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Abstract: The paper analyzes the features of the acoustic emission (AE) signal generation during plasma-electrolytic 

oxidation (PEO) of the AMg6 aluminum alloy in a bipolar (anode-cathode) pulsed mode within each cycle of voltage ap-

plication. The authors studied the range of PEO modes that almost completely covers all standard technological modes for 

processing aluminum alloys by the current densities (6–18 A/dm
2
) and current ratio in half-cycles (0.7–1.3), which al-

lowed fixing and studying the AE accompanying the formation of oxide layers for various purposes. For the first time, due 

to AE registration, a new PEO stage was identified, in which there was no microarc breakdown to the substrate, but which 

was accompanied by an increase in the layer thickness, and the nature of which has not yet been determined. According to 

the known features of the oxidation stages, the authors systematized the repetitive forms of AE manifestation in the cycles 

of exposure and identified their five types and three subtypes. The study shows that the approach used to establish the PEO 

stages by the “acoustic emission amplitude” parameter has poor accuracy, since it does not take into account the form of 

signals and the half-period of their registration. Therefore, the authors developed and tested a new approach for analyzing 

AE frames synchronously with the cycles of change in the forming voltage during PEO, and proposed a new “acoustic-

emission median” parameter, which allows identifying the main types and subtypes of signals accompanying the oxidation 

stages. An experimental study of the proposed AE parameter was carried out to identify these PEO stages, which con-

firmed the operability, high accuracy and sensitivity of the proposed parameter to the subtypes of AE signals recorded at 

the cathode stage of “soft sparking”. The latter is of particular interest, since it is a means of studying a given oxidation 

stage with a resolution equal to the exposure cycle. 
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INTRODUCTION 

Today, one of the relevant issues of the technology of 

plasma electrolytic, or microarc, oxidation (PEO or MAO) 

of the surface of products made of valve group metals (Al, 

Mg, Ti, Zr, Nb, etc.) is to monitor the process of formation 

of a multifunctional oxide “coating” (oxide layer). Accord-

ing to [1], the multifunctionality of coatings is the possibi-

lity of their application in various fields of science, and 

technology under conditions that differ vastly in the main 

damaging factors (mechanical-chemical, chemical-thermal, 

mechanical-electrical, etc.). It is known [2] that the ability 

to resist the impact of external and internal damaging fac-

tors is provided by the physicochemical properties of oxide 

layers (adhesion, hardness, wear resistance, etc.), which, in 

turn, are determined by a complex of characteristics and 

factors – structural (thickness, porosity, residual strains, 

etc.), phase (qualitative and quantitative composition), 

morphology of the layer, and its defectiveness [2]. Many 

authors show that the uniformity of the properties of oxide 

layers in thickness (sublayers) depends on the PEO process 

parameters, more specifically, the frequency of forming 

pulses and current density [3], the presence of the cathode 

current component [4; 5], and its power ratio with the anode 

component [6], electrolyte composition [7] and its quality 

[8], which together determine the types of formed discharg-

es and their power [9]. In particular, it was established in 

[3], that the application of the increased current densities 

(70–90 A/dm
2
) in combination with high frequencies of 

forming pulses (up to 900 Hz) leads to a decrease in  

the porosity and non-uniformity of oxide layers, due to  

a decrease in the surface density of microdischarges. In [4; 5] 
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the authors found that an increase in the cathode component 

during PEO of an aluminum alloy, and a transition to  

the “soft sparking” mode can lead to the occurrence of de-

veloped nanosized porosity in combination with a barrier 

layer densification at the “metal substrate – oxide layer” 

interface [4], which is also observed during the magnesium 

alloy PEO [6]. In [5], it was found that the cathode half-

cycle (negative polarization) during the PEO of aluminum 

alloy leads to additional formation of aluminum hydro-

xide, with a decrease in the resistance to microarc break-

down of the barrier layer followed by the formation of 

stable Al2O3 modifications, as a result of Al(OH)3 dehy-

dration in the anode half-cycle, and to the barrier layer 

densification, which ultimately improves the uniformity 

and protective properties of the oxide layers. Therefore, 

the possibility of the PEO process in situ monitoring, 

recognition of its stage, microarc breakdown type, and  

the emerging microarc discharge (MAD) allows establish-

ing the mechanism of surface oxidation and oxide layer 

formation at a time, and thus, at the stage of developing 

PEO modes, organizing feedback to control the energy 

released in the MAD breakdown channels directly in  

the oxidation process, i.e., controlling the quality and 

functional properties of the oxide layers. 

Nowadays, several methods for PEO process monitor-

ing have been proposed and tested already. They are track-

ing electrical parameters in the PEO circuit [10; 11], elec-

trical impedance spectroscopy of oxide layers [12], lumi-

nosity intensity tracking using high-speed photo-video re-

cording [13; 14], photo-EMF recording [15], optical emis-

sion spectroscopy [16], infrared thermometry [17], coating 

thickness monitoring using various non-contact methods 

[18], acoustic signals (acoustic emission (AE) in the sound 

and ultrasonic ranges). The sound range is rarely used com-

pared to the ultrasonic range, since it has a significantly low-

er noise immunity [19], therefore, in this paper, the authors 

consider AE only in the ultrasonic range. 

AE tracking appears to be one of the most promising 

methods for PEO monitoring, since elastic waves accompa-

ny the process of stored energy relaxation with a rather 

wide range of known physical and chemical phenomena 

[20]. However, as far as we know, in the studies of AE dur-

ing PEO, for a moment it was possible to identify only  

the primary correlation of the oxidation stages, with  

the integral characteristics of acoustic radiation without 

detailing the special aspects of the AE signals recorded on 

them. For example, in [21; 22], the authors discuss the rela-

tionship between acoustic radiation and PEO modes in  

the categories of “increase” and “decrease” of its level, 

even without specifying the parameters for estimating AE 

signals. In [23], using the AE threshold method, the correla-

tion of AE signals with the stage of development of form-

ing discharges (sparking, microarc, and arc discharges) was 

shown, and [24] described the correlation of the trends in 

the accumulation of counts during AE and the kinetics of 

the growth of oxide layers on the D16 alloy. In [25],  

the authors showed that with an increase in the oxide layer 

thickness, the acoustic signal shifts to a more low-

frequency and high-amplitude region, which, in their opi-

nion, indicates the localization and increase in the power of  

a single MAD. In [26], the acoustic emission monitoring of 

the PEO process, and the criterion assessment of the change 

in the AE amplitude, allowed improving the quality of  

the oxide layers, and its reproducibility on the D16AT al-

loy. In [27; 28], against the background of tracking  

the trends in AE energy changes, an attempt was made to 

separate acoustic signals into pulsed and continuous (reso-

nant) types, with their following description by their pa-

rameters: amplitude, energy, rise time, and frequency at the 

peak. The work [29] presents the preliminary results of re-

cording the AE signals obtained by PEO of AMg6 samples, 

and, in particular, establishes the synchronism of AE signal 

recording with the exposure cycle and shows the correlation 

of their temporal position with visual observations and lite-

rature data of optical measurements, using photo-video re-

cording and photo-EMF analysis, as well as the PEO elec-

trical parameters. However, identifying the PEO process 

stages by comparing their visual features with the AE am-

plitude features, gives a significant error in identifying the 

stage, and requires a more detailed understanding of the AE 

manifestation within the exposure cycle. 

The analysis of indicated works showed that the para-

metric distributions of the used main parameters of the AE 

assessment significantly overlap (superimposed); therefore, 

the construction of diagnostic signs of PEO stages, using 

them has a high probability of error in identifying the type 

of emerging MADs. Consequently, to increase the AE 

method sensitivity, other approaches to the evaluation of 

acoustic signals are required. 

The aim of the work is to identify the acoustic emission 

special features within the cycle of bipolar pulsed electrical 

action on the oxidized material (using the example of  

the AMg6 aluminum alloy) during plasma electrolytic oxi-

dation as the basis for developing a new method for con-

trolling PEO, to reduce the time for selecting its optimal 

mode through a more accurate detection of boundaries of 

various stages of the oxidation process. 

 

METHODS 

The subject of research is the AE that accompanies  

the formation of oxide layers on the AMg6 Al–Mg alloy 

(foreign analogue is alloy 1560, chemical composition, 

wt. %: 6.2 Mg; 0.65 Mn; 0.5 Ti; 0.4 Si; 0.3 Fe; 0.18 Zn; 

0.087 Cu; Al – the base) at various modes of bipolar anode-

cathode pulse action. 

The samples for research had overall dimensions 

(140×20×6) mm
3
, which were immersed in the electro-

lyte, not completely, in order to install the AE sensor 

directly on the sample. As a result, during PEO, only  

a part of the sample with the size of (60×20×6)  mm
3
 was 

oxidized. The rest, part of the sample, was insulated us-

ing an electrically insulating varnish and epoxy resin, 

which served as a contact medium and an AE sensor 

holder on the sample. 

PEO was carried out on an innovative research self-

made plant, produced by Togliatti State University consist-

ing of a stainless steel bath with a volume of 15 l, an exter-

nal cooling system based on a liquid/liquid heat exchanger, 

and a circulation pump for electrolyte thermostat control; 

pulse inverter power unit with a peak power of 40 kW, with 

a computer system to control the PEO modes for current 

and voltage in the specialized LabVIEW software. In  

the work, the bipolar (anode-cathode) pulsed mode of oxide 

layer formation was used as the most efficient, and promis-

ing in terms of obtaining the best quality, and properties  
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of oxide layers, which allows transferring the results  

of the AE analysis to the PEO anodic mode, without taking 

into account the cathode component. 

The experimental constants for all PEO modes were  

the frequency of the forming current pulses – 500 Hz,  

i.e. the duration of the exposure cycle during PEO – 2 ms; 

the pulse duty cycle of the process current – 65 %; the ratio 

of the durations of the cathode and anode forming pulses is 

55 %/45 %, respectively; pauses between the cathode and 

anode pulses – 50 %; electrolyte composition and tempera-

ture; PEO duration – 180 min. 

During the experiment, the authors varied the root-

mean-square current density j, A/dm
2
 (6; 9; 12; 15 and 

18 A/dm
2
) through the sample, and the ratio of currents in 

the cathode and anode half-cycles С/А (0.70; 0.85; 1.00; 

1.15 and 1.30), which were set at the PEO process initiation, 

and further kept constant by the plant control system. Totally, 

AE was recorded in 25 PEO modes, which almost complete-

ly cover the known and currently used modes of the oxide 

layer formation on aluminum alloys and, therefore, all PEO 

process stages (anodic passivation, anode sparking, anode-

cathode MAO, and soft sparking modes [30]) and the MAD 

types (anode sparking, anode microarc and cathode microarc 

discharges, anode arc and cathode arc discharges, as well as 

discharges of A, B, and C types [31; 32]). 

As an electrolyte, an aqueous solution based on KOH 

potassium hydroxide (3 g/l), Na4P2O7×10H2O sodium py-

rophosphate (8 g/l), and Na2SiO3×5H2O sodium meta-

silicate (12 g/l) was used. The electrolyte temperature dur-

ing PEO was maintained by an external cooling system at  

a level of (285±3) K. 

The AE was recorded directly from the sample, which 

determined the minimum coefficients of signal distortion 

and attenuation. Acoustic signals were converted into elec-

trical ones, using the piezoeffect by a P111-(0.02-0.3) 

transducer (Russia) with a bandwidth of 20–800 kHz, with 

a main sensitivity in the frequency range up to 300 kHz. 

Further, the signals were amplified by a MSAE-FA010 

two-stage broadband filter-amplifier (Russia), digitized, and 

recorded in frames with a duration of 40 ms (20 complete 

exposure cycles) every 1 min using an Advantech PCI-1714 

12-bit A-to-D card (ADC) (Taiwan) at a sampling rate of 

2 MHz, which provided the AE analysis frequency range up 

to 1 MHz. Therefore, in contrast to the works that used  

the threshold method of AE registration, the authors of this 

research excluded the omission in the record of AE chang-

es, within the recorded exposure cycles. At the same time, 

the AE recording frame equal to the exposure cycle includes 

4000 counts (4000 counts/2 MHz=2 ms). Synchronously 

with the acoustic signals, the same ADC recorded frames of 

voltage and current changes in the PEO cycles as well. 

In our work [29], we described in detail the technical fea-

tures and problems of obtaining an AE signal and protecting 

the sensor when an oxidized sample in an electrolyte. 

The oxide layer thicknesses were measured, using  

a Konstanta K6 eddy-current thickness gauge (Russia), with 

a PD1 transducer, as well as on transverse metallographic 

sections using a Jeol JCM-6000 Neoscope II scanning elec-

tron microscope (Japan). The microhardness HV0.1 was 

measured on cross sections in accordance with the GOST R 

8.748-2011 standard on a Shimadzu DUH-211S dynamic 

microhardness tester (Japan). Wear resistance (linear wear 

rate) was evaluated using the ASTM G133 method on  

a Nanovea TRB-50N tribometer (USA). In more detail,  

the special aspects of measuring the thickness, hardness, 

and wear resistance of the obtained oxide layers using  

the specified techniques and the results obtained are de-

scribed in [33; 34]. 

 

RESULTS 

AE amplitude-time features during PEO  

AE recording, together with visual tracking of the PEO 

process, showed that the main PEO stages have characteris-

tics of AE signals that evolve synchronously with the ob-

served MADs (Fig. 1). At the initial moment of time,  

the anode surface passivation, and the “barrier layer” for-

mation occur as a result of chemical anodization and prima-

ry microarc breakdowns, which is accompanied by the on-

set and rapid increase in the AE amplitude (Fig. 1, stage I). 

As the barrier layer “strengthens”, with the simultaneous 

oxide layer formation, the MADs amplify, begin to unite 

into cascades, and even change into separate (point) arc 

discharges at the stages II and III (Fig. 1), which is accom-

panied by AE signals of almost constant (Fig. 1, stage II) 

and increased (Fig. 1, stage III) amplitude. Then, for most 

of the studied modes, stage IV begins with a sharp drop in 

the AE signal amplitude, which coincides with the almost 

complete visual disappearance of burning MADs and  

the PEO process transition to the “soft sparking” mode. 

In the process of comparing the sweep of the AE re-

cords and the time marks of stages I–IV (Fig. 1), obtained 

by visual observations of the change in the sample lumines-

cence during PEO, the AE signs of the boundaries of  

the PEO stages were formed (Fig. 1). As standard visual 

boundaries of the PEO stages, the high-speed video record-

ing freeze-frames given in [14], and similar to our experi-

ment were taken. It is established that the first AE peak 

observed after the oxidation onset can be taken as the AE 

sign of the boundary of transition from stage I to stage II of 

PEO (Fig. 1, stage I). The beginning of the second AE peak 

equal to the first AE peak level or exceeding it (Fig. 1, 

stage II) can be taken as the sign of the boundary of  

the transition from stage II to stage III of PEO. The begin-

ning of the recording section with a sharp drop in the AE 

amplitude (Fig. 1, stage III) can be taken as the AE sign of 

the boundary of the transition from stage III to stage IV of 

PEO. However, Fig. 1 shows that the amplitude “marks” 

and the PEO flow estimates have a time ambiguity and con-

sequently, give an error during in situ monitoring of  

the process. In this regard, their use is unacceptable in  

the case when it is necessary to limit strictly the transition, 

from one stage to another, to achieve exactly the desired 

complex of functional properties of the layer. 

Fig. 2 shows the results of the division of the studied 

PEO variants at the stage when using amplitude AE signs 

shown in Fig. 1. 

Cyclic patterns of AE manifestation during PEO  

If we synchronize the AE recording with the voltage 

change cycles, so that the beginning of the AE recording, 

frame coincides with the beginning of the anode PEO pulse 

half-cycle, and the length of the AE recording frame is 

equal to the full exposure cycle duration, then all the AE 

signals observed in various PEO modes can be divided into 
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Fig. 1. AE signs of PEO stages in the experiment and visual signs of microarc discharges on the sample during PEO  

under similar conditions [14]: 

I – anodic passivation and the beginning of sparking; II – PEO with the pronounced microarc discharges; 

III – anode-cathode PEO stage; IV – “soft sparking” stage. 

Record sweep duration along the OX (horizontal) axis – 180 minutes 

 

 

 

 

 

 

Fig. 2. General nature of the change in the AE amplitude in 25 PEO modes, differing in current density j, A/dm2  

and the ratios of the positive to negative pulse currents С/А, at the oxidation duration of 180 minutes  

with a division into stages according to the visual and amplitude AE features shown in Fig. 1.  

The sizes of the axes on the graphs are fixed: along the OX (horizontal) axis – 180 minutes, along the OY (vertical) axis – 0.15 V 

 

 

 

anode, anode-cathode, and cathode according to the location 

within the exposure cycle. At the same time, since the AE 

recording time is longer than the signal packet duration, all 

signals become pulsed (discrete) in form (Fig. 3). Signals of  

a continuous type were not observed within this approach to 

recording and analyzing the AE. We should note that the AE 

signals disappear both during the change of the forming pulse 

polarity and during the pulse itself (Fig. 3). 

All peculiarities of the appearance of the signals record-

ed in the studied PEO modes can be reduced to the forms 

shown in Fig. 3. 

We specially mention that in Fig. 3 b, the oscillations on 

the forming voltage curve V(t) (blue line) are associated 

with the power unit features and were not observed in  

the experiment, which is associated with the power unit 

design different from that used in [15]. 
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a 

 

b 

Fig. 3. The main forms of AE signals observed at I–V PEO stages (a) and the comparison with the data [15]  

on recording photo-EMF ε(t) with video frames of PEO stages under similar conditions (b). 

I–V – PEO mode stages discovered by AE features; 

UA and UCi – the AE signal amplitude in the anode and cathode half cycles; 

UN – noise RMS value; 

UH or the black line – RMS value of AE signals at the beginning of PEO; 

V(t) or the blue line – the voltage change curve showing the anode and cathode parts of the exposure cycle. 

UA, UCi, UH and UN are measured in V or dB of reference 1 mkV in accordance with  

Russian National Standard GOST 55045-2022. In the latter case, the same magnitudes are marked as 
AU

L , 
iC

UL , 
HU

L  and 
NU

L  

 

 

 

At stage I of PEO, with visual signs of anodization, and 

the anode sparking onset (Fig. 1 and 2), in all the studied 

modes, the AE signals are recorded only in the anodic half-

cycle (UA) (Fig. 3 a). The AE signals are a burst of overlap-

ping pulse signals, with approximately equal amplitude, 

dying out as the forming pulse amplitude voltage decreases 

(Fig. 3 a, I). The duration of the burst of AE signals of the 

PEO stage I, takes about 60 % of the half-cycle duration, 

and its beginning is shifted from the cycle beginning.  

The shift of the beginning, and the end of the AE signal 

burst from the boundaries of the anodic half-cycle, indicates 

the presence of the minimum voltage necessary to start  

the oxidation process. The gradual increase, and decrease in 

the amplitude at the beginning, and the end of the AE signal 

burst indicates a gradual increase/decrease in the scale of 

processes or its waviness, i.e., when several MAD “waves”, 

or cascades, occur within one half-cycle. 

AE signals of this type are summarized in Table 1 and, 

parametrically, in the amplitude-time domain for stage I, 

satisfy the condition (1) in this table. AE signs of the PEO 

stage I (depending on the mode) are observed up to oxide 

layer thicknesses of 0.4–14.0 µm, and then the process 

passes to stage II. 

At stage II of PEO with clear visual signs of the occur-

rence of MADs distinguishing by greater brightness and 

intensity of movement along the anode compared to stage I, 

AE signals are also recorded only in the anodic half-cycle 

(UA) (Fig. 3 a, II). In appearance, they are often close to  

the form of the PEO stage I signals, but have pronounced 

high-amplitude pulses (Fig. 3 a, II). In terms of the AE 

burst duration, the signals at the PEO stage II take from 60 

to 100 % of the anodic half-cycle (half-period) duration, 

and their beginning is also shifted from the cycle beginning. 

In this case, high-amplitude AE pulses (emissions) are re-

corded in different parts of the AE signal burst. Parametri-

cally, in the amplitude-time domain, the AE signals of  

the PEO stage II satisfy the condition (2) in Table 1. 

At the PEO stage III (Fig. 3 a, III), the AE has detecta-

ble bursts of signals in the anode (UA) and cathode (UC0) 

half-periods of the exposure cycle, i.e., igniting MADs are 

recorded with the help of the AE in both half-periods.  

The main AE sign of this stage is that the total energy 

(power) of the signals in the anode half-cycle is higher than 

in the cathode one (Fig. 3 a, III), therefore, parametrically, 

in the amplitude-time domain, the AE signals of this type 

satisfy the condition (3) in Table 1. As well as in the anode 
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Table 1. PEO stages and parametric conditions of AE signals in them 

 

 

PEO 

stage 
AE type Parametric conditions for the PEO stages identification in the AE amplitude-time area* 

I I dBdBdB 3and;6;3 
NС1С0HANH UUUUUUU LLLLLLL                         (1) 

II II dBBB 3and;6;3 
NС1С0HANH UUUUUUU LLLdLLdLL                          (2) 

III III dBLLLLdBLLdBLL
NС1AС0NC0NA UUUUUUUU 3;;3;3                   (3) 

IV 

IV-1 dBLLLLdBLLdBLL
NС1AС0NC0NA UUUUUUUU 3;;3;3                   (4) 

IV-2 dBLLdBLLdBLL
NС1NC0NA UUUUUU 3;3;3                                 (5) 

IV-3 dBLLdBLLdBLLdBLL
NС1NС0NC0NA UUUUUUUU 3;3or3;3           (6) 

V V BdLLLL
NС1C0A UUUU 3                                                         (7) 

Note. 
AU

L , 
0C

UL  and
1C

UL , 
HU

L  and 
NU

L  – the levels of UA, UC0 and UC1, UH and UN signals (Fig. 3), measured in dB relative  

to 1 mkV.  

 

 

 

part, in the cathode half-cycle, the AE signals (UC0) do not 

have cyclic repeatability in time, and can occur in any part 

of the cathode half-cycle (pulse UC0 in Fig. 3). This beha-

vior can be explained by the necessity of achieving a speci-

fied current in the cathode half-cycle, which cannot be en-

sured only by the process of electron flow, through  

the micropore channels into the sample. As a consequence, 

when a certain oxide layer thickness (about 20–50 μm) is 

reached, within the cathode half-cycle, the amplitude volt-

ages reach 200–250 V, which is sufficient for the barrier 

layer breakdown, and leads to the MAD ignition with  

a concomitant sharp increase in the current [32]. AE signs 

of the PEO stage III, depending on the PEO mode in the 

experiment, begin to appear at coating thicknesses of 2.7–

51.5 μm, which significantly refines the ignition moment of 

cathode MADs during aluminum alloy PEO relative to  

the data of [32]. 

The main difference of the PEO stage IV (“soft spark-

ing” [14; 22]) from the previous ones is that the AE has  

the energy (power) of signals in the cathode half-cycle 

higher than in the anode one (Fig. 3 a, IV). Considering this 

general condition of type IV signals, the following subtypes 

were identified here: IV-1 – AE is recorded in the anode 

and cathode half-cycles and satisfies the condition (4)  

(Table 1); IV-2 – AE occurs only in the cathode half-cycle, 

i.e., the condition (5) is fulfilled (Table 1); IV-3 – type IV-2 

AE signals are recorded, in which, except the UC0 cathode 

signals with the above described features, a UC1 signal is 

observed at the PEO stages III and IV (Fig. 3 a, IV).  

The physical nature of the UС1 signals is not yet fully un-

derstood, and requires additional research, but in time, they 

are always recorded at the end of the cathode half-cycle. 

Parametrically, in the amplitude-time domain, the type IV-3 

AE signals satisfy the condition (6) (Table 1). 

It is known [4; 32] that MADs in the cathode half-cycle 

occur at a coating thickness of more than 40–50 μm, which 

complies in the time of appearance of the stage IV AE sig-

nals, with our measurements of the coating thickness [29; 

34], but only in the 0.7 C/A and 0.85 C/A modes at current 

densities of 9÷18 A/dm
2
. In other modes (С/А=1.0; 1.15 

and 1.3), where there is stage IV of PEO, the AE signals of 

this type begin to be recorded at coating thicknesses from 

8.8÷36.9 µm, i.e., the stage of “soft sparking” begins to 

occur within them much earlier. 

The PEO stage V was identified for the first time: it 

lacks acoustic signals distinguishing from background noise 

in the anode and cathode half-cycles (Fig. 3 a, V), so  

the condition for identifying this AE type takes the form of 

an expression (7) (Table 1). The PEO stage V was ob-

served, as a rule, only in the modes with the highest current 

densities (12–18 A/dm
2
) at С/А 1.15, and 1.30 and after 

observing the signs of stages I–IV, i.e., it falls on the end of 

the PEO process. Measurements showed that in the time 

interval of stage V, the layer thickness continues to increase 

at a low rate, and its properties change [34; 35], but visually 

at this stage, the MADs and their glowing on the sample are 

practically not recorded, and the AE signal, as noted above, 

does not exceed the noise one. Taken together, this does not 

allow speaking about full extinction of the PEO process. 
Table 1 shows that under all conditions (1)–(7), the AE 

fold change is normalized relative to the levels 
HU

L and
NU

L ,  

which cannot be specified in absolute values. The latter  
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occurs, because these magnitudes depend on the sensitivity 

of the AE preformation used; the type and amount of con-

tact medium; the place and accuracy of the AE transducer 

installation, and other factors affecting the transformation 

and attenuation of AE waves and ambient noise. In this 

regard, the values of 
HU

L and 
NU

L  should be determined 

before PEO in a particular mode and taking into account  

the features of the AE equipment and PEO plant. 

 

AE criterion for identifying the PEO process stage  

One can conclude that, based on the identified patterns 

of AE manifestation during the pulse exposure period,  

the key features of dividing the forms of the AE cyclic 

manifestation into types are the time position of the signals 

(in the cathode and/or anode part), and the power (energy) 

correlation between them. Therefore, their tracking will 

allow identifying and classifying the stage of the PEO pro-

cess implementation. For this purpose, the authors proposed 

a new “AE median” parameter-criterion – tAEm (Fig. 4).  

AE median is a time mark in the exposure cycle, which 

divides the area under the curve, describing the nature of 

the AE measurement for the exposure cycle (S) into two 

equal parts (S=S1+S2, S1=S2, Fig. 4). 

In this work, the RMS(t) curves were obtained from  

the AE recording frames (Fig. 1) using a sliding window 

equal to 10 counts (5 μs) with a shift step of 1 count. 

Fig. 5 shows the results of dividing the AE recorded 

when accompanying the studied PEO modes, into the de-

scribed stages using the above-defined signs of changing 

the AE shape and conditions (1)–(7) with the display of  

the proposed tAEm parameter in the form of pictograms. 

 

 

 

          

 а b 

Fig. 4. Explanatory diagrams for the method calculating of the tAEm parameter-criterion (a) and the directions of its change  

when registering AE I–V waveforms indicated in Fig. 3 а (b) 

 

 

 

 
 

Fig. 5. General nature of the change in the AE median in 25 PEO modes, differing in current density j,  

A/dm2 the ratios of the positive to negative pulse currents С/А, at the oxidation duration of 180 minutes,  

divided into stages according to the conditions (1)–(7).  

The sizes of the axes on the graphs are fixed: along the OX axis – 180 minutes, along the OY axis – 4000 readings (eq. 2 ms).  

The AE signal type observed at each stage is indicated by a pictogram corresponding to the type of signal in Fig. 4 b 

 

Frontier Materials & Technologies. 2023. № 2 91



Rastegaev I.A., Shafeev M.R., Rastegaeva I.I. et al.   “Cyclic regularities of the acoustic emission generation during plasma-electrolytic…” 

 

DISCUSSION 

The analysis of Fig. 2 and 5 shows that the PEO mode 

division into stages according to visual signs, and AE signal 

amplitude (Fig. 1 and 2) allows distinguishing stages I and 

II, but has a high inaccuracy at stages III and IV, and does 

not allow identifying stage V. The proposed “AE median” 

parameter tAEm (Fig. 4 and 5), on the contrary, has a rela-

tively low “sensitivity” to the PEO stages I and II, but al-

lows identifying the presence of the cathode MADs in  

the AE record, which makes it possible to clearly identify the 

process stages III–V and detail stage IV into subtypes. Con-

ditions (1)–(7) are universal, but their use requires prelimi-

nary studies and monitoring of several of the abovemen-

tioned amplitude parameters within their time marks of mani-

festation in each exposure cycle, which is not a trivial task. 

Therefore, the calculation of the amplitude, and AE me-

dian for exposure cycles together allows describing  

the main features of all stages with just two numbers, and 

the identification of PEO stages in their two-parameter 

space seems to be the most promising for application to-

wards PEO process monitoring. Moreover, since the errors 

of the proposed parameters, when detecting the PEO stages 

are of an antibate nature, their combined use should in-

crease the probability of detecting the PEO stages. Howev-

er, if we are talking only about the identification and moni-

toring of the PEO stages III–V, then the “AE median” pa-

rameter is self-sufficient. 

Indeed, due to the developed parameter, it was possible 

to establish that the PEO modes, with the highest current 

density of 18 A/dm
2
 at a current ratio C/A of 1.15 and 1.30 

pass from stage III immediately to stage V (Fig. 5), which 

is accompanied by some increase in the thickness (Fig. 6 a), 

a decrease in the hardness (Fig. 6 b), an increase in the fric-

tion ratio in a pair, and a decrease in the wear resistance of 

oxide layers (Fig. 6 d). The PEO transition to stage V and 

an increase in its duration (Fig. 5) leads to a sharp increase 

in the friction ratio for the “oxide layer–steel ball” pair 

(Fig. 6 c), which is not entirely clear at this stage and re-

quires additional research. One can also note, that as  

the duration of the PEO stage IV increases (Fig. 5), a de-

crease in the wear intensity of the friction pair is observed 

(Fig. 6 d), while the appearance of stage V, and an increase 

in its duration leads to an increase in the wear intensity of 

the pair in 1.5–2.5 times. 

The joint analysis of Fig. 5 and 6 shows that the appear-

ance of the cathodic MADs, close in power to anodic 

microarcs or exceeding them, and the PEO transition to the 

process stage IV lead to a slight decrease in the thickness of 

the formed oxide layers (Fig. 6 a), but at the same time, 

their average microhardness reaches the highest values

 

 

 

       

 a b 

       

 c  d 

Fig. 6. The dependences of the average thickness Т, µm (a), microhardness HV 0.1, MPa (b), friction coefficient (c),  

and linear reduced wear (d) of the “oxide layer – steel ball” friction pair on the current parameters of the PEO mode 
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(Fig. 6 b). Therefore, the introduced “AE median” parame-

ter, which has an increased sensitivity to the PEO final 

stages, allows tracking their duration. Based on this,  

the transition to the oxidation process AE control is possi-

ble, by confirming reaching the specified stages in each 

PEO mode, and monitoring the compliance of the exposure 

time for each of them, which technologically should pro-

vide the required complex of coating properties. The latter 

is the subject for further experimental studies. 

It should be noted that since the obtained data on the AE 

signal manifestation in the anode, and cathode half-cycles 

(half-periods) correlate with the light flashes during PEO 

[15] (Fig. 3 a and 3 b), the proposed parameter for dividing 

the PEO modes into stages will also be applicable when 

processing the results of observations during photo-video 

recording, and photo-EMF registration, where instead of 

changing the AE, for example, the glow intensity median in 

the anode and cathode exposure cycles can be monitored. 

 

CONCLUSIONS 

1. Possible forms of AE change within an exposure  

cycle during PEO of the AMg6 Al–Mg alloy in a bipolar 

pulse mode are established, which are reduced to five main 

types and three subtypes, as well as the boundaries (time 

points) of their change in a wide range of industrial PEO 

modes are identified. In this case, three subtypes of the AE 

change forms are of particular interest, since they refer  

to the “soft sparking” mode. 

2. For the first time, a previously unknown stage V of 

the PEO process was identified, where a vapour-gas phase 

microarc breakdown to the metal substrate and the AE ge-

nerated by it are practically missing. 

3. The study shows that the approach to identifying  

the PEO stages using the standard “AE amplitude” parame-

ter has a larger error, since it does not take into account  

the shape of the signals, and the half-period of their record-

ing. The proposed new “acoustic-emission median” (AE 

median) parameter-criterion allows taking into account the 

indicated features, when dividing the PEO modes into stag-

es according to AE, which makes it possible to specify  

the cyclic features of the AE manifestation determined in 

the work. It is experimentally shown, that the proposed 

parameter is efficient, has good accuracy and sensitivity to 

the subtypes of the AE signals, especially those recorded 

within the “soft sparking” mode. 
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