross-sectional morphology demonstrates more uniform coating 
with connected pores in coating/substrate region, similar to base 
2K2Si18P layer. However, a further increase of silicate concentration till 
18 g/L does not allow a uniform coating growth (Fig. 11(e)). The formed 
islands reach thickness of 30 ± 4 µm, while the surrounding areas are 
only around 1 µm thick. 

Overall, EDS elemental mappings, obtained on the cross-sections of 
PEO coatings, show that with an increase of the hydroxide content in the 
treatment bath, the intensity of both Si and P signals at the coating/ 
substrate interface decreases and more homogeneous elemental distri
bution over the coating can be observed (Fig. 11(c)). An increase of 

silicate in the treatment bath leads to an increase of the Si intensity 
throughout the coating, mainly around pores and at the top layer of the 
coating (Fig. 11(d)). 

3.3.3. Cross-sectional morphology and elemental distribution for PEO 
coatings obtained in Si-based electrolyte system 

The coatings grow faster in Si-based electrolyte systems (Fig. 12(a), 
(b)) compared to those obtained in phosphate ones. A little increase of 
the phosphate content (2K18Si6P specimen) results in the rise of the 
coating growth rate till 1.2 ± 0.2 µm/min after 20 min of processing. 
However, there are many small sized pores and holes in the resulting 
layer and overall coating is not dense. 

Overall, for this group of specimens, the elemental distribution maps 
obtained on the coating cross-sections, reveal that an increase of phos
phate in the coating composition leads to an increase of the P signal 
intensity (Fig. 12(a)–(c)). Also noticed is a high Si intensity especially at 

Table 2 
Elemental composition (in at.%) of the PEO coatings obtained via EDS analysis.  

Sample/elements Al O Si P Na K Cu expected formed phases 

2K2Si18P 43.9 ± 1.2 52.9 ± 0.7 1.6 ± 0.1 0.5 ± 0.1 0.7 ± 0.1 0.1 ± 0.3 0.2 ± 0.1 Al2O3 

2K6Si18P 31.9 ± 0.9 54.1 ± 0.4 10.6 ± 0.7 1.5 ± 0.2 1.2 ± 0.1 0.4 ± 0.2 0.3 ± 0.1 Al2O3 + mullite 
2K12Si12P 24.4 ± 0.6 52.7 ± 0.6 19.4 ± 0.6 1.9 ± 0.2 1.1 ± 0.1 0.3 ± 0.1 0.2 ± 0.2 mullite 
2K18Si18P 30.5 ± 0.8 54.3 ± 0.7 11.6 ± 0.4 1.4 ± 0.5 0.9 ± 0.1 0.1 ± 0.1 1.1 ± 0.2 Silicate phase 
2K24Si24P 17.7 ± 0.2 51.4 ± 1.1 25.3 ± 0.9 1.8 ± 0.3 3.1 ± 0.3 0.5 ± 0.1 0.3 ± 0.1 Silicate phase 
2K2Si2P 41.6 ± 0.9 50.2 ± 0.7 3.4 ± 0.1 1.9 ± 0.3 0.4 ± 0.1 0.7 ± 0.1 1.8 ± 0.2 Al2O3 

6K6Si6P 35.2 ± 0.5 49.0 ± 0.8 11.2 ± 0.6 0.9 ± 0.2 1.1 ± 0.2 1.0 ± 0.2 1.6 ± 0.2 Al2O3 + mullite 
18K18Si18P 27.0 ± 0.3 50.8 ± 1.0 14.8 ± 0.7 1.3 ± 0.3 1.9 ± 0.1 2.3 ± 0.2 1.8 ± 0.3 Silicate phase 
18K2Si18P 42.9 ± 0.8 52.9 ± 0.9 1.5 ± 0.1 0.7 ± 0.1 0.9 ± 0.1 0.6 ± 0.1 0.6 ± 0.2 Al2O3 

18K2Si2P 46.9 ± 0.7 48.4 ± 0.3 1.5 ± 0.1 0.2 ± 0.3 0.3 ± 0.1 0.6 ± 0.1 2.1 ± 0.1 Al2O3 

6K2Si18P 43.2 ± 0.6 52.4 ± 0.5 2.0 ± 0.1 0.6 ± 0.3 0.7 ± 0.1 0.4 ± 0.1 0.2 ± 0.2 Al2O3 

2K18Si6P 20.6 ± 0.4 51.7 ± 0.9 24.2 ± 0.6 1.1 ± 0.6 1.8 ± 0.1 0.5 ± 0.1 0.2 ± 0.2 mullite 
2K18Si2P 22.1 ± 0.6 50.3 ± 0.6 23.8 ± 0.9 0.5 ± 0.4 1.8 ± 0.2 0.7 ± 0.1 0.8 ± 0.2 mullite  

Fig. 10. EDS elemental mapping from cross-sections of PEO coatings formed in base electrolytes: 18K2Si2P (a), 2K18Si2P (b), and 2K2Si18P (c).  
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the top layer of the coating which increases with an increase in phos
phate content (Fig. 12(b)). 

3.3.4. Cross-sectional morphology and elemental distribution for PEO 
coatings obtained in mixed electrolyte system 

With an increase of Si and P concentration simultaneously, the 
coatings grow homogeneously, and thickness increase is significant 
(Fig. 13(a) and (c)). The coating growth rate sharply increase from 1.3 
± 0.2 µm/min for 2K12Si12P system till 2.1 ± 0.3 µm/min for 
2K24Si24P system. Overall, dense and uniform coatings with fewer 
pores are observed in this group of treatments. However, there are 
problems with stationary discharges for the 2K24Si24P and the coating 

formation problems seen for the 2K18Si18P are not fully solved (Fig. 13 
(b)). 

The lowest growth rate was demonstrated for the 2K2Si2P coating 
(ca. 0.5 ± 0.2 µm/min) (Fig. 13(d)). The numerous connected different 
sized pores at the coating/substrate interface are also presented. The 
high growth rate (ca. 2.0 ± 0.4 µm/min) results in a thick and dense 
coating obtained in the 18K18Si18P electrolyte (Fig. 13(f)). 

Fig. 14 summaries the coating thickness as a function of electrolyte 
concentrations for different PEO layers. One can see that Si-based 
electrolyte systems boost the coating growth as well as higher content 
of silicate in the mixed electrolytes with phosphate, except for 
2K18Si18P system. 

Fig. 11. EDS elemental mapping from cross-sections of PEO coatings formed in P-based electrolyte system: with increasing concentration of hydroxide - 2K2Si18P 
(a), 6K2Si18P (b), 18K2Si18P (c), and with increasing concentration of silicate - 2K6Si18P (d), 2K18Si18P (e). 
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Fig. 15 shows a cross-section view of the coatings obtained in base 
electrolytes (18K2Si2P, 2K18Si2P, 2K2Si18P) and one thicker coating 
with fully amorphous phase (18K18Si18P). The growth direction of PEO 
layer (inwards/outwards) is analysed. Results demonstrate that the 
coatings obtained in OH-, and P-based electrolytes mainly grows to
wards the substrate (Fig. 15(a), (c)), while the predominant outward 
growth of the coating is observed in the coating obtained in the Si-based 

electrolyte (Fig. 15(b)). For 18K18Si18P coating, high outward growth 
is also dominant (Fig. 15(d)). Additionally, Table SI-2 (in SI) shows the 
results of measuring the whole thickness (by SEM cross section) and the 
outer layer thickness of the coatings (by laser scanning and optical mi
croscopes) for all specimens (except 2K18Si18P). The measurements 
were carried out by focusing and determining the difference in heights of 
the bare substrate and the coated area. However, the specimens not 
being perfectly straight or flat, and they could not be perfectly vertical, 
so they were slightly tilted during measurement. Which may explain the 
differences in results between the LSM and optical microscopes, and the 
inherent roughness in PEO coating surface does not allow to obtain exact 
figures as well. Comparing the results from Table SI-2 and Fig. 15, it is 
assumed that the results obtained with LSM are closer to those presented 
in the figures above. Since, the coatings obtained in Si-based electrolyte 
and with a high content of silicates show the mainly outward growth. 
However, for coatings obtained in OH- and P-based electrolytes, the 
results from the table don’t exactly match the figures above (Fig. 15(a), 
(c)), which show of about 50/50 growth in both directions for the 
18K2Si2P specimen, and more outward growth in 2K2Si18P. 

3.3.5. Elemental distribution through PEO coating obtained in different 
electrolytes 

Table SI-3 shows the EDS elemental composition of the coatings (Al, 
O, Si and P) taken from the cross sections at three different locations, 
namely close to the surface, centre and close to the interface to the 
substrate. At the lowest electrolyte concentration (2K2Si2P), PEO 
coatings have a relative low but uniform distribution of the Si species. 
With increase of electrolyte concentration, for the PEO coatings ob
tained in various ternary electrolyte systems at lower electrolyte con
centrations (from 6 till 12 g/L of respective components), Si and P 
elements are mostly enriched at the coating/substrate interface. Con
trary, for the PEO layers obtained from the higher concentrated elec
trolytes (especially in Si/P mixtures with concentrations between 18 and 
24 g/L of respective components), this trend changes and Si-containing 
species are mostly located closer to the surface. P is much more enriched 
at the coating/substrate interface as one would expect from the low 
concentration in the electrolyte compared to high concentrations in the 
electrolyte. 

Fig. 12. EDS elemental mapping from cross-sections of PEO coatings formed in 
Si-based electrolyte system with increasing concentration of P 2K18Si2P (a), 
2K18Si6P (b), 2K18Si18P (c). 

Fig. 13. EDS elemental mapping from cross-sections of PEO coatings formed in mixed electrolyte system: with increasing concentration of phosphate and silicate - 
2K12Si12P (a), 2K18Si18P (b), 2K24Si24P (c), with increasing concentration of OH:Si:P - 2K2Si2P (d), 6K6Si6P (e), 18K18Si18P (f). 
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Glow discharge optical emission spectroscopy (GDOES) was used in 
order to get more integral information of the elements distribution 
across the PEO coatings (Figs. 16–18, SI-3). During the respective 
measurements, signal intensities have direct relations to the amount of 
the element and sputtering time can be correlated with depth of the 
sputtering (coating thickness). Main elements presented in the PEO 
coatings are Al, O, Si and P. The copper signal appears only after 
beginning of bulk alloy sputtering and used for additional control of the 
coating/substrate interface. 

All the PEO-coated samples demonstrate three main regions during 

the sputtering. The first zone is PEO-coating. This region sputters first 
and commonly consists of aluminium, oxygen and electrolyte- 
containing elements (P, Si). The second region is related to coating/ 
substrate interface. The duration of this period (and respective thickness 
of this layer) depends mainly on the roughness of the interface and on 
inhomogeneity of the PEO-coating. During the sputtering, the oxygen 
signal intensity from PEO layer is decreasing, while the aluminium and 
copper signals from substrate are increasing. Additional feature of the 
region is a high amount of phosphorus. One can see from Figs. 16 to 18, 
SI-3 that before decreasing to background level, intensity of P-signal 

Fig. 14. Average thicknesses as a function of the electrolyte concentrations for different PEO coatings.  

Fig. 15. Optical cross-section views of 18K2Si2P (a), 2K18Si2P (b), 2K2Si18P (c) and 18K18Si18P (d) coatings.  
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grows and forms a kind of peak. It matches well with the results, 
demonstrated by EDS mapping (Figs. 10–13) and EDS area analysis 
(Table SI-3 (in SI)). Formation of the P-rich layer can be explained via 
the diffusion of the electrolyte species to the substrate through initially 
formed oxide layer. 

In P-based electrolyte systems, an increase of the hydroxide and Si 
concentration contributes to a decrease of the intensity of P signal at the 
interface, but an increase in the surface is observed (Fig. 17). This result 
correlates well with observations in Table SI-3. 

The results also confirm an increase in the sputtering time with an 
increase in the concentration of electrolytes in the systems, which cor
responds to an increase in the coating thickness. As shown earlier, the 
thickest coatings correspond to the Si-based electrolyte and the mixed 
electrolyte systems with high silicate concentration with the longest 
sputtering time, respectively, except of 2K18Si18P. The untypical 
coating formation for 2K18Si18P specimen is shown during GDOES 
sputtering (Fig. 17(b)). The observed coating zone looks shorter, which 
might be associated with uneven coating structure. A higher P signal in 
the coating surface region and lower intensity at the interface is found 
for 2K18Si18P specimen. Si signal intensity also increases closer the 
surface area during the coating sputtering. 

Relatively uniform distribution of Si and P intensities over the 
coating depth is registered during the sputtering of specimens produced 
in the group of mixed electrolytes with high concentration of silicate and 

Fig. 16. GDOES-depth profile of PEO-coated specimens formed in base 
electrolytes. 

Fig. 17. GDOES-depth profile of PEO-coated specimens formed in P-based electrolyte system.  

Fig. 18. GDOES-depth profile of PEO-coated specimens formed in mixed electrolyte system: with equally increasing silicate and phosphate concentrations (a), and 
equally increasing hydroxide, silicate and phosphate concentrations (b). 
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phosphate (18–24 g/L) (Fig. 18). This observation matches nicely with 
EDS mapping analysis Fig. 13(b), (c), (f). 

For all patterns, obtained during GDOES sputtering, the last region of 
the sputtering is associated to the bulk alloy. This region has signals only 
of copper and aluminium elements from the AA2024 alloy. The rest of 
elements demonstrate only signals close to background level. 

3.4. Phase composition and distribution 

3.4.1. Phase composition for PEO coatings obtained in base electrolytes 
XRD patterns of PEO coatings on AA2024 produced in base elec

trolytes presents in Fig. 19. For all the coatings, only a small amount of 
α-Al2O3 can be found. It can be explained in a way, that the applied 
current density and resulting discharge voltage was not enough to cause 
phase transformation from γ-Al2O3 to α-Al2O3 (starts at around 1000 ◦C 
[17]). One can see that for the coatings obtained in OH-based electrolyte 
(18K2Si2P) the PEO layer consists of crystalline compounds, mainly 
γ-Al2O3 (ICDD card 00-010-0425) and small amount of α-Al2O3 (ICDD 
card 00-046-1212). The treatment in Si-based electrolyte (2K18Si2P) 
resulted in a mixed coating phase composition, containing both crys
talline and amorphous structures. A broad halo at 2θ between 15◦ and 
35◦ in the XRD pattern can represent an amorphous phase. The main 
crystalline phase was determined as mullite (3Al2O3⋅2SiO2) (ICDD card 
01-079-1454) and small amount of γ-Al2O3 and α-Al2O3 were visible. 
This result demonstrates a significant contribution of silicate-based 
compounds from electrolyte in the coating formation process. The 
coatings obtained in P-reached electrolyte (2K2Si18P) consists of similar 
crystalline phases as the one obtained in OH-based electrolyte (γ-Al2O3 
and α-Al2O3), indicating that substrate oxidation plays a dominant role 
in the formation mechanism. 

3.4.2. Phase composition for PEO coatings obtained in P-based electrolyte 
system 

Analysing the XRD patterns of coatings obtained in P-based elec
trolytes with a gradual increase of the hydroxide content (Fig. 20(a)), 
there is a broadening of the γ-Al2O3 associated diffraction, while the 
α-Al2O3 peaks almost disappear for higher concentrated electrolytes 
(18K2Si18P). It can be due to a reduced crystalline size in the coating 
structure. A gradual increase of the silicate content (2K6Si18P) results, 
in a similar γ-Al2O3 peak broadening, while almost no peaks associated 
to α-Al2O3 can be observed (Fig. 20(b)). An amorphous phase starts to 
form noticeably when the silicate concentration in the electrolyte is 
equal or higher than 6 g/L despite of the phosphate concentration. At the 
highest concentrations of silicates (18 g/L), a fully amorphous coating is 
reached (2K18Si18P). 

3.4.3. Phase composition for PEO coatings obtained in Si-based electrolyte 
system 

In Si-based electrolyte systems, with a gradual increase of the 
phosphate content, at the lower concentration of phosphates (2K18Si2P, 
2K18Si6P), the coatings consist of both crystalline (mullite, γ-Al2O3, 
α-Al2O3) and amorphous compound (Fig. 21). With an increase of 
phosphate concentration, broadening or reduction of mullite and 
γ-Al2O3 peaks are observed. A further increase of the phosphate content 
(2K18Si18P) in the treatment bath contributes to a fully amorphous 
phase in the coating composition. 

3.4.4. Phase composition for PEO coatings obtained in mixed electrolyte 
system 

With an equally increasing content of Si and P in mixed electrolytes, 
the XRD patterns demonstrate, that the coating formed in 2K12Si12P 
electrolyte consists of amorphous and crystalline phases, where mullite 
crystalline phase is dominant (Fig. 22(a)). Mainly amorphous coating 
can be obtained in the electrolytes with higher silicate and phosphate 
concentrations (18–24 g/L). For those coatings no peaks of mullite are 
visible. 

A gradual equal increase of all three components (Fig. 22(b)), the 
PEO coating obtained in electrolyte with lowest concentration 
(2K2Si2P) contains mainly crystalline phases (γ-Al2O3 and α-Al2O3). For 
the coating obtained in 6K6Si6P electrolyte, the crystalline phase peaks 
broaden, and at the highest concentrations of electrolytes (18K18Si18P), 
the coatings are mainly composed of amorphous phases. 

The variations of the coating thickness and phase composition as a 
function of silicate and phosphate concentrations in the electrolytes with 
fixed (2 g/L) concentration of hydroxide are visualized in Fig. 23. The 
concentration of phosphate does not provide a noticeable effect on the 
phase composition of the coating. The PEO layers, obtained either with 
2 g/L or with 18 g/L of phosphates, mostly consists of γ-Al2O3. The in
crease of silicate concentration in electrolyte results in coatings with 
amorphous and mullite crystal structure, while simultaneous increase of 
silicates and phosphates above 18 g/L end up with mostly amorphous 
coatings. This observation can be explained in a way, that the rapid 
solidification of alumina promotes the formation of metastable γ-Al2O3 
phase, when the dissolution of Al is accelerated in P-based electrolytes. 
In the Si-based electrolyte, the charged complexes from electrolyte are 
attracted toward the surface. They decompose on the surface due to the 
plasma discharges forming molten Al2O3 and SiO2 materials, which 
further react and form insoluble amorphous mullite-based compounds 
(3Al2O3⋅2SiO2). 

With an increase of phosphate concentration in the PEO bath, the 
formation of amorphous phase dominates. Obviously, the phosphate 
addition supports the glass forming ability of silicates during processing. 
It can be speculated, that the coating composition changes and makes it 
possible to reduce the critical cooling temperatures for amorphization 
resulting in the retardance of crystal phase formation and domination of 
amorphous structures. 

Overall, when a high final voltage (above 470 V) is reached for 
coatings with low concentrations of various ternary electrolyte compo
sitions (2 - 6 g/L), the PEO coating composition is dominated by alumina 
crystalline phases. With high silicate concentrations in the electrolyte, 
accompanied by an increase of phosphate concentration, the final 
voltage corresponds to around 455 V. The coating composition in such a 
case is dominated by amorphous phases in combination with crystalline 
mullite and alumina. At low final voltages of about 360 V and high 
silicate and phosphate concentrations, the composition of the coatings 
consists fully of amorphous phase. 

3.4.5. Synchrotron X-ray diffraction analysis for PEO coatings obtained in 
base electrolytes 

To learn more about the phase distribution of the main components 
within the coating, measurements were performed using the nano- 
focused X-ray beam at the P03, PETRAIII (DESY, Hamburg). Fig. 24 

Fig. 19. X-ray diffraction patterns of different PEO coatings formed in base 
electrolytes. 
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presents selected localized patterns for the 18K2Si2P, 2K18Si2P, 
2K2Si18P specimens. The XRD patterns are taken across the coating 
from the coating surface to the substrate. Consistent with laboratory 
(integral) XRD analysis (Figs. 19–22), the results show that γ-Al2O3 is a 
main crystalline phase in both 18K2Si2P and 2K2Si18P coatings (Fig. 24 
(a), (c)). However, the intensities of the reflections from those coatings 
are much higher than from the 2K18Si2P coating, where mullite phase is 
dominant (Fig. 24(b)). The high-resolution X-ray pattern also shows 
lower intensity of α-Al2O3 as well as some other alumina phases (θ-, β-, 
δ-, κ-, χ-, Al2O3) for 18K2Si2P, 2K18Si2P, 2K2Si18P specimens, which 

were not detected during laboratory X-ray diffraction analysis. The 
appearance of several Al2O3 phases can be the result of following phase 
transformations (Eq. (2)): 

(2) 
Two-dimensional phase maps are plotted in Fig. SI-4 (in SI) to show 

the spatial phase distribution across the coating thickness with a scan 
area of 90 × 90 µm. Each image shows the spatial distribution of a 
specific crystal phase (left column) within a given PEO layer with the 
respective electrolyte conditions (top row). The colour from blue to 
yellow indicates the relative amount of the respective crystal phase. The 
distribution of Al from the substrates is also displayed to illustrate the 
interface. For both 18K2Si2P and 2K2Si18P coatings, it is evident that 
γ-Al2O3 is the primary phase, which is almost uniformly distributed 
through the entire thickness of the coating. The overlapping of coating 
signal with substrate signal may be explained by the surface roughness 
and not uniform coating thickness, forming a wavy coating/substrate 
interfaces. However, for 2K18Si2P coating the phase distribution is 
different, there is only partial distribution of γ-Al2O3 phase with lower 
intensity. This suggests a higher consumption of alumina during the 

Fig. 20. X-ray diffraction patterns of different PEO coatings formed in P-based electrolyte system with an increase of the hydroxide content (a), with an increase of 
the silicate content (b). 

Fig. 21. X-ray diffraction patterns of different PEO coatings formed in Si-based 
electrolyte system with an increase of the phosphate content. 

Fig. 22. X-ray diffraction patterns of different PEO coatings formed in mixed electrolyte system: with equally increasing silicate and phosphate concentrations (a), 
and equally increasing hydroxide, silicate and phosphate concentrations (b). 
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reaction with SiO2 forming mullite phase (3Al2O3⋅2SiO2). Mullite, the 
main 2K18Si2P coating forming phase, has a more intense partial dis
tribution towards the coating surface (Fig. SI-4(j), whereas the γ-Al2O3 
is located in the intermediate layer (Fig. SI-4(b). The 2K18Si2P coating 
formation consists of two features compared to 18K2Si2P and 2K2Si18P. 
Deposition of electrolyte compounds and reaction to mullite occurs at 
the electrolyte/coating interface; the Al oxidation happens closer to the 
substrate area. Moreover, α-Al2O3 has a relatively lower intensity dis
tribution for all the coatings, that in consistent with lab XRD results 
(Figs. 19–22). In spite of α-Al2O3 is distributed closer to the surface area, 
there is also its enrichments within the coating thickness, possibly, in 
regions of strong discharges (Fig. SI-4(d)–(f)). For 2K2Si18P coating, 
the distribution of α-Al2O3 is quite uniform, indicating lower intensity of 
localized discharges. This result is in a logical agreement with the visual 
observation of discharges during PEO processing presented above. 

4. Mechanism of PEO formation (discussion) 

The effect of electrolyte composition is a superposition of different 
effects. First, the electrolyte conductivity (resistivity) and its effect on 
the breakdown voltage. The breakdown voltage of PEO coatings in
creases linearly with the logarithm of electrolyte resistivity. According 
to [43], primary electrons, leading to electron avalanches and subse
quent breakdown of the oxide layer, are formed in the Helmholtz double 
layer. The electron injection current at the oxide-electrolyte interface is 
affected by the electric potential in the Helmholtz double layer [45]. 
Additionally, the electrochemical potential of electrons in this layer, as 
well as the field strength at the oxide-electrolyte interface, determine the 
height of the potential barrier for electron injection from the electrolyte 
[43]. 

The second is the mixture related availability of ionic species and its 
kinetics to form stable phases with/on aluminium and alumina. Various 
phases are involved in the coating formation process. This compounds 
have different melting temperature and melt volume, due to the dis
charges. During oxidation, the main part of the total current through the 
barrier film is ionic [43]. According to [46], it was suggested that PEO 
layer formation anions can be divided in 3 group: a) mobile inwards 
(phosphate, sulphate), b) immobile (borate, silicate) or c) mobile 

outwards (tungstate, molybdate). The ions from the first group have 
tendency to incorporate into the layer and migrate inside the coating 
under electrical field (in the case of phosphates). Presence of aggressive 
OH- species in the electrolyte provoke dissolution of the alumina and 
formation of a porous structure. Additionally, incorporation of charac
teristic anions (such as SiO3

2− , PO4
3− ) of the electrolyte are not essential 

for oxide layer formation, as evidenced by coating growth in OH- and P- 
based electrolytes. Silicate is initially adsorbed at the coat
ing/electrolyte interface, and incorporated as SiO2 [47]. Plasma dis
charges appear with gradual increase of electrical potential. These PEO 
sparks appear as close as possible to the substrate and due to the high 
amount of energy, applied during PEO processing, convert the 
pre-formed oxide layer and form the PEO coating [48]. 

The third effect is the "survival" of discharge effects until the 

Fig. 23. Influence of silicate and phosphate concentration on coating thickness 
and phase formation during PEO processing in 2KxSiyP electrolytes. Diameter 
of points indicates the coating thickness, while colour represents the different 
phases. Dash-lines are only guidelines for eyes to indicate the different 
phase-areas. 

Fig. 24. High-resolution XRD patterns of a selected line perpendicular to the 
interface in the direction air-coating-substrate for the PEO coatings obtained in: 
(a) 18K2Si2P, (b) 2K18Si2P and (c) 2K2Si18P electrolytes. 
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maximum reached potentials. The intensity of the process depends on 
the density and energy of these discharges, which, consequently, can 
also be determined by the formed coating’s characteristics (such as 
phase composition, mechanical stability) and the thickness of the oxide 
layer. The thicker the layer is, the less numerous, but more powerful and 
long-lasting the discharges are. Different types of discharges are strongly 
associated with different distribution, number and size of pores, holes 
and cracks in the coating [49,50]. More intense discharges result in the 
larger pores, while smaller pores can be a result of micro-discharge 
sparks of less intensity [51,52]. The observed coating morphology can 
be explained by the model suggested in [50]. It consists of three A-, B- 
and C-type discharges. In OH-based electrolyte, based on surface 
morphology observation (Fig. 6(a)), it is assumed that the intense dis
charges pass through the coating/substrate interface across the 
discharge channels, where the substrate is oxidized. However, lack of 
the molten species from the substrate material and electrolyte does not 
allow to fill all large open pores. Resulting in relatively low thickness 
and high surface porosity (18K2Si2P, 18K2Si18P). 

In Si-based electrolyte, it is likely that all three (A-, B- and C-) type 
discharges are present. A- and C-type discharges occur at the electrolyte/ 
coating interface with gas inclusion and glow discharge ignition. 
Enhancement of the PEO coating growth can be explained by silica 
polycondensation processes, which is facilitated mostly by the more 
intensive discharge sparks (B-type) [53,54]. Smaller size and number of 
pores compared to OH-based electrolyte (Fig. 6(a)), but larger than in 
the coatings from phosphate-based electrolyte (Fig. 6(c)), is observed for 
PEO layers produced in silicate-based electrolyte (Fig. 6(b)). Since the 
B-type discharges are the strongest and derive from breakdown voltage 
in a strong electric field, they would have the highest effect on the 
microstructure of the coatings. A partial phase distribution with high 
intensities may also be an evidence for higher local temperatures during 
the process (Fig. SI-4(b), (e), (j)). It is reported that the molten products 
around the pores correspond to the formed alumina species, while sur
roundings are enriched with electrolyte constituents [55]. It is expected 
that former can be formed by stronger B-type discharges, while A-, 
C-type less intense discharges may be the cause for the latter structural 
features. In other words, it is likely that the occurrence of B-type dis
charges can lead to substrate oxidation, while A-, and C-type discharges 
can cause deposition of species from the electrolyte, and they can 
consistently dominate the process. 

P-based electrolytes were found to be more favourable for obtaining 
more uniform PEO layers, with smaller size and number of pores 
compared to others two electrolytes. However, those coatings are not 
dense inside. Internal residual and thermal stresses and consequently 
increasing inner pore cavities can be the reason for a minor increase in 
the thickness of the coatings, despite the high oxidation voltage during 
the process. A higher discharge voltage in this case may mean a coating 
consistence of more insulating phases (γ-Al2O3). Possibly, most of the 
energy was released to the electrolyte since no strong destructive dis
charges were observed, and softer discharges dominated the process. 
Mainly A- and C-type of discharges are believed to occur. A uniform 
phase distribution may also indicate a softer PEO process (Fig. SI-4(c), 
(f)). 

The electrical energy consumption was calculated by integration of 
the power as a function of the treatment time (Eq. (3)) [56], for different 
tested systems (Fig. 25). 

E =

∫t

t0

(VI)dt (3)  

where t0 and t- start and end times of PEO treatment with a step of 0.01 
s, V – voltage value recorded every 0.01 s, I - current density. 

A reduction by using highly concentrated electrolytes with a high 
concentration of silicates and phosphates has been confirmed, which 
significantly reduces the energy consumption by up to 31% in the case of 

18K18Si18P (compared to 2K2Si2P), and a saving of up to 14% in the 
case of 2K24Si24P (compared to sample 2K12Si12P). The use of Si-based 
electrolyte (2K18Si2P) saves energy of up to 6% compared to high 
concentrated phosphate electrolyte (2K2Si18P). In addition, in P-based 
electrolyte system, increasing the hydroxide content till 18 g/L 
(18K2Si18P) is beneficial in terms of saving energy consumption up to 
25% compared to the base 2K2Si18P. In general, a low concentration of 
mixed electrolytes as well as a P-based electrolyte leads to consume 
more energy in the mixed electrolyte system. 

To summarize, the main characteristics of PEO coatings obtained in 
different electrolyte systems are presented in Fig. 26. 

To the discussion of the PEO coating formation mechanism, it mainly 
combines the reactions between substrate material and electrolyte 
compounds, involving substrate oxidation and the deposition of species 
from the electrolyte [57]. Overall, the following reactions may occur 
during the PEO processing [41,55]:  

Al → Al3++3e− (4)  

2Al3++3O2− → Al2O3                                                                      (5)  

2Al3+ + 6OH− → Al2O3 + 3H2O                                                      (6)  

H2O + SiO3
2− → SiO2 + 2OH− (7)  

SiO2 + xAl2O3 → SiO2⋅x(Al2O3)                                                       (8) 

where Eq. (4) represents the oxidation of substrate material, Eqs. (5) and 
(6) are responsible for the species from substrate in PEO layer formation 
and Eqs. (7) and (8) shows the role of silicates in the formation of PEO 
layer. 

For OH- and P-based electrolytes, where coatings composed mainly 
from γ-Al2O3 and α-Al2O3, the substrate oxidation is the dominant re
action. Despite the same processing parameters, the morphology of the 
coatings is completely different, as mentioned above. The Eqs. (5) and 
(6) are the main processes for formation of PEO coatings for these sys
tems with significant aluminium consumption with mainly inward 
growth mechanism. From the EDS analysis of the surface and cross- 
sections of the PEO layers, obtained in P-based electrolytes, only low 
content of P was detected (Table 2 and Table SI-3), while no detectable 
phosphate phase was seen during XRD measurements (Figs. 19–22). The 
reason can be that phosphates are complicated to deposit during the 
coatings formation or there are thermodynamic constraints on the sta
bility of these phases. For example, it was shown earlier [37] that some 
phosphate containing phases (e.g. metaphosphate (AlPO4) with a 
melting temperature of 1800 ◦C) can be formed on the coating/substrate 
interface. However, due to the instability of the phosphate phase in an 
alkaline solution, it cannot be seen during XRD measurements. For the 
PEO processing in Si-based electrolytes, both the deposition of SiO3

2−

species from the electrolyte and substrate oxidation simultaneously 
occur. Since, the deposition is stimulated by the discharges under high 
temperature (~7000 K) [58], more intense discharges with high energy 
lead to an intensive mixing of substrate and electrolyte components and 
rapid mullite formation (melting temperature of 1850 ◦C), according to 
the reactions (7) and (8). 

Fig. 27 reveals a schematic diagram of PEO coating growth model in 
a ternary mixed OH-, Si- and P-based electrolytes. The formation of a 
PEO coating on Al is a complex process taking place under the cyclic 
action of melting (discharge) and quenching (electrolyte) due to the 
local high temperature and pressure. The growth of the ceramic coating 
occurs as it grows inward and outward the surface material, simulta
neously [57,59]. It is believed, that at the beginning of the process, the 
coating grows mainly outwards. As the applied electrical potential in
creases with oxidation time due to the high heat-insulation properties of 
alumina layer, the molten aluminium as well as electrolyte components 
are oxidized and ejected through the discharge channels that are created 
by the breaking down of barrier oxide layer. The current, flowing in the 
places of breakdown, causes melting and evaporation of both the 
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substrate and the dielectric oxide layer. The molten material is rapidly 
solidified at the coating/electrolyte interface in a crater-like form. Then, 
with an increase of the treatment time, the outer layer of the coating 
becomes thicker, and the PEO layer predominantly grows inwards. At 
the same time, the coating continues to grow outwards. This phenom
enon can be preferentially separated by changing the parameters of the 
PEO process, in particular, using different compositions of electrolytes. 

The difference in the PEO coating thicknesses produced in OH-, P- 
and Si-based electrolytes can be associated with different coating 

formation behaviour, where coating growth is faster in Si-based elec
trolyte with predominantly outward growing mechanism (Fig. 27(a)). It 
is supposed that the different growth rate may originate from the effect 
of soluble anions (PO4

3- and SiO3
2− ), especially due to their different 

adsorption characteristic, since the other process parameters were kept 
constant [59]. The SiO3

2− anions from Si-based electrolytes enter into 
coating due to their stronger adsorptive actions. Due to high discharge 
energy resulting from high temperature and pressure during the process, 
the adsorption of dissolved anions on the coating surface takes place. 

Fig. 25. The variation of the electrical energy for different PEO coatings.  

Fig. 26. Schematic illustration of PEO coatings characteristics obtained in different electrolytes.  

Fig. 27. Mechanism of PEO coating growth of Si-based electrolytes (a) and OH-, P-based electrolytes (b).  
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The rapid deposition of SiO2 in the form of mullite under high temper
atures can greatly improve coating growth rate in Si-based electrolyte, 
compared to PEO processing in phosphate-based electrolytes. The EDS 
analysis (Table 2) suggests that, deposition of silica is promoted in 
higher Si content electrolytes leading to enhanced thickening of the 
coatings, especially with amorphous structure. SEM cross-section maps 
(Figs. 10–13) reveals that the Si element is mainly distributed in the top 
layers of the coatings as well as around the pores and holes. It is sug
gested that due to a higher binding energy of SiO2 species relative to that 
of the Al2O3 [58], the SiO2 species mostly remain immobile in the outer 
region of the coatings. This mainly prevents diffusion of the substrate 
material to a coating surface, and the resulting coating grows mainly 
outwards. 

For OH-, and P-based electrolytes (Fig. 27(b)), the increase of the 
coating is dominated by the inner growth of the layer during the PEO 
process as a result of the ejection of molten alumina through the 
discharge channels as well as oxygen diffusion. Thus, this would also be 
the reason for the low coating growth rate for respective specimens, 
since no other electrolyte components were involved in the process, 
based on XRD and EDS results. In addition, phosphates deposition on the 
coating/substrate interface can also be explained during PEO processing 
by the repeated secondary decomposition and solidification reactions, 
resulting in the cavities near the coating/substrate interface. 

5. Conclusions 

(1) The different composition ratios of the mixed alkaline electro
lytes influence the morphology of PEO coatings on AA2024 alloy. 
For the coatings being produced in OH-based electrolyte, the 
surface reveals a huge porosity with large open pores. In P-based 
electrolyte more uniform coatings were obtained compared to Si 
electrolytes. The surface porosity not always correlate with in
ternal porosity for PEO coatings obtained in mixed electrolytes.  

(2) PEO coatings formed in OH- and P-based electrolytes are mainly 
composed of γ-Al2O3 crystalline phases. An amorphous phase in 
combination with mainly mullite crystalline phases is dominant 
in the coatings, produced in Si-based electrolytes and in the 
mixed electrolytes with higher concentrations of silicates (12–18 
g/L). 

(3) In mixed electrolytes (OH-Si-P) with low electrolyte concentra
tions (between 2 and 6 g/L), the crystalline structure of the 
coating is dominant; however, low coating growth rate is 
observed. For the PEO coatings, obtained in high concentrated 
mixed phosphate-silicate electrolytes (between 18 and 24 g/L), 
the presence of fully amorphous phase in the coating structure is 
observed together with high coating thickness.  

(4) A relatively low coating growth rate, with dominating inward 
layer growth in OH-, and P-based electrolytes was observed. Si- 
based electrolytes contribute to preferential outward growth of 
the PEO coatings, where the deposition from the electrolyte and 
Al oxidation processes simultaneously occur. The thickening of 
the coatings mainly depends on the rapid deposition of bath 
compounds from Si-based electrolytes. 

(5) A combination of low concentration of hydroxides, high con
centration of phosphates with increasing concentration of sili
cates in the mixed electrolyte noticeably increases the coating 
thickness, improving also the uniformity and density of the 
coatings (e.g. 2K12Si12P, 2K24Si24P).  

(6) On the one hand energy savings are mainly related to higher 
concentration electrolytes which on the other hand results in 
higher costs for the chemicals and disposal after use. However, 
higher coating growth rates in higher concentrated electrolytes 
may allow to shorten treatment times if a certain thickness is 
required. A proper analysis of costs and ecological impact of high 
concentrated electrolytes is quite complex and needs to be done 
for specific components/applications. 
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