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Abstract 

PEO was conducted on Al by applying a pulsed bipolar current. The role of the cathodic 

polarization on the appearance of micro-discharges (MDs) and on the subsequent formation of 

the PEO oxide layers is investigated. Various ratios of the charge quantity RCQ = Qp / Qn 

(defined as the anodic Qp to cathodic Qn charge quantity ratio over one current pulse period) 

in the range [0.5 ; 6.0] were selected by changing the waveform parameters of the cathodic 

current while keeping the waveform of the anodic current unchanged. Results show that the 

appearance of MDs is delayed with respect to the rising edge of the anodic current; this delay 

strongly depends on both the processing time and the applied cathodic charge quantity. It is 

also evidenced that shorter delays promoted by high RCQ (RCQ > 1) values are associated 

with stronger MDs (large size and long life) that have detrimental effects on the formed PEO 

oxide layers. The thicker and the more compact oxide layer morphology is achieved with the 

intermediate RCQ (RCQ = 0.9) for which the delay of the MDs appearance is high and the 

MDs softer. Low RCQ (RCQ < 0.9) results in an earlier extinction of the MDs as the process 

goes on, which leads to poorly oxidized metal. A mechanism of charge accumulation taking 

place at the oxide / electrolyte interface and arising before the occurrence of dielectric 

breakdown is proposed to explain the ignition of MDs during pulsed bipolar PEO of 

aluminium. A close examination of the voltage-time response which can be adequately 

simulated with an equivalent RC circuit evidences the capacitive behaviour of the oxide layer 

and therefore confirms this proposed mechanism of charge accumulation. 
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1. Introduction 

Plasma Electrolytic Oxidation (PEO) is a plasma-assisted electrochemical conversion 

process of metallic surfaces to produce protective ceramic coatings. [1-4]. PEO is particularly 

dedicated to light-weight metals (Al, Mg, Ti) and their alloys. When applied to aluminium 

alloys, the resulting PEO coating exhibits improved thermal-, wear- and corrosion-resistance 

because thick, hard, compact and adherent crystalline oxide layers can be achieved [5-10]. By 

applying high voltages to the electrodes, usually beyond the critical dielectric breakdown 

threshold of the growing oxide layer, the PEO process is characterized by the generation of 

numerous tiny and short-lived micro-discharges (MDs) that occur continuously over the 

processed surface [11-15]. As the PEO process can be conducted in diluted alkaline 

electrolytes and therefore complies with the recent environmental and health regulations, it 

gains considerable promises in various technological and industrial domains to replace 

conventional acid anodizing processes. Nevertheless, one of the main drawbacks of the PEO 

process, which restricts its use at the industrial level, lies in the relatively high costs of the 

treatment arising from high electric energy consumption associated with the application of 

high current densities (typ. 10 - 60 A/dm
2
) and voltages (up to 300 – 400 V). Research works 

devoted to improve the energy efficiency of the PEO process are abundant in the literature 

and the main ways that are proposed consist in adopting an engineering approach by adjusting 

the PEO processing parameters such as the electrolyte composition [16-21] and the applied 

electrical signal [22-29]. For example, by using a pulsed bipolar current to supply the 

electrodes, Jaspard-Mécuson et al. established that the right setting of the current waveform 

parameters and the right control of both the anodic and cathodic charge quantity delivered to 

the electrodes over one current pulse period is crucial to promote the rapid formation of 

compact and thick oxide layers [23], thus reducing the energy consumption.  



On the other hand, the large-scale application of the PEO process is also limited 

because there is still no clear understanding of the physical mechanisms that are responsible 

for the oxide growth during PEO, even if progresses have been made over the past few years 

in proposing phenomenological description. In this context, few authors have provided 

mechanisms of PEO coating formation. It is also generally accepted that such mechanisms 

can be divided into two categories, those that tend to explain the oxidation of the metal under 

the presence of the MDs [30-35] and those that tend to describe the dielectric breakdown of 

the growing oxide immersed in a conductive electrolyte, which results in the MDs ignition 

[36-41]. In the first category, by considering the metal / oxide / electrolyte system, Klapkiv 

proposed a one-discharge model directly inspired from the model of steam and gas vial [30-

31]. Later, on the basis of experimental data, Sundararajan et al. have proved that the growth 

of oxide layers results from the molten material that is subsequently oxidized during ejection 

from the discharge channel, rapidly solidified by the surrounding electrolyte and re-deposited 

on the processed surface [32-33]. Yerokhin et al. consider two concomitant mechanisms of 

oxidation including electrochemical surface oxidation and plasma chemical oxide synthesis in 

discharge channels [34]. Matykina et al. used the 
18

O isotope as a tracer to explain the 

oxidation mechanism within PEO conditions [35]. They showed that transport of oxygen is 

performed owing to two mechanisms including diffusion of oxygen in the solid state and 

decomposition of water molecules trapped in small defects (porosities and cracks) to form 

ions and radicals under the plasma. Concerning the second category of mechanisms, i.e. those 

describing the ignition of MDs during PEO, Hussein et al. [36-37] proposed a multi-discharge 

model involving three types of MDs occurring at different places and times through the oxide 

thickness: A-type MDs occur in relatively small holes or impurities near the topmost surface 

of the oxide layer, B-type MDs develop throughout the overall thickness of the oxide layer 

and C-type MDs ignite in the micro-pores of oxide layer. On the basis of optical emission 



spectroscopy results performed during PEO of aluminium, Jovovic et al. confirmed the 

presence of these three types of MDs [38]. In the case of PEO in silicate electrolyte, Dehnavi 

et al. show that A-type MDs occurring at the topmost surface of the oxide layer are due to 

silicon anions adsorbed on the metal surface [39]. More recently, Cheng et al. modified 

Hussein’s model by adding two other types of MDs (D- and E-type) in order to take into 

account the presence of an outer porous layer and an inner compact layer separated by large 

porosity regions filled with electrolyte [40-42]. Concerning the appearance of MDs recorded 

under AC PEO conditions, Arrabal et al. were the first to report a delay between their 

detection and the anodic current pulse, MDs occurring later with respect to the rising edge of 

the current [43]. Though the authors observed slight differences in the delay as a function of 

the nature of the magnesium alloys that were studied, no thorough investigation into the origin 

of such phenomena has been conducted since then. By using a pulsed bipolar current, Mehlem 

also observed that MDs events are delayed with respect to the rising edge of the anodic 

current [44]. Nevertheless, clear explanations about the origin of such phenomena are still 

pending and more systematic investigations are needed.  

Based on the use of pulsed bipolar PEO conditions on aluminium, the present study 

focuses on the influence of the charge quantity ratio on the delay of the MDs appearance in 

order to better understand the mechanisms that are responsible for the dielectric breakdown of 

the growing oxide and therefore for MDs ignition. To this purpose, the collected results from 

the in situ PEO process characterization (voltage- and current-time responses, light emission 

and MDs) and from the ex situ PEO coatings characterization (morphology, elemental and 

crystallographic composition) are firstly introduced. Secondly, based on the discussion of the 

collected results, a mechanism of charge accumulation occurring at the electrolyte/oxide layer 

interface is proposed. 

 



2 Experimental  

2.1 Material and PEO treatments 

A commercial 2214 grade aluminium alloy was used as substrate (content in weight 

%, 3.9 – 5 Cu, 0.5 – 1.2 Mg, 0.4 – 1.2 Mn, 0.5 – 1.2 Si, 0.5 Fe, 0.5 Ti, 0.25 Zn, Al as 

balance). Prior to process, all the samples (50  30  6 mm
3 

in size) were ground with 1200 

SiC paper, ultrasonically degreased in acetone, dried in warm air, and then immersed in the 

electrolyte. The PEO process was run in a solution of potassium hydroxide ([KOH] = 1 g.L
-1 
 

0.018 mol.L
-1

) and anhydrous sodium silicate ([Na2SiO3] = 1.65 g.L
-1 
 0.014 mol.L

-1
) diluted 

in deionised water. The measured pH of the fresh electrolyte is 12.5. Two titanium plates of 

200  200  1 mm
3
 in size were used as counter-electrodes. They were symmetrically located 

at 90 mm apart from the aluminium sample. A cooling device allowed the electrolyte 

temperature to be kept in the range of [25 - 30 °C]. As suggested in Ref. [45], after each 

treatment, the aged electrolyte was removed from the electrolysis tank and replaced with a 

fresh one in order to limit the ageing effect of the electrolyte. The PEO treatments were 

conducted by using a pulsed bipolar current from an electrical generator working in 

galvanostatic mode (Ceratronic
 

process [46]). The processed samples were supplied with an 

asymmetrical quasi-square current waveform. As depicted in Ref. [23], all the waveform 

parameters could be adjusted over a wide range of values. As reported in Table 1 and as 

illustrated in Fig. S1 in supplementary data, various ratios of charge quantity (RCQ = 0.5; 0.9; 

1.5; 1.6 and 6) were tuned and applied to the electrodes. They were designed by adjusting 

either the cathodic current amplitude Icath. (from -7 to -21 A) or the cathodic period duration 

tcath. (from 1.2 to 6 ms) and by keeping the anodic current waveform unchanged. The anodic 

current amplitude was set at Ianod. = 20 A, which corresponded to an anodic current density of 

50.5 A.dm
-2

. The anodic period duration was set at tanod. = 3.4 ms. The charge quantity ratio 



(RCQ) is defined as the ratio of the anodic (Qp) to cathodic (Qn) charge quantity [23]. 

Duration of the PEO process was set at 30 min for each sample. 

2.2 Material characterization 

The elaborated oxide layers were observed by scanning electron microscopy (FEG-

SEM Philips XL30). Top views of the processed surfaces and cross-sections views of the 

oxide layers were examined in SE (secondary electron) and BSE (back-scattered electron) 

mode, respectively. Prior to their characterization, samples were cut, mounted in resin, 

polished with successive grades of SiC abrasive papers and finely polished with a 1 µm 

diamond paste. The phase composition of the layers was investigated by X-ray diffraction 

measurements (XRD) using a Bruker D8 ADVANCE (Cu-K1 radiation  = 0.1542 nm at 40 

kV and 30 mA) instrument operated in Bragg-Brentano geometry with a step size of 0.005° 

and a scan range from 10 to 100°. XRD measurements were performed on the surface of all 

the processed samples. The relative content of corundum phase (-Al2O3) in the oxide layer 

was deduced from XRD peak adjustment and calculated from the integrated intensity of -

Al2O3 peaks compared with the integrated ones of both - and -Al2O3 [45].   

2.3 PEO process characterization 

The light emitted by the micro-discharges (MDs) was detected with a Hamamatsu 

R928 photomultiplier whose output signal was amplified by a 300 MHz bandwidth current 

amplifier (Standford Research Systems SR445). The photomultiplier signal, together with 

current and voltage waveforms, were collected and recorded using a 1 GHz bandwidth 

oscilloscope (Agilent 54832B) over more than 20 periods of the current. As a complement, 

videos of the MDs during PEO processing were recorded using a Photron SA1.1 high speed 

camera, which allowed studying the MDs evolution with time. As depicted in previous Ref. 

[45], only the lower half-part of the sample is filmed over an area of 7.5 cm
2
 (30 mm x 25 



mm). For the present study, the sampling rate was set at 125,000 frames per second (125 kfps) 

which corresponds to a time resolution of 8 µs. Under these specific recording conditions, the 

spatial resolution of the camera was set at 0.017 mm
2
 which is at least three times lower than 

the average area of MDs that was detected in the experiments. Automatic image processing 

was done using the TRACE software
 
to discriminate MDs and to follow some of their 

characteristics as a function of the processing time such as their spatial distribution, surface 

density (per unit time), lifetime (µs) and size (cross-sectional area in mm
2
) [47-48].  

3 Experimental results  

3.1 In situ characterization of the PEO process 

Fig. 1 shows the evolution of the anodic and the cathodic voltage amplitudes as a 

function of the processing time for the different RCQ investigated. The voltage-time 

responses of the PEO treatments reveal quite similar trends for all the investigated RCQ. In 

galvanostatic mode, as the PEO process starts, a sharp increase in the voltage occurs during 

the first seconds, which is then followed by a much reduced variation of the voltage-time 

curve. The anodic potential, at which slope changes, is designated as the sparking potential 

and is usually associated with the ignition of the first MDs over the processed surface [2, 16, 

40, 45]. Increasing the RCQ from 0.5 to 6.0 was found to result in higher anodic breakdown 

voltage from 625 to 652 V, respectively. In the specific case of the lowest RCQ = 0.5, a 

decrease in the anodic voltage amplitude is observed after 8 min. Although this electrical 

behaviour can be interpreted as the occurrence of the “soft” regime, the fact remains that it do 

not results in the formation of a thick and homogeneous covering oxide layer as it will be 

shown below. However this specific electrical condition will be considered throughout the 

study because its contribution supports the proposed mechanism of charge accumulation 

which will be discuss hereinafter. 



Chronograms in Fig. 2 show the evolutions of the light emission as a function of the 

corresponding current and voltage signals recorded over 10 ms for the different RCQ 

investigated and after 1, 8 and 30 min of the process. First of all, MDs appear only during the 

anodic polarization. Such behaviour is usually encountered within the processing conditions 

used in this study. At the beginning of the treatment (1 min) and for all the different RCQ 

investigated, light emission exhibits quite the same behaviour since light emission is 

immediately detected when the pulse of the anodic current starts. It suggests that at the 

beginning of the process, the delay between the MDs appearance and the rising edge of the 

anodic current is almost null. However, after 8 min and depending on the value of the RCQ, 

light emission is detected after a few microseconds to a few hundreds of microseconds after 

the rising edge of the current. It appears that the delay in the MDs appearance is longer for 

lower RCQ. As the process goes on, the delay increases for all the RCQ investigated. At the 

end of the process (30 min), no light emission is detected for the lowest RCQ = 0.5, which 

suggests an extinction of the MDs during the PEO treatment. Finally, concerning the voltage-

time response, once the current starts, the increase in the voltage is not linear versus time. 

Moreover, the voltage-time response varies as the process goes on and it is strongly 

influenced by the value of the applied RCQ. Indeed, the increase in the voltage is slower for 

greater processing time and for lower RCQ. This point will be investigated in detail 

hereinafter. 

Fig. 3 shows the evolution of the delay in the MDs appearance as a function of the 

processing time for the different RCQ that were investigated. As the process starts, Fig. 3 

confirms that no delay is detected between light emission and the rising edge of the anodic 

current. At the end of the process (30 min), the highest delay, 2.06 ms, is recorded for the 

sample processed with the intermediate RCQ = 0.9 while the lowest delay, 0.18 ms, is 

obtained for the highest RCQ = 6.0. Until the thirteenth minute of the process, the evolutions 



of the delay for the intermediate ratios RCQ = 0.9, 1.5, 1.6 follow a similar trend. After that, 

the delay increases almost linearly for R = 0.9 while for the two other close ratios R = 1.5 and 

1.6, the delay stabilizes to an almost constant value at 0.8 ms. In addition, Fig. 3 also 

evidences that in the specific case of the lowest RCQ = 0.5, the delay increases rapidly with 

the processing time and extinction of the MDS occurs after 8 min, which coincides with the 

onset of the anodic voltage decrease observed in Fig. 1. It is also worth noting that evolutions 

of the delay between the RCQ = 1.5 and 1.6 are close to each other even though they were 

obtained by varying two different parameters of the cathodic current waveform (see Fig. S1 in 

supplementary data). This confirms that RCQ is an important parameter in controlling the 

process.  

Fig. S2 in supplementary data shows the spatial distribution of the MDs over the 

samples processed with various RCQ at various processing times (1, 8 and 30 min). Each plot 

consists of an integration of the 475 processed images spanning over the anodic half period 

duration (3.8 ms). Regardless of the RCQ applied to the sample, the number of MDs that 

develop over the processed surface gradually decreases as the PEO process goes on. At the 

beginning of the process (1 min), MDs are numerous and they are preferentially located at the 

corners and at the edges of the sample, while from 8 min on, they gradually cover the centre 

of the sample leaving the corners and the edges depopulated. Parfenov et al. showed that this 

edge effect can be explained by considering the electric field distribution over the rectangular 

geometry of the sample, the strength of the electric field being stronger at corners than on a 

flat surface [49]. At the end of the process (30 min), MDs have completely disappeared from 

the surface of the sample processed with the lowest RCQ = 0.5 while they are more and more 

grouped together in some locations of the surface as the RCQ gets higher. This is particularly 

evident for the sample processed with the highest RCQ = 6.0. A recent study by Nominé et al. 

evidence that MDs occur in “cascades” at specific locations over the processed surface during 



the anodic regime [50, 51]. This seems to be in good agreement with Fig. S2 which also 

suggests that i) this mechanism of localized MDs appearance is accentuated as the process 

goes on and ii) the number of MDs involved at each particular location becomes higher for 

higher RCQ.  

For the different RCQ values investigated, Fig. S3 in supplementary data depicts the 

evolution of some characteristics of the MDs as a function of the processing time such as their 

surface density (Fig. S3a), their average size (Fig. S3b) and their average lifetime (Fig. S3c). 

Whatever the RCQ used, the surface density at the beginning of the process (down to 1 min) 

is high in a narrow range around 1000 cm
-2

.ms
-1

. As the PEO process goes on, the surface 

density of MDs decreases by one order of magnitude to reach an almost constant low value 

around 100 cm
-2

.ms
-1 

in the end. Except for the specific case of the lowest RCQ = 0.5, where 

the MDs disappear after 8 min, the surface density of MDs decreases much faster as the RCQ 

gets higher. The surface density stabilizes at a constant low value  100 cm
-2

.ms
-1

 after  5,  

17,  17 and  30 min for the samples processed with ratio R = 6.0, 1.6, 1.5, 0.9, respectively. 

Then, during the entire course of the PEO process, the sample processed with the intermediate 

RCQ = 0.9 undergoes much more MDs than the other samples. Fig. S3b shows that the 

average size of the MDs increases with the processing time and the RCQ. From 30 s to ~ 9 

min, the mean size of the MDs increases gradually from  0.045 to  0.060 mm
2
 and no 

difference is observed between the samples processed with different RCQ. After 9 min, the 

average size increases more rapidly for higher RCQ than for the lower ones. As the process 

approaches the end, at 25 min, the average size is about  0.059 mm
2
,  0.078 mm

2
, 0.101 

mm
2
 and  0.140 mm

2
 at R = 0.9, 1.5 and 1.6 and 6.0, respectively. Thus, Fig. S3b evidences 

that large MDs are promoted at high RCQ while lower ratio results in smaller MDs. Fig. S3c 

shows that irrespective of the electrical conditions applied, the average lifetime of the MDs 

increases with the processing time. During the first minutes of treatment, from 30 s to 9 min, 



no significant differences are observed between the different processed samples, the average 

lifetime increasing gradually from 22 to around 30 µs, respectively. Nevertheless significant 

deviations occur from the ninth minute since the average lifetime increases more rapidly for 

the higher RCQ than for the lower ones. At 25 min, the longest average lifetime (49 µs) was 

observed for the sample processed with the highest RCQ = 6.0 while the shortest average 

lifetime (34 µs) was measured for the sample processed with the intermediate ratio RCQ = 

0.9. Thus, Fig. S3c evidences that long-duration MDs are promoted at high RCQ. In addition, 

Fig. S3b and Fig. S3c show that the MDs characteristics in terms of size and lifetime are 

different between the samples processed with RCQ = 1.5 and 1.6. This is in constrast with the 

observations done on the MDs appearance (see Fig. 3) and surface density (see Fig. S3a). This 

means that the RCQ plays certainly a major role in the MDs ignition but the size and lifetime 

of the MDs seem to be more affected by the cathodic current amplitude Icath. and duration tcath. 

However, further works are needed to clearly decouple the respective influence of each 

waveform parameter on the MDs behaviour.  

 

3.2 Ex situ characterization of the PEO coatings 

Fig. 4 shows top-view and cross-section SEM micrographs of the PEO oxide layers 

grown for 30 min within the different RCQ. They were recorded at the centre of the samples. 

The surfaces exhibit the typical morphology of the PEO coatings consisting in a mixture of 

pancake-like structures surrounded by a sponge-like structure [24]. The pancake–like 

structure is the usual feature of PEO layers grown on aluminium substrates. It is associated 

with a discharge channel (5 - 30 µm in diameter) usually localized at the centre of the 

“pancake” structure and is considered as an open pore. In contrast, the sponge-like structure 

known to incorporate elements from the electrolyte (Si, Na, K for example) is characterized 

by thinner pores with diameters in the range of 0.1 - 1 µm. The topmost surfaces of the oxide 



coatings elaborated with RCQ higher than 1.5 are largely dominated by the pancake-like 

structure surrounded by a few sponge-like structures. In contrast, by applying the intermediate 

RCQ = 0.9, these large open pores disappear concomitantly with the disappearance of large 

discharge channels and the “sponges”-like structure is more developed and cover the whole 

processed surface. From the cross-section SEM micrographs, all the elaborated PEO coatings 

exhibit two distinct sublayers that are characteristics of PEO layers grown on aluminium 

alloy: an inner sublayer adjacent to the aluminium substrate which is recognizable from its 

thin pores (down to 1 µm in diameter) homogeneously distributed throughout the layer and an 

outer sublayer that consists of cracked plates and large open pores (up to 10 µm in diameter). 

In Fig. 5, the overall thickness is observed to be quite the same for all the processed samples: 

~ 82 µm (except for RCQ = 0.5). However, the proportion of each sublayer in the total 

coating thickness is strongly dependent on the RCQ. The presence of the outer sublayer with 

large open pores is promoted by high RCQ while low RCQ promote the thickening of the 

inner layer with thin porosity. For the highest RCQ = 6.0, the thickness of the inner sublayer 

is below ~ 36 µm. In contrast, for the intermediate RCQ = 0.9, the thickness of the inner 

sublayer is higher than ~ 53 µm. Concerning the lowest RCQ = 0.5 and even though the 

sample was also processed for 30 min, the morphology of the topmost surface looks like as if 

it has been poorly processed. The oxide layer is thin and does not cover the metal surface 

homogeneously. At some locations over the processed surface, the oxide layer seems to have 

been removed.  

Fig. S4 in supplementary data shows the X-ray diffraction patterns recorded on the 

PEO layers grown for 30 min with various RCQ. All coatings are predominantly composed of 

 and  phases of crystalline alumina Al2O3. Note that the appearance of aluminium peaks is 

due to the diagnostic method based on the use of an incident X-ray beam that crosses the PEO 

coating and reaches the aluminium metallic substrate. As proposed by Xue et al. [6], the 



relative intensity of (113) -Al2O3 (at 43.6°) and (400) -Al2O3 (at 45.96°) peaks are used to 

estimate the relative - and -Al2O3 content in the oxide layer. Fig. S4b, which is a selected 

region of the XRD patterns in the range of [42 ; 48°], shows that such a relative intensity of 

the - and -Al2O3 peaks increases noticeably with the increase in the RCQ. This means that 

the proportion of the -Al2O3 phase increases at the expense of the  phase as the RCQ gets 

higher. The relative content of the -Al2O3 phase in the overall coating has been quantified 

for samples processed with various RCQ. It is confirmed in Fig. S4c, which shows the 

variation of the calculated -Al2O3 content as a function of the RCQ. The -Al2O3 content 

increases with the RCQ. With the lowest RCQ = 0.5, the -Al2O3 content is about 5 % while 

it reaches about 37 % with the highest RCQ = 6.0. The -Al2O3 content abruptly increases 

from about 5 % to about 35 % when the RCQ increases from 0.5 to 1.6. Above RCQ = 1.5, 

the -Al2O3 content stabilizes to an almost constant value at 37 %. For the intermediate RCQ 

= 0.9, the -Al2O3 content takes an intermediate value at about 30%.  

4 Discussion 

Fig. 6 is the schematic diagram of the proposed mechanism of charge accumulation 

which takes place at the oxide – electrolyte interface during pulsed bipolar PEO process of 

aluminium. This mechanism of charge accumulation which was experimentally evidenced by 

varying the RCQ is described over 1 pulse period of the current according to 3 subsequent 

stages : (i) in the course of the cathodic regime (stage 0 to stage 1), (ii) during the transition 

from the cathodic to the anodic regime (stage 1 to stage 2) and (iii) in the course of the anodic 

regime (stage 2 to stage 3). Effect of the RCQ on this mechanism is also illustrated in Fig. 6 

by considering 3 extreme ranges of the RCQ: low RCQ << 0.9, intermediate RCQ = 0.9 and 

high RCQ >> 0.9. In each case, a schematic morphology directly issued from the cross-

section SEM micrographs in Fig. 4 is also considered: a thin oxide layer with thin open 



porosity for low RCQ << 0.9, a thick oxide layer with a network of thin porosities for 

intermediate RCQ = 0.9 and a thick oxide layer with large open pores for high RCQ >> 0.9. 

To start the description of the proposed mechanism of charge accumulation and due to the 

basicity of the electrolyte (pH = 12.5), it is assumed that the initial state of the description 

(referred to as stage 0 in Fig. 6) is characterized by the presence an excess of hydroxide anion 

OH
-
 and a low proportion of proton ions H

+
 at the vicinity of the electrolyte / oxide interface. 

Depending on the substrate bias polarization, cations (H
+
) and anions (OH

-
) are expected to be 

the most important species in terms of number density and mobility that can accumulate. 

When applying an external electric field, the ionic migration can be oriented in one direction 

or the other depending on the charge sign with respect to the direction of the applied electric 

field.  

4.1 In the course of the cathodic regime 

In the course of the cathodic regime (from stage 0 to stage 1 in Fig. 6), the processed 

substrates are negatively biased. The direction of the cathodic electric field is oriented locally 

from the electrolyte to the substrate. As a consequence, negative charges, in particular 

hydroxide anions OH
-
, are extracted from the electrolyte / coating interface towards the 

surrounding electrolyte while positive charges, mainly the proton cations H
+
 move towards 

the electrolyte / coating interface. It would be reasonable to expect that the magnitude of such 

a negative charge extraction process is strongly dependent on the duration tcath. and current 

amplitude Icath. of the cathodic regime (schematically represented by a more or less large 

arrow of the electric field in Fig. 6). In the case of low RCQ for which a strong cathodic 

regime holds (high amplitude and/or long duration of the cathodic current), the dynamic of the 

extraction process is strong and the negative charges are repelled far from the electrolyte / 

coating interface. This results in a large double layer which separates OH
-
 anions and H

+
 

cations. In contrast, this extraction of anionic charges from the interface is much more limited 



with higher RCQ, negative charges remaining therefore closer to the electrolyte / coating 

interface. In this case, the formed double layer is therefore very thin. For RCQ = 0.9, the 

extraction process of the negative charges is moderate which leads to the formation of an 

intermediate double layer. Following this mechanism, at the end of the cathodic half-period, 

the density of charges accumulated at the vicinity of the electrolyte / coating interface is 

directly affected by the magnitude of the cathodic phenomena that occurred just before, the 

density of OH- ions remaining high when the charge transport was limited. Such differences 

have crucial effects on the subsequent anodic regime and as a consequence on both the MDs 

behaviour and the PEO oxide layers. 

4.2 Transition from the cathodic to the anodic regime 

As the current polarity switches from negative to positive values (from stage 1 to stage 

2 in Fig. 6), the direction of the applied electric field is reversed. Therefore negative charges, 

SiO3
2- 

and
 
mainly OH

- 
anions, are now attracted towards the electrolyte / coating interface 

while positive charges, mainly Na
+
 cations, move far from this interface toward the bulk 

electrolyte. For the sample processed with high RCQ >> 0.9, the dynamic of the charge 

accumulation at this interface is strong. Indeed, OH
-
 charges which stayed close to the oxide 

coating at the end of the prior low cathodic half period, move rapidly through the thin double 

layer and reach rapidly the oxide interface. As a consequence, once the anodic current starts to 

increase, the value of the local electric field reaches rapidly the breakdown field value of the 

oxide layer. This explains why the delay of the MDs ignition is short for high  

RCQ >> 0.9 (see Fig. 2 and Fig. 3). In addition, it is also worth considering that accumulation 

of charges takes place at certain insulating zones of the oxide, where the matter is dense and 

the electrical conductivity is low. In contrast, the accumulation of charges in open pores is 

lower due to the presence of the conductive electrolyte that fills the pores. For high RCQ >> 

0.9, the ratio of areas of dense oxide where the accumulation proceeds to the total sample area 



is considerably reduced because of large discharge channels and large open pores that are 

observed all over the surface. Consequently, the MDs number density is small (Fig. S3a) and 

these MDs are grouped together in bundles at given locations on the surface (Fig. S2). There, 

the mechanism of charge accumulation is locally so strong that dielectric breakdown is 

associated to MDs with high intensity which are known to cause local damage to the PEO 

oxide layer. This is in good agreement with the experimental results on MDs and on the 

elaborated oxide layers, which evidences that high RCQ >> 0.9 promote long-life and large-

size MDs (Figs. 6b-c). This results in the formation of large discharge channels and the 

development of large open porosity (Fig. 4 and Fig. 5). The increase in the -Al2O3 content in 

the oxide coating coincides with the use of high RCQ and the occurrence of intense MDs (Fig. 

S4). It is reasonable to claim that the thermal heating enhanced by these powerful MDs 

promote the -  -Al2O3 phase transition from the wall of the discharge channels inwards. 

Inversely, for the sample processed with intermediate RCQ = 0.9, the dynamic of the anionic 

charge accumulation at the electrolyte / coating interface is much more moderate. This can be 

explained by the joined effects of a high extraction of electric charges occurring in the course 

of the prior cathodic regime and a high dissipation of electric charges through the network of 

the thin porosity filled with electrolyte. Consequently, once the current starts, the local 

electric field throughout the oxide coating has not yet reached its breakdown value. This is 

evidenced experimentally by the fact that MDs are delayed with respect to the rising edge of 

the anodic current (See Fig. 2 and Fig. 3). Such a delay corresponds to the required period 

during which the value of the breakdown field of the as-formed dielectric layer is locally 

reached. Concerning the particular case of low RCQ << 0.9, and for similar reasons as those 

described for the intermediate RCQ = 0.9, the mechanism of charge extraction that occurs 

during the previous cathodic half period is so strong that no sufficient anionic charges are 



accumulated at the electrolyte / oxide interface during the subsequent rise of the anodic 

current pulse and no MDs appear. 

4.3 In the course of the anodic regime 

In the course of the anodic regime (from stage 2 to stage 3 in Fig. 6) and whatever the 

electrical condition applied to the processed samples, accumulation of OH
-
 ions goes on at the 

electrolyte / coating interface. For samples processed with high RCQ >> 0.9, the layer 

breakdown that took place earlier in the anodic regime induced a local contact between the 

metallic electrode and the electrolyte. A large amount of anionic charges accumulated close to 

the discharge channel flows therefore through the channel, oxide locally the aluminium 

metallic substrate and thus limits locally further charge accumulation. The next dielectric 

breakdown of the oxide layer has therefore a low probability to occur in the vicinity of the 

formerly-created open channel. Consequently, because coatings elaborated at high RCQ 

present numerous large open pores that behave as shortcuts, the new charge accumulation 

holds at other dense and thick locations over the processed surface, far from the 

aforementioned discharge channels. This explains that MDs do not cover the processed 

surface homogeneously and are more localized at some spots of the surface with higher RCQ 

(Fig. S2 in supplementary data). At these new unaffected locations, until the end of the anodic 

half-period, the dynamic of the anions accumulation continues to be high and MDs that are 

ignited follow the similar detrimental behaviour that has been described in the previous part. 

In the case of the sample processed with intermediate RCQ  =0.9, for which the breakdown 

value of the as-formed coating could not be reached during the first step of the anodic 

alternation, the two mechanisms of negative charge accumulation and charge dissipation 

through thin pores continue in the course of the anodic regime. At this point, it is worth noting 

that although pores are thin in the oxide layer, they are quite homogeneously distributed 

throughout the coating thickness and the level of porosity remains high (Fig. 4). This implies 



that walls of dense oxide, localized between adjacent pores, are numerous and thin. In the 

course of the anodic regime, electric charges accumulated on both sides of such walls reach 

the breakdown electric field and MDs appear. Because thickness of oxide walls is thin, the 

required charges to induce breakdown is low. Consequently, in the case of the samples 

processed with intermediate RCQ = 0.9, it would be reasonable to expect MDs to be and 

follow a smooth behaviour which is known to have a beneficial effect on the growing oxide 

coating. This assumption is in good agreement with experimental results on both MDs and the 

as-grown oxide coating. Indeed, results evidenced that MDs exhibit the smallest size and the 

shortest lifetime and they are quite homogenously distributed over the processed surface (See 

Fig. S2 and Fig. S3 in supplementary data). SEM observations showed that within such a soft 

MDs regime, the morphology of the resulting oxide layer is improved. Oxide layer is thicker, 

covers homogeneously the metal and the coating – substrate interface is smoother (Fig. 4). It 

is also worth noting that the moderate content of the -Al2O3 phase in the oxide coating can 

be related to the moderate intensity of the MDs that induces a limited local heating of the 

oxide layer (Fig. S4). In the critical case of the sample processed with very low RCQ << 0.9, 

extraction of electric charges occurs far away from the electrolyte – coating interface during 

the prior cathodic half period. The magnitude of this phenomenon is so high that the 

subsequent process of anionic charge accumulation at the electrolyte / oxide interface is made 

inefficient during the subsequent anodic polarization. The dielectric breakdown value of the 

thin oxide layer is therefore difficult to reach in the course of the anodic half-period. As a 

result, very few, if not none, MDs are expected to occur over the processed surface. This 

assumption was experimentally verified since extinction of MDs discharge is observed after 8 

min (Fig. 3). The fact that MDs stop definitively suggests that the mechanism of charge 

accumulation taking place during the anodic regime does not compensate for the effects of 

charge extraction during the prior cathodic regime. As a consequence, no visible MDs are 



ignited over the processed surface and the growth of the protective oxide coating is therefore 

inhibited and stopped. It is consistent with the fact that, for low RCQ << 0.9, the processed 

sample appears as shortly processed, or even unprocessed at some locations (Fig. 4). 

4.4 Evidence of the capacitive behaviour of the PEO oxide layer 

The proposed mechanism of charge accumulation that takes place before dielectric 

breakdown, and thus before MDs, is related to the capacitive behaviour of the growing PEO 

oxide layer. The evidence of this capacitive behaviour can be revealed from the close analysis 

of the voltage-time response of the electrolyser system, which is composed of the electrolyte / 

oxide / metal stack. Whatever the applied conditions, chronograms in Fig. 2 clearly show that 

the voltage signal exhibits a transient regime during the first milliseconds after the start of the 

anodic polarization. One example of anodic voltage-time response is depicted in more detail 

in Fig. 7. The experimental data of the anodic voltage can be adequately fitted by the 

exponential decay function of Eq. (1): 

           
 

           Eq. (1)  

Table 2 reports some results of the fitting procedure performed at various processing time (1, 

8 and 30 min) for the different RCQ investigated. Fit of the experimental data with Eq. (1) 

gives access to the amplitude of the anodic voltage umax for which the permanent regime is 

reached and also to the time constant  of the transient regime. The time constant  could be 

interpreted as the characteristic duration during which the accumulated charges at the oxide 

interfaces are sufficiently numerous to cause dielectric breakdown. From Table 2 and Fig. 8, it 

can be seen that the time constant increases gradually with the processing time. After about 

ten minutes and except for the sample processed with RCQ = 0.5 for which  falls after 8 min, 

this time constant remains constant and is clearly higher for lower RCQ. 



Previous works from Gao et al. [52] and Fatkullin et al. [53] propose a simplest equivalent 

RC circuit to describe the relaxation of the PEO electrolyser system during the anodic voltage 

pulse-off period which includes capacitor discharging.  In this work, which is focused on the 

voltage-time response during the voltage pulse-on period, one can also considers a simplest 

equivalent RC circuit supplied by a current generator to describe the voltage-time response of 

the electrolyser system. This circuit is given in Fig. 9a and it consists in the electrolyte 

resistance Rel in series with the parallel combination of the oxide coating resistance Rox and its 

capacitance Cox for which the voltage-time response follows Eq. (2): 

               
 

            Eq. (2) 

Resistance of the electrolyte Rel = 4 ± 1 , assumed constant in time and for the different 

processing conditions used, was calculated by solving Eq. (3), which involves the aluminium / 

counter-electrodes distance (D = 9 cm), the electrolyte conductivity (el = 410
-3

 S.cm
1

) and 

the cross-section area of the current flow between the aluminium and the counter-electrodes 

(S = 255 cm
2
).  

     
 

     
          Eq. (3) 

Then, from the identification of terms between the fitted voltage-time response in Eq. (1) and 

the voltage-time response of the proposed equivalent RC circuit in Eq. (2), the oxide layer 

resistance Rox and its capacitance Cox can be calculated thanks to Eq.(4) and Eq. (5), 

respectively. 

    
          

 
         Eq. (4) 

    
 

   
          Eq. (5) 



The oxide layer resistance Rox is related to the thickness of the oxide layer and also to the 

permeability of the oxide coating to the conductive electrolyte. The oxide layer capacitance 

Cox is usually associated with the surface area available for the electric charge storage. 

Particularly for PEO oxide coatings, which exhibit a high porosity level, the oxide capacitance 

is directly associated with the specific surface area of pores. Table 3 gives the circuits 

parameters Rox and Cox determined at various processing time (1, 8 and 30 min) for the 

different RCQ investigated. The evolution of Rox and Cox with processing time is shown in 

Fig. 9a and b, respectively. After the start of the PEO process, Rox and Cox increase with time. 

This mainly reflects the gradual thickening of the oxide layer and the gradual development of 

thin pores through the thickness, respectively. From about 10 minutes, although the oxide 

resistance still increases with time (except in the specific case of the sample processed with 

RCQ = 0.5), the oxide capacitance tends to stabilize at a constant value (depends on the 

applied RCQ) until the end of the process. It means that the gradual thickening of the PEO 

oxide layer continues after about 10 minutes while the density of thin pores that store charges 

through the oxide layer remains constant as the process goes on. This is in good agreement 

with the morphology of the elaborated oxide layers observed in Fig. 4 and measurements in 

Fig. 5. The fact that the capacitive behaviour is higher for the intermediate RCQ = 0.9 is 

explained by the formation of a thicker oxide layer, completely filled by a network of thin 

pores (Fig. 5). In contrast, the capacitive behaviour is the lowest for the oxide layer formed 

under the highest RCQ = 6.0 because the overall oxide layer consists mainly in large open 

pores for which the specific surface area necessary to store charges is lower than numerous 

and fine pores (Fig. 5). In the specific case of the sample processed under the lowest RCQ = 

0.5, the time constant decreases distinctly at 8 min mainly because of the sharp decrease in the 

oxide resistance. It suggests that during the first minutes of the treatment, an oxide layer grow 

up over the metal substrate, this layer becoming gradually thinner and less impermeable to the 



electrolyte after 8 min. This is in good agreement with cross-section micrograph in Fig. 4 

where the presence of a very thin and a porous oxide layer which even seems does not cover 

the metal substrate at some locations is observed. Within the lowest RCQ = 0.5 and due to the 

associated large amount of cathodic polarization, a mechanism of corrosion which starts to 

overcome the protective effect of the metal oxidation cannot be excluded, even though no 

clear evidence of corrosion has been detected.  

Fig. 10 plots the different delays of the light emission that were measured in this study 

as a function of the time constants of the transient regime of the voltage-time responses. The 

delay of the light emission, deduced from experimental measurements, corresponds to the 

duration beyond which MDs appear while the time constant , deduced from the simulation of 

the electrolyser-time response, could be interpreted as the minimum duration required to 

accumulate the sufficient electrical charges beyond which the dielectric breakdown of the 

oxide layer occurs. A linear correlation is found for low delay, which evidences that the main 

mechanism inducing the MDs ignition is the proposed mechanism of charge accumulation. 

Nevertheless, it appears that after a certain delay, depending on the RCQ used, the time 

constant remains constant while the delay in the MDs appearance still increases. Even if this 

point should be the object of further investigations, we propose to explain it by the 

development of inner MDs through thin pores before the appearance of external (i.e. visible) 

MDs. For short treatment times for which the delays of MDs appearance are shorter, the good 

correlation with the time constant means that accumulation of charge throughout the oxide 

layer is the main mechanism responsible for the dielectric breakdown of the oxide layer and 

thus the MDs appearance. For longer processing time, as the time constant  remains constant 

while the delay in MDs still increases, we infer that the gradual development of thin pores 

into the oxide tends to gradually promote the development of inner and not detectable MDs 

through the pore network. The presence of internal MDs, already discussed in literature but 



never experimentally highlighted, will have to receive a particular attention in the future, 

especially to explain the growth of PEO oxide layers elaborated under the “soft”-regime 

where MDs are no longer visible over the sample. 

5. Conclusion 

The influence of the cathodic regime on the pulsed bipolar PEO of a 2214 aluminium alloy 

has been investigated. Various ratios of charge quantity RCQ = Qp / Qn (defined as the ratio 

between the anodic Qp to cathodic Qn charge quantity) in the range [0.5 - 6.0] were 

investigated by changing only the magnitude of cathodic regime.  

a) Results show that occurrence of micro-discharges (MDs) is delayed with respect to the 

rising edge of the anodic current. By applying too low RCQ = 0.5, ignition of MDs is 

highly delayed (1.11 ms at 8 min) and progressively inhibited in the course of the process. 

With intermediate RCQ = 0.9, the delay is also high (2.06 ms at 30 min) and no extinction 

was observed until the end. The delay is the lowest for the highest RCQ (0.18 ms at 30 min 

for R = 6.0). 

b) Results evidence that the behaviour of the MDs is affected by the RCQ used. It has been 

found that size and lifetime of MDs increase with the increase in the RCQ. By using the 

intermediate RCQ = 0.9, even though MDs remain numerous over the processed surface, 

they are homogeneously distributed and exhibit small size and short lifetime ( 0.059 mm
2
 

average size and  34 µs average lifetime at 25 min). In contrast, by applying higher RCQ, 

MDs are bigger and present longer lifetime ( 0.140 mm
2
 average size and  49 µs average 

lifetime at 25 min for R = 6.0). 

c) Results show that characteristics of the as-formed oxide coating depend on the RCQ used. 

Results indicate that using the intermediate RCQ = 0.9 results in the formation of a thick 

oxide layer with thin pores. By using too low RCQ = 0.5, the processed sample appears as 



if shortly processed, or seems even corroded locally. The use of high RCQ > 0.9 results in 

oxide layers with large open pores.  

d) Fourthly, a mechanism of electrical charge accumulation taking place at the electrolyte / 

coating / substrate system until dielectric breakdown occurs is proposed to explain the 

collected results from the in situ process characterisation and from the ex situ PEO oxide 

layers characterization. The close correlation established between the delay in the MDs 

appearance with respect to the current and the time constant of the transient regime of the 

anodic voltage-time response supports the proposed mechanism of charge accumulation 

which takes place at the electrolyte / oxide interface. 
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List of tables 

 

Table 1: Pulse parameters for PEO of Al. (Anodic pulse waveform is kept unchanged,  

Qp = 62 ± 2 C, tanod. = 4 ms, Ianod. = 20 ± 0.5A)  

Ratio of charge  
quantity RCQ = Qp / Qn 

Cathodic charge  
quantity Qn (C) 

Cathodic pulse  
duration tcat.(ms) 

Cathodic pulse  
current Icath. (A) 

0.5 123.0 6 -21 

0.9 68.5 6 -12 

1.5 41.0 6 -7 

1.6 38.5 3.5 -12 

6.0 10.3 1.2 -12 

 

 

Table 2: Approximation parameters (umax and ) of the transient voltage recorded at different 

processing times (1, 8 and 30 min) during PEO of Al in various RCQ conditions (0.5, 0.9, 1.5, 

1.6 and 6.0). The transients have been approximated by a non-linear squares method using the 

Eq. (1). 

 

RCQ Proc. Time (min) umax (V) umax (V)  ( 10-4 s)  ( 10-5 s) R2 

0.5 1 656 4 1.4 1 0.966 

 
8 683 6 4.7 2 0.984 

 
30 467 5 2.9 3 0.942 

0.9 1 645 5 1.2 1 0.941 

 

8 694 8 2.4 2 0.971 

 

30 733 6 3.7 2 0.979 

1.5 1 674 4 1.1 1 0.937 

 
8 725 7 2.8 2 0.961 

 
30 778 5 3.2 1 0.985 

1.6 1 653 4 1.0 1 0.924 

 
8 707 5 2.1 1 0.963 

 
30 760 4 2.9 1 0.981 

6.0 1 639 4 0.6 1 0.892 

 
8 696 3 0.9 1 0.951 

  30 766 5 1.5 1 0.959 

 

 

 

 



Table 3: Component values of the equivalent circuit in Fig. 9a determined at different 

processing times (1, 8 and 30 min) in various RCQ conditions (0.5, 0.9, 1.5, 1.6 and 6.0).  

 

RCQ Proc. Time (min) Rel () Rel () Rox () Rox () Cox ( 10-6 F) cox ( 10-6 F) 

0.5 1 4 1 28.8 1.5 4.8 0.1 

 
8 4 1 30.2 1.5 15.6 1.5 

  30 4 1 19.4 1.2 14.8 1.8 

0.9 1 4 1 28.3 1.4 4.1 0.4 

 
8 4 1 30.7 1.6 7.9 0.8 

  30 4 1 32.7 1.6 11.4 1.1 

1.5 1 4 1 29.7 1.4 3.6 0.3 

 
8 4 1 32.3 1.5 8.6 0.8 

  30 4 1 34.9 1.6 9.2 0.8 

1.6 1 4 1 28.7 1.4 3.5 0.3 

 
8 4 1 31.4 1.5 6.7 0.6 

  30 4 1 34.0 1.6 8.6 0.8 

6.0 1 4 1 27.9 1.4 2.2 0.2 

 
8 4 1 30.8 1.4 3.1 0.3 

  30 4 1 34.3 1.6 4.4 0.4 

  



List of figures  

Fig. 1: Evolution of the anodic and cathodic voltage amplitudes with the processing time for 

different values of the charge quantity ratio RCQ.  

Fig. 2: Evolution of the light emission (blue lines) with the corresponding current (black 

lines) and voltage (red lines) signals recorded over 10 ms for different values of the charge 

quantity ratio RCQ and at various processing time. 

Fig. 3: Evolution of the delay of light emission with the processing time for various values of 

the charge quantity ratio RCQ. 

Fig. 4: SEM micrographs of the topmost surfaces and cross-sections of the PEO oxide layers 

elaborated for 30 min under different values of the charge quantity ratio RCQ. 

Fig. 5 : Variations of the average total thickness of the PEO oxide layer and of the average 

thickness of the inner layer with fines porosities as a function of the charge quantity ratio 

RCQ. Measurements are performed at the centre of the processed samples. 

Fig. 6 : Schematic description (over 1 current pulse period) of the mechanism of charge 

accumulation which takes place at the oxide / electrolyte interface during the PEO process of 

aluminum for three extreme ratios of charge quantity: RCQ << 0.9, RCQ = 0.9 and RCQ >> 

0.9. 

Fig. 7 : Example of the curve fitting for the transient anodic voltage-time response (RCQ = 

1.5, t = 30 min) using the exponential decay function defined in Eq. (1).  

Fig. 8: Evolution of the time constant  with the processing time for various values of the 

charge quantity ratio RCQ. (Time constant is deduced from the fitted anodic voltage-time 

reponse using Eq. (1)). 



Fig 9 : a) Equivalent circuit proposed as a physical interpretation of the transient anodic 

voltage-time response of the PEO electrolyser system during pulsed bipolar PEO of 

aluminium. Evolution of the circuits parameters with the processing time for various values of 

the ratio of charge quantity RCQ: b) Resistance of the PEO oxide layer Rox (deduced from Eq. 

(4)) and c) Capacitance of the PEO oxide layer Cox (deduced from Eq. (5)). 

Fig. 10: Correlation between the delay in the micro-discharges appearance (delay between the 

rising edge of the anodic current and the light emission) and the time constant of the 

electrolyser system during the anodic polarization of a pulsed bipolar PEO of aluminium. 
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Supplementary data 

 

Fig. S1: Schematic representation of the pulsed bipolar current waveforms designed to 

investigate the influence of the cathodic half-period of the current on the PEO process. a) 

Ratio of charge quantity RCQ = Qp/ Qn = 0.5; 0.9 and 1.5 by changing the cathodic current 

amplitude Icath.. b) Ratio of charge quantity RCQ = Qp/ Qn = 0.9; 1.6 and 6.0 by changing the 

cathodic current pulse duration tcath. 

Fig. S2: Spatial distribution of the micro-discharges over the processed surface for different 

values of the charge quantity ratio RCQ and at various processing time. Each picture 

corresponds to the integration of 475 successive images spanning over the anodic current half-

period (3.8 ms). Coloured scale bar indicates the number of micro-discharges events that were 

detected. 

Fig. S3: a) Evolution with the processing time for different values of the charge quantity ratio 

RCQ of a) the surface density of the micro-discharges. b) The average size of the micro-

discharges with the processing time for different values of the charge quantity ratio RCQ. c) 

The average lifetime of the micro-discharges. 

Fig. S4 : a) XRD patterns (using Bragg-Brentano geometry) of the PEO oxide layers grown 

for 30 min with different rvalues of the charge quantity ratio RCQ. (Performed at the centre of 

the processed samples). b) Selected region of the XRD patterns where (113) -Al2O3 and 

(400) -Al2O3 peaks are found. c) Variation of the -Al2O3 content in the PEO layer 

(calculated from XRD measurements) as a function of the charge quantity ratio RCQ. 
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