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Highlights 

 PEO process produces polycrystalline metal oxide particles (Al2O3 and ZrO2)

 Particles exhibit a hollow spherical morphology with size between 0.01-10 µm

 Morphology of the particles is correlated to the PEO “pancake” structure

 A formation mechanism of particles during PEO is proposed

Graphical abstract 
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Abstract 

The formation of fine particles during the Plasma Electrolytic Oxidation process (PEO) was 

investigated. Particles were produced by carrying out PEO treatments on two different grade of 

aluminium alloy (Al1050, Al2024) and a low-alloyed zirconium grade (Zr-M5). They were 

characterized at different scales mainly using transmission electron microscopy. Whatever the 

processed material, results show that particles exhibit a hollow spherical shape with outer 

diameter ranging from 100 nm to 10 µm. They consist of polycrystalline alumina (- and -

Al2O3) for the PEO of aluminium alloys and zirconia (m-ZrO2) for the zirconium alloy. A 

correlation is drawn between the microstructure of the produced particles and the “pancake”-

like structure that usually develops over PEO coatings. On this basis, a descriptive mechanism 

of the formation of these metal oxide particles is proposed. The ignition of a micro-discharge 

inside the “pancake” cavity induces the propagation of a pressure shockwave that pushes the 

molten oxide through the narrow orifice of the “pancake” structure. Like a rubber balloon, the 

molten oxide forms a hollow sphere and is rapidly quenched by the surrounding electrolyte and 

ejected into the electrolyte.    

Keywords: Plasma electrolytic oxidation (PEO); Micro-arcs oxidation (MAO); Aluminium, 

Zirconium; Metal oxide particles; Oxide coatings 
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1. Introduction

Plasma electrolytic oxidation (PEO), also referred to as micro-arc oxidation (MAO), is an

anodic plasma electrolysis process that allows growing protective ceramic-like oxide coatings 

on valve metals such as aluminium, titanium, magnesium and zirconium alloys [1-4]. PEO 

process gains a growing interest in various industrial domains (transport, energy, medicine) to 

replace conventional chromic acid anodizing (CAA) or hard acid anodizing (HAA) [5, 6]. 

Indeed, PEO results in improved wear and corrosion resistance together with enhanced thermal 

stability and biocompatibility properties [6-8]. PEO also uses low concentrated alkaline 

electrolytes depleted in toxic compounds, which makes it an environmentally friendly process. 

Achieved at a voltage higher than the dielectric breakdown voltages of the growing oxide layer, 

PEO coatings are formed under an anodic sparking regime characterized by the ignition of tiny 

and short-lived micro-discharges that ignite randomly over the processed surface. This sparking 

regime gradually leads to the conversion of the processed metal into a crystalline oxide layer 

[9-12]. The formation mechanisms of the protective PEO coatings remain complex due to the 

combination of thermal-, electro-, and plasma-assisted chemical reactions that simultaneously 

occur in a low affected volume (tens of µm3) [13-17].  

Among the inherent aspects of the PEO process, it is frequently observed that the PEO 

process generates residual particles that are usually found at the bottom of the electrolytic cell. 

The particles produced during the PEO process have been very little studied. Zhan et al. [18] 

reported the synthesis of WO3 particles during PEO of Al in a tungstate electrolyte. They 

showed that particles exhibit an irregular shape with a size distribution ranging from 100 nm to 

1 µm. Authors explained their formation by the decomposition of the electrolyte species within 

the micro-discharge plasma. Surprisingly, they did not evidence the simultaneous formation of 

Al2O3 particles. In addition, the synthesis of particles via cathodic plasma electrolysis processes 

is widely documented in the literature [19-29]. During cathodic plasma electrolysis, a thin 
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gaseous envelope (mainly containing hydrogen) forms around the cathode; the latter is therefore 

separated from the surrounding electrolyte. When the applied voltage is high enough to induce 

the dielectric breakdown of the gaseous envelope, a quite stable glow-discharge plasma sheath 

is created and covers the cathode [19]. Within this cathodic plasma discharge regime, the 

processed metal rapidly erodes and melted particles are released from the cathode into the 

water-based electrolyte [20, 21]. When particles enter into the surrounding cold electrolyte, 

they usually solidify into spherical nanoballs with diameter ranging from 10 nm to 10 µm, 

depending on the operating material and the electrolyte chemistry [22-23]. When subsequently 

exposed to air, the surface of some particles gets oxidized, thus forming core-shell structures 

with attractive new properties like photocatalytic effects for instance [24-27]. Various metal or 

metal oxide nanoparticles have been successfully produced by cathodic plasma electrolysis 

including steel, copper titanium, zinc, silver, nickel, gold and platinum [21, 28, 29].  

However, the mechanisms that govern the cathodic plasma electrolysis strongly differ from 

those encountered in PEO during which localized micro-discharges ignite at the anode due to 

the dielectric breakdown of the growing oxide layer [5, 13, 17]. Consequently, it is reasonable 

to assume that particles produced with the PEO process would exhibit microstructural 

differences compared to those collected during cathodic plasma electrolysis. This motivated the 

present study that consists in deeply investigating the microstructure of the particles formed 

during the PEO process. Comparatively, the microstructure of the PEO oxide layer grown 

within the same conditions are also characterized and compared to the produced particles. 

Finally, on the basis of the experimental results, a descriptive mechanism of the formation of 

particles during anodic plasma electrolysis is discussed.  

2. Experimental procedure
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2.1 Materials 

The PEO processed materials consisted of three commercial metallic alloys, a low-alloyed 

aluminium (Al-1050 grade), a copper-rich aluminium alloy (Al-2024 grade) and a low-alloyed 

zirconium (Zr-M5 grade). Table 1 gives the chemical composition of these three alloys. The 

Al-1050 and the Al-2024 aluminium samples had a rectangular shape of 45 mm  25 mm  5 

mm in size while the Zr-M5 zirconium samples exhibited a tubular shape of 30 mm in height, 

15 mm in external diameter and 1 mm in thickness. Dimensions of all samples were chosen to 

keep the same surface area (0.28 dm2), and therefore the same current density applied to the 

PEO-processed samples.  

2.2 PEO processing conditions 

The samples were PEO-processed in 4 L beaker containing a low-concentrated solution of 

potassium hydroxide ([KOH] = 1 g.L-1  0.018 mol.L-1) diluted in deionised water. In order to 

prevent the electrolyte from any pollution, and to avoid the dissemination of the produced 

particles in the cooling circuit, the electrolyte was cooled using a double wall system. As 

described in Fig. 1a, the beaker containing the electrolyte is located into a larger tank filled with 

a stream of cold water. A magnetic stirrer at the bottom of the beaker ensures the 

homogenization of the electrolyte temperature. Within these cooling conditions, the electrolyte 

temperature was kept below 60 °C. For each PEO treatment, the processed sample was 

systematically located at 90 mm apart from the counter-electrodes (two titanium plates of 200 

mm  200 mm  1 mm in size). PEO treatments were carried out using a pulsed bipolar current 

generator within the so-called “soft” regime electrical conditions [30-33]. Within these 

electrical conditions, the ratio of anodic to cathodic charge quantity (RCQ = Qp/Qn) was set at 

0.9. The current pulse frequency (F), the anodic current amplitude (Ia) and the anodic current 

density (ja) were set at 100 Hz, 10 A and 36 A.dm-2, respectively. The duration of all the PEO 

treatments was fixed at 30 min. It is worth mentioning that, although PEO treatments were 
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performed in electrical conditions that would allow the “soft” regime to occur at about 50 min., 

the transition from the “arc” to the “soft” growth regime did not appear due to a too short 

processing duration [34]. 

2.3 Particles collection and ex situ characterization 

As illustrated in Fig. 1b, the electrolyte containing suspended particles was then filtered 

using the Büchner filtering method. The filter paper used (Whatman Cyclopore 

polycarbonate membrane) allowed retaining particles with size larger than 100 nm. 

Additionally, a TEM grid that consists of a 300 mesh nickel grid covered with a carbon film 

was also placed onto the surface of the filter paper. After filtering, the filter paper and the TEM 

grid were dried in an oven at 60 °C for 12 h.  

Pictures of the electrolyte and the filter paper were taken before and after filtering. The 

particles remaining onto both the filter paper and on the TEM grid were observed using SEM 

and TEM techniques. Different magnifications were used in order to estimate the size 

distribution of the produced particles. The chemical composition and the elemental distribution 

of the formed particles were determined by EDX and STEM/EDX analyses. The 

crystallographic phase composition of the particles was investigated by XRD measurements 

operated in Bragg-Brentano geometry with a step size of 0.005° and a scan range from 30 to 

60°. XRD measurements were performed on the surface of the filter paper using a Cu-K1 

radiation at wavelength  = 0.1542 nm. Observation of the high-resolution TEM images 

combined with the analysis of the corresponding FFT patterns also led us to determine the phase 

composition of the produced particles. Additionally, FIB milling technique (Focused Ion Beam 

using a Ga+ beam) was also used to cut the produced particles in half and to characterize their 

internal morphology. Finally, for comparison reasons, PEO coatings grown on the different 

substrates were also characterized by SEM, EDX and XRD techniques.  
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3. Results

3.1 Morphology of the particles 

Fig. 2 shows the visual aspect of the electrolytes and the filter papers before and after the 

filtering step. Whatever the processed substrate, the electrolytes are colored before filtering 

while they are transparent after filtering. This suggests the presence of particles. The visual 

aspect of the filter papers after filtering also confirms the presence of particles in the electrolyte 

after the PEO treatment. PEO processing of the copper-alloyed aluminum (Al-2024) results in 

a brown coloured filter. In contrast, the filter exhibits a whitish appearance in the case of the 

low-alloyed aluminum (Al-1050). For the low-alloyed zirconium, the filter paper appears 

pinkish-brown. 

Fig. 3 shows the SEM micrographs of the filter paper before and after the filtering step in 

the case of the PEO process of the copper-alloyed aluminium (Al-2024). Before filtering, no 

particle is observed at the surface of the filter paper (Fig. 3a) while spherical particles with 

different sizes are observed after filtering (Fig. 3b, c, d). Fig. 4 shows the size distribution of 

the spherical particles observed for all the processed substrates. Whatever the processed 

substrate, particles exhibit quite the same size distribution, in the range of 0.1 - 10 µm, with a 

mean size of  4 µm and the most probable size of 3 µm. Additionally, high magnification SEM 

micrograph in Fig. 3d show that particles are not perfectly spherical since some cracks and 

holes are visible over their surface. It is also worth mentioning that similar observations were 

done in the case of the PEO processing of Al-1050 and Zr-M5 samples.  

Some of these particles were cut in half using FIB milling technique. Whatever the PEO-

processed material, SEM micrographs in Fig. 5 show that particles exhibit an internal cavity 

that, for certain particles, opens outwards. Interestingly, the internal and the external 

morphology of the particles remain the same irrespective of the processed alloy. It suggests that 



9 

the formation of particles follows an inherent mechanism of the PEO process and is independent 

of the processed metallic alloy.  

3.2 Chemical composition of the particles 

The elemental composition of the produced particles was determined by using EDX method. 

The EDX spectra given in Fig. 6 were recorded on the particles as indicated in Fig. 5. EDX 

spectra recorded on the particles produced with Al-2024 and Al-1050 show that they 

exclusively contain Al and O elements suggesting thereby the formation of alumina particles. 

The particles produced with the Zr-M5 are exclusively composed of Zr and O elements 

suggesting in this case the formation of zirconia particles.  

These first elemental analyses were confirmed by the element distributions and 

quantifications done with STEM/EDX analyses as shown in Fig. 7 and in Table 2, respectively. 

Spherical particles formed during the PEO process of the two aluminium alloys (Al-1050 and 

Al-2024) are mainly composed of Al and O. Their atomic concentration is close to the 

stoichiometry of alumina Al2O3 (Spot 4 and spot 6 in Table 2). The particles produced with the 

zirconium alloy are rich in Zr and O and their atomic concentration is close to the stoichiometry 

of zirconia ZrO2 (Spot 7 in Table 2). Additionally, in the specific case of the copper-alloyed 

aluminium (Al-2024), bright-field micrographs evidence the presence of nanometre-size 

needles surrounding the Al, O-rich spherical particle. The EDX element quantification 

performed on these needles (Spot 5 in Table 2) reveals the presence of Cu and O in large amount 

suggesting that they consist of copper oxide. In contrast, no similar needle was detected in the 

case of the low-alloyed aluminium substrate (Al-1050). Finally, detection of carbon residues is 

associated to the carbon film deposited on the TEM grid while titanium traces may come from 

the gradual erosion of the titanium counter-electrodes during the PEO treatments. 

3.3 Crystallographic phase composition of the particles 
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Fig. 8 shows the XRD patterns of the PEO processed alloys (Al-2024, Al-1050 and Zr-M5), 

the resulting PEO oxide coatings and the filter papers (after filtering the electrolyte). First, XRD 

patterns of the PEO layers show the presence of Al and Zr peaks in the case of the PEO process 

of the aluminium alloys (Al-1050 and Al-2024) and the zirconium alloy (Zr-M5), respectively. 

They originate from the metallic substrate lying beneath the oxide layer due to the X-ray 

penetration depth that exceeds the overall thickness of the formed PEO coating. Second, and as 

usually encountered for the PEO process of aluminium [12] and zirconium alloys [3], the XRD 

patterns reveal the presence of two types of alumina (face-centred cubic - and rhombohedral 

-Al2O3) through the PEO coatings grown on the two aluminium alloys and one type of zirconia 

(monoclinic ZrO2) through the PEO layer produced on the zirconium alloy. Third, indexing the 

XRD patterns recorded on the filter papers only evidences the presence of - ,-Al2O3 and ZrO2 

for the PEO process of the aluminium and the zirconium alloys, respectively. In the specific 

case of the copper-alloyed aluminium (Al-2024), the presence of copper oxide CuO is observed. 

As a consequence, XRD measurements performed on the filter papers confirm the fact that the 

spherical particles consist of crystallized alumina or zirconia, depending on the metallic 

substrate, while the needle-shaped nanostructures are composed of crystallized copper oxide. 

The presence of CuO in the case of the copper-alloyed aluminium explains the brown-coloured 

electrolyte as seen in Fig. 2. The partial dissolution in the alkaline electrolyte of the Al2Cu 

intermetallic compounds contained in the Al-2024 substrate can explain the formation of CuO. 

This results in the formation of Cu(OH)2 precipitates that subsequently experiences a plasma-

assisted thermal decomposition into CuO [35, 36]. 

These results were doubly checked by performing deeper TEM observations as shown in 

Fig. 9. Bright-field TEM micrographs show that nanometre-sized spherical particles are also 

produced. High-resolution TEM micrographs confirm the crystalline state of the produced 

particles. Moreover, indexing the associated FFT patterns confirm the presence of -Al2O3 in 
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the spherical particles produced during PEO of the Al-2024 substrate. The composition of the 

surrounding needle shaped particles is indeed CuO. Finally, spherical particles produced from 

the Zr-M5 substrate are crystallized under the m-ZrO2 phase.     

4. Discussion

The discussion hereafter focuses on the formation of metal oxide particles during the PEO 

process. Particularly, a descriptive mechanism is proposed to explain their specific morphology 

i.e. a hollow spherical shape with cracks at their surface; this morphology is independent of the

nature of the processed material. The proposed mechanism is mainly based on a close 

comparison between the morphology of these particles and the morphology of the 

corresponding elaborated PEO coatings.  

Fig. 10 shows the cross-sectional and the top-surface SEM micrographs of the PEO coating 

elaborated on the copper-alloyed aluminium (Al-2024). The observed morphology is 

characteristic of PEO coatings elaborated under the “arc” sparking regime (before the 

appearance of the “soft” regime) with the presence of large open discharge channels forming 

“pancake”-like structures over the top-most surface. Moreover, the associated XRD patterns 

evidence the presence of two crystalline polymorphs of alumina i.e. - and -Al2O3. As a 

comparison, it was previously established that particles produced from the Al2024 alloy also 

consist of these two crystalline polymorphs (Fig. 8 and 9). More interestingly, a close 

examination of the top-surface of the coating reveals the presence of spherical particles (Fig. 

10). The latter is as attached at the top-surface of the coating, particularly near the “pancake” 

structure. Their spherical shape is the same as that of the particles observed on the filter paper. 

Fig. 10 also shows that the size of the attached particle is of the same order of magnitude as the 

diameter of the cavity of the surrounding “pancake”, in the micrometre range.  Finally, the EDX 

spectrum recorded on this attached particle shows that it consists mainly of Al and O suggesting 

the presence of crystalline alumina. Thus, close similarities are drawn between the 
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microstructure of the produced particles and the grown PEO coating, mainly the typical 

morphology of the “pancake” structure. As depicted in Fig. 11, these similarities allow 

proposing a formation mechanism of metal oxide particles inherent to the PEO process. 

As described previously with SEM observations, Fig. 11a presents the typical “pancake” 

structure that develops during the PEO within the “arc” regime. Nominé et al. have 

demonstrated that micro-discharges appear in “cascade” through the discharge channel of a 

“pancake” structure [37, 38]. From optical emission spectroscopy measurements, Martin et al. 

recently estimated the gas temperature in the micro-discharge at about 3200 K [12]. At this 

temperature, the pre-formed oxide layer is locally and rapidly melted at a heating rate of ~108 

K.s-1 (Fig. 11b). Troughton et al. have also reported the development of a pressure shockwave

that radially propagates towards outside [39]. It results in the vaporisation of the surrounding 

electrolyte and the expansion of a gas bubble. By using fast video imaging to follow the 

dynamic of bubbles created by discharge in dielectric liquids and, by applying the Rayleigh-

Plesset’s cavitation model, Hamdan et al. estimated the initial pressure inside the bubble at 

several hundreds of bars [40, 41]. More recently, by investigating individual discharges during 

plasma electrolytic oxidation, Throughton et al. estimated the pressure in the gas bubble at 

about 2.5 bars [39]. After the extinction of the micro-discharges, whose life-time is about 10 µs 

[9, 17, 33, 34, 37], the gas bubble continues its expansion through the cavity of the “pancake” 

structure as illustrated in Fig. 11c. Because of the pressure gradient between the pancake cavity 

filled with a gas phase (P > Patm) and the electrolyte (Patm), the molten part of the oxide is pushed 

out of the cavity of the “pancake” structure towards the electrolyte. The molten oxide can only 

leave through the narrow orifice located at the top of the “pancake” structure and gradually 

inflates similarly to a rubber balloon (Fig. 11d). In contact with the cooled electrolyte, the 

molten oxide is rapidly cooled at a cooling rate of ~ 107 K.s-1 [12]. Under such a severe cooling 

condition, the oxide is quenched keeping a hollow spherical shape. Cracks appear at its surface 
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due to the volume retraction of the oxide during solidification (Fig. 11e).The solidified particle 

may then either remain attached at the pancake or be ejected into the electrolyte if the electrolyte 

turbulence is sufficiently strong or if other micro-discharges ignite in the “pancake” cavity (Fig. 

11f).  

5. Conclusions

The formation of particles during the PEO processing of aluminium and zirconium alloys 

was investigated. The microstructure of the particles was characterized at different scales, 

mainly by using transmission electron microscopy. Whatever the processed material, results 

show that particles exhibit the same morphology i.e. a hollow spherical shape with diameters 

in the range of 10 nm to 10 µm. They consist of polycrystalline metallic oxides i.e - and - 

alumina for the PEO of aluminium alloys and monoclinic zirconia for the zirconium alloy. 

Microstructure of the produced particles was then compared to the microstructure of the PEO 

coatings grown on the metallic substrates. A correlation was drawn between the microstructure 

of the particles and the typical “pancake”-like structure of the PEO coating. On this basis, a 

descriptive mechanism of the formation of these particles was suggested as follows: Ignition of 

a micro-discharge inside the “pancake” cavity induces the propagation of a pressure shockwave 

that pushes the molten oxide through the exit orifice of the pancake. Like a rubber balloon, the 

molten oxide forms a hollow sphere and is rapidly solidified by the surrounding electrolyte and 

ejected towards the electrolyte.    
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List of tables 

Table 1: Chemical compositions of a 1050 aluminium alloy (noted Al-1050), a 2024 aluminium 

alloy (noted Al-2024) and a M5 zirconium alloy (noted Zr-M5). 

Al-1050 

Elements Fe Si Zn Cu, Mg, Mn, Ti Al 

in wt.% 0.40 0.25 0.07 <0.05 Balance 

Al-2024 

Elements Cu Mg Mn Si, Fe, Zn, Cr, Ti Al 

in wt.% 3.8 - 4.9 1.2 – 1.8 0.3 – 0.9 <0.5 Balance 

Zr-M5 

Elements Nb O Fe, S Zr 

in wt.% 1 0.14 <0.05 Balance 

Table 2: Elemental composition of the particles produced during the PEO process of Al-1050, 

Al-2024 and Zr-M5 alloys. 

Al Zr O Cu Ti C 

Spot 4* (in at.%) 38.4 - 58.4 3.2 - - 

Spot 5 (in at.%) 1.1 - 52.3 43.5 - 3.1

Spot 6 (in at.%) 41.3 - 57.7 - 1 -

Spot 7 (in at.%) 65.7 - - - 
* From STEM/EDX analysis performed in regions reported in Fig.7.
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List of figures 

Fig. 1: Schematic view of the experimental procedure that allows a) producing particles using 

the PEO process (picture of a 2024 aluminium alloy during PEO at 15 min processing time) 

and b) collecting particles using the Büchner filtering method (picture of the filter paper and 

the TEM grid after filtering). 
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Figure 2: Visual aspect of the electrolytes and the filter papers (before and after filtering) for 

the PEO process of Al-2024, Al-1050 and Zr-M5 alloys.   
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Figure 3: SEM micrographs of the filter paper recorded at different magnifications a) before 

filtering and b), c), d) after filtering in the case of the PEO process of an Al-2024 aluminium 

sample. 
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Figure 4: Size distribution of the spherical particles observed on the filter paper by SEM and 

TEM after the PEO process of Al-1050, Al-2024 and Zr-M5 alloys. 
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Figure 5: SEM micrographs of the particles (before and after FIB milling) produced during the 

PEO process of Al-1050, Al-2024 and Zr-M5 alloys. Coloured spots indicate locations of EDX 

measurements shown in Fig. 6. 
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Figure 6: EDX spectra recorded on the particles produced during the PEO process of Al-1050, 

Al-2024 and Zr-M5 alloys. Location of spots 1, 2 and 3 are given in SEM micrographs in Fig. 
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Figure 7: Bright-field STEM (BF-STEM) micrographs recorded on the particles produced 

during the PEO process of Al-1050, Al-2024 and Zr-M5 alloys and the associated STEM/EDX 

elemental map distributions.  
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Figure 8: XRD patterns of the metallic substrate, the PEO oxide coating and the filter paper 

(after filtering the electrolyte) in the case of a) Al-1050, b) Al-2024 and c) Zr-M5 alloys. 
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Figure 9: Bright-field TEM micrographs, high-resolution TEM micrographs and the associated 

FFT patterns recorded on the particles produced during the PEO process of Al-2024 and Zr-M5 

alloys.  
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Figure 10: Cross-sectional and top-view SEM micrographs of the PEO coating elaborated on 

the copper-alloyed 2024 aluminium. XRD pattern of the elaborated PEO coating and EDX 

spectrum specifically recorded on a spherical particle attached on the top-surface of the PEO 

coating. 
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Figure 11: Schematic description of the formation mechanism of the metal oxide particles 

during the PEO process of aluminium and zirconium alloys. a) “Pancake” structure before the 

appearance of a micro-discharge. b) Ignition of a micro-discharge inside the “pancake” cavity 

resulting in the melting of the pre-existing oxide and the propagation of a pressure shockwave. 

c) The molten oxide is pushed towards the electrolyte under a pressure gradient between the

“pancake” cavity (P > Patm) and the electrolyte (Patm) and inflates through the open hole of the 

“pancake” structure. A spherical particle is formed and rapidly quenched by the surrounding 

cooled electrolyte. d) Solidification cracks appear due to volume retraction and the solidified 

particle is ejected into the electrolyte. 




