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Abstract 

The growth kinetics of PEO coatings on AZ31 and AZ91 magnesium alloys were studied and correlated with their structure, compositions 
(phase and elemental) and corrosion resistance. It was established that the coatings have a two- (outer and anodic) or three-layer structure 
(outer, inner and anodic) depending on the treatment time. Briefly, at short treatment time only an anodic layer and outer layer exists. Growth 
of the outer PEO layer takes place due to the micro discharges, which occur in vertical pores and voids with spherical cross-section. If the 
time is increasing, and electrolyte inside of the pores is heating-up, etching of the Mg substrate and oxide film becomes more dominant 
and horizontal pores in the interface between coating and metal are formed. In the pores new anodic layer will form and at this time the 
formation of the third inner layer starts. The growth of the inner layer happens via the anodic film as a result of micro discharge ignition 
in the horizontal pores, accompanied by formation of plasma in numerous micro-voids of this layer. The coatings formed on AZ91 alloy are 
denser, than those on AZ31, which is related to the difference in the rates of inner layer growth and dissolving of oxides which are located 
at the bottom of the horizontal pores. Because of the lower Al content, the AZ31 substrate itself and the also the oxide films are less stable 
and tend to dissolve at a higher rate compared to AZ91. 

Thus, it was demonstrated that a good corrosion resistance of the coatings was only obtained on AZ91 and if the average thickness of 
the coating is around 50 μm, correlating with the formation of a sufficiently dense inner layer. Knowing this mechanism, a new two-step 
treatment was suggested, combining the standard PEO treatment with a subsequent PEO process in an electrolyte supporting the inner film 

formation. The concept was successfully applied and a further improved corrosion resistance was obtained compared to the single stage PEO 

process. This improvement of corrosion resistance was related to the better sealing of porosity and formation of a denser inner layer. 
© 2020 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Magnesium alloys are widely used in transport and 3C in-
ustries due to their low density, high-strength/weight ratio
nd damping capacity [1–7] . However, low corrosion resis-
ance significantly limits their broad industrial use. Therefore,
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agnesium alloys must be appropriately protected prior to
ervice in order to guarantee sufficient corrosion resistance. 

The most popular methods of corrosion protection for mag-
esium alloys are based on the formation of stable oxide lay-
rs on their surfaces with further application of paints, enam-
ls or any other top coatings [4 , 8] . As a result, plasma elec-
rolytic oxidation (PEO) has received a great attention as one
f the most effective ways for corrosion and wear protec-
ion of magnesium alloys [2 , 9–15 ]. This method is environ-
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Table 1 
Chemical composition of AZ31 and AZ91 magnesium alloys (wt%). 

Composition in wt% Al Zn Mn Be Fe Cu Ni Si 

AZ31 3.04 1.00 0.27 0.00046 0.0028 0.0008 0.0010 0.020 
AZ91 8.16 0.72 0.40 0.001 0.03 0.06 0.007 0.10 
mentally friendly and the treatment is normally performed in
aqueous solutions without additives of toxic compounds. The
most widely used electrolytes to obtain hard wear-resistant
PEO coatings are alkaline phosphate-aluminate based elec-
trolytes [4] . 

The formation of PEO coatings is possible on almost all
cast and wrought magnesium alloys [4 , 16 , 17] . However, PEO
coating formation on magnesium alloys, including AZ31 and
AZ91, in comparison with aluminum and titanium has some
specific features. For example, it proceeds in different stages
[1 , 18–20 ] and results in a formation of two- or three-layer
coatings. 

A number of different mechanisms of inner and outer
layer formation were suggested in order to explain the ap-
pearance of plasma microdischarges as well as their type.
For example, Tu et al. [21] suggested that the energy re-
lease in the microdischarge channels during PEO treatment
of AZ31 is high enough to melt the coating materials be-
neath the outer layer. This results in the microstructure dif-
ference between inner and outer layers. Moreover, they in-
dicate that big pores between these two layers are normally
formed. From the author’s point, these layers grow indepen-
dently and the melted materials of the inner layer cannot pen-
etrate into the outer layer of the PEO coatings [21] . This
process takes place because of the high anodic current den-
sity (e.g. 10 

4 A/cm 

2 ) within the transverse discharge channels
causing a high energy release and melting of the coating ma-
terials beneath the outer layer. This results in extensive gas
formation (most probably in ionized form [21] ) and leads to
appearance of pores in the coating between inner and outer
layers [21] . 

Other studies [2 , 22–25 ] have also confirmed that the PEO
coating formation on magnesium alloys is a multistage pro-
cess. For example, in [22] it was shown, that the PEO coat-
ing formation on AZ31B took place in four stages. During
the first stage, the anodizing process takes place, thus, an al-
most non-porous thin layer is formed (ca. 0.3 μm thickness).
During the second stage the destruction of this layer and the
formation of a porous one take place. During the third stage
the coating thickness is not increasing, however, the already
formed coating becomes denser (partial sealing of pores takes
place). During the fourth stage the increase of coating thick-
ness continues. The authors point out that two types of mis-
crodischarges and two different locations of their appearance
exist. The first type of microdischarges appears at the bottom
of voids between the metal substrate and the coating, while
the second type occurs at the bottom of large pores. Later,
leads to flaking off of the coating from the metal substrate.
The initiation of all kinds of microdischarges takes place as
a result of breakdown of dielectric oxide layers [22] . The au-
thors do not consider the possibility of electrical breakdown of
gas-vapor phase, which is forming in the pores of PEO coat-
ings, as it was suggested by Günther-Schulze and Betz [26 , 27]
as well as by other researchers [ 18–20 , 28 , 29] . Additionally,
the presence of intermetallics (Mg 17 Al 12 ) in the α-Mg solid
solution has a great influence on the PEO process behavior.
For example, it was shown, that inhomogeneous growth of the
EO coating takes place [30–38] in the presence of β-phase
Mg 17 Al 12 ). 

Overall, porous PEO coatings, which are formed on mag-
esium alloys, provide normally poor corrosion resistance.
umerous attempts have been made in order to improve their
rotection capability e.g. by adding various particles (e.g.
rO 2 , CeO 2 , Al 2 O 3 , SiC, TiO 2 , SiO 2 ) into the electrolytes

39–48] , changing processing parameters [49 , 50] , in-situ seal-
ng [51 , 52] and adjustment of phase composition of the coat-
ngs [53–57] . In spite of all these efforts, the corrosion resis-
ance of the obtained coatings is still not sufficient, mainly
ecause of vertical pores in the PEO coatings through which
lectrolyte can reach quickly the substrate. 

It seems as if the studies about investigation of PEO pro-
ess mechanisms of magnesium alloys do not take into con-
ideration that neither the alloys nor the coatings are stable
n hot concentrated aqueous alkaline solutions [22] and that
orizontal pores are present in the coatings. The latter might
e a result of dissolution of oxides circumjacent to the pores
example: MgO, MgAl 2 O 4 and other double oxides). Overall,
nly a deep understanding of the PEO coatings formation
echanism will allow the development of protective coat-

ngs on different magnesium alloys. Thus, the aims of present
tudy are: 

(1) to identify the PEO coating growth mechanism on AZ31
and AZ91 magnesium alloys in alkaline phosphate-
aluminate electrolyte as a function of treatment time; 

(2) to find out the reasons for the difference in structure of
the PEO coatings obtained on AZ31 and AZ91 magne-
sium alloys and in their corrosion resistances; 

(3) to develop a method of synthesizing denser coatings
with improved corrosion resistance on AZ31 and AZ91.

. Experimental procedure 

.1. Materials 

AZ31 and AZ91 magnesium alloys with a size of 0.5 and
.35 dm 

2 , respectively, were used in frame of this work. Their
hemical composition was determined using spark analysis
Spectrolab M9, Ametek-Spectro, Germany) and the results
re given in Table 1 . 

AZ31 is mainly composed of α – Mg matrix and a few
l 8 Mn 5 intermetallics, while AZ91 is composed of α – Mg
atrix and a larger amount of β-phase (Mg 17 Al 12 ). 
The following chemicals were used for preparation of

EO electrolyte: sodium hydroxide (NaOH, p.a., ООО
Component-Reaktiv’, Russia), sodium phosphate (Na 6 P 6 O 18 ,
HMP 68%, ‘Zhengzhou Qiangjin Science and Technol-
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gy Trading Co., Ltd.’, China), sodium aluminate (NaAlO 2 ,
ur., ZAO ‘Unikhim’, Russia), technical water glass (TWG:
a 2 O ·2,9 SiO 2 ·18H 2 O, pur., OOO ‘Bit Servis Akva’, Rus-

ia). Sodium chloride (NaCl, pur., OOO ‘KhimSoyuz’, Rus-
ia) was used for the solution for corrosion testing, while
eionised water was used as a solvent for preparation of all
olutions. 

.2. PEO process conditions 

In frame of this work, most of the PEO experiments
ere conducted in aqueous solutions, containing 2 g/l NaOH,
 g/l Na 6 P 6 O 18 , and 5 g/l NaAlO 2. This electrolyte is defined
s ‘basic electrolyte’. Alkali-phosphate-aluminate electrolytes 
re widely used for PEO treatments to obtain corrosion re-
istant and hard coatings [1 , 4] . Prior to the PEO treatments,
agnesium samples were rinsed in water and dried under air.
uring PEO in the basic electrolyte, an alternating current
ith a density of 10 A/dm 

2 was applied. Such current densi-
ies are widely used to obtain protective coatings on magne-
ium alloys [4] . 

However, in order to improve corrosion resistance of PEO
oatings, the following PEO electrolytes and conditions were
lso applied: 

(1) aqueous solution, containing 180 g/l of technical wa-
ter glass (TWG: Na 2 O ·2.9 SiO 2 ·18H 2 O) and a current
density equal to 1 A/dm 

2 . This electrolyte is widely
used in order to form corrosion resistant amorphous
coatings of silicon oxide on aluminum alloys [18] ; 

(2) two-stage PEO treatment with the first stage conducted
in the basic electrolyte with a current density of 10
A/dm 

2 until the coating thickness reaches a value of
ca. 20 μm and a subsequent second stage in aqueous
solution, containing 180 g/l TWG, with a current density
equal to 1 A/dm 

2 . 

After the PEO treatment, samples were rinsed with deion-
zed water and dried under air. 

PEO treatment was conducted using a using 50 Hz
AC regime) bipolar capacitive PEO power supply man-
factured by NUST MISiS, previously described in de-
ail [58] . In order to keep the temperature of the work-
ng electrolyte in a range between 19 and 21 °C, a heat
xchanger, consisted of AISI 304 ( Х 18 Н10 RU) steel
heets and a microprocessor-controlled measuring equipment 
 P М−1‘ ОVEN’ (OOO SANA-TEK, Russia), was used. The
lectrolyte was circulated between the treatment bath and the
eat exchanger device. 

A digital camera Canon 550D with an exposure time of
0 msec was used for photographic recording of the anodic
lasma microdischarges at the different stages of the PEO
rocesses in the different electrolytes. 

The pH of the electrolytes was measured using ‘pH
11’ pH-meter (HANNA Instruments, USA) The pH values
ere11.7 for basic electrolyte and 11.4 for the aqueous solu-

ion, containing 180 g/l TWG. The total volume of the elec-
rolytes was constantly adjusted to 10 L and the temperature
f the electrolyte was controlled in a narrow range of 19.5 ±
.5 °С . 

.3. Material characterization 

The thicknesses of the coatings were measured at 20 ran-
omly selected locations using a thickness gauge ‘Dualscope
NP10 Coating Thickness Gauge’ (Fischer, Germany) and the
verage values were calculated. The device was calibrated us-
ng uncoated substrate material. 

For the cross-section analysis and electrochemical mea-
urements, the samples were mount in an ‘Epomet Molding
ompound’ epoxy resin (‘Buehler’, Germany) using an auto-
atic forcing press ‘SimpliMet 1000’ (‘Buehler’, Germany)

nd ground with successive grades of SiC abrasive papers un-
il 2500 grid and finally polished with a diamond paste (1 μm)
sing grinding-and-polishing machine ‘Vector PhoenixBeta’ 
‘Buehler’, Germany). 

Cross-section morphology of PEO coatings were examined 

y scanning electron microscopy using a Tescan VEGA3 SB
nstrument (SEM, Brno, Czech Republic) and the elemental
omposition of the coatings were studied at different places
sing X-act energy dispersive X-ray (Oxford instruments, UK)
pectrometer. 

The phase composition was investigated using Bruker D8
dvance X-ray diffractometer (Karlsruhe, Germany). The 
easurements were carried out using Cu K α radiation in the

ange of 2 theta from 10 ° to 80 ° (exposure time 1 s, step
.02 °) under 3 ° incident angle. The specimens were rotated
ith a rate of 20 rpm. 
Corrosion testing of the coatings was performed according

o GOST 9.308–85 (Part 9 – alternating exposure in corrosive
edia) standard requirements. The specimens were alternat-

ngly immersed in a 3 wt% NaCl solution for 10 min at room
emperature and further 50 min in air with observations of
he first release of hydrogen bubbles and the first visible pit
ppearance. 

All electrochemical measurements were performed in a
 wt% NaCl solution at a temperature of 25 ±0.5 °C, using
 three-electrode configuration, with a Ag/Ag–Cl reference
lectrode and a platinum-coated titanium counter electrode.
he sample to be examined was operated as the working
lectrode. To perform the measurements, IPC-Pro 3A digital
otentiostat (OOO NTF ‘VOLTA’, Russia) was used and con-
rolled by IPC-2000 software. Anodic polarization was per-
ormed in potentiodynamic mode with a potential scan rate
f 1 mV/s. After obtaining the polarization curves, the values
f the corrosion current were calculated by the Stern – Geary
ethod [59] . 
Roughness of the coating surface (Ra) was evaluated via

 portable surface roughness tester SURFTEST SJ-402 (Mi-
utoyo, Japan). 

Air breakdown voltage in the coating pores was measured
y a universal breakdown tester UPU-6 (OOO ‘PKF Mol-
iya’, Ukraine) using rectified voltage with negative polar-
ty. According to GOST 6433.3-71 the temperature was 20 °C
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Fig. 1. Kinetics of PEO coatings growth on AZ31 and AZ91 alloys in alka- 
line phosphate-aluminate electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The evolution of voltage as function of time during PEO treatment 
of AZ91 and AZ31 magnesium alloys in alkaline phosphate-aluminate elec- 
trolyte. 
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and the humidity 55% determined by a digital thermometer-
hygrometer Mini Digital KAMEEL (Nanchang Huatuo Indus-
trial Co., Ltd., China). Prior to measurements samples were
ground with successive grades of SiC abrasive papers (P-
Grade from P360 to P4000) up to 1.5–1.7 μm and rinsed with
tap water followed by deionized water and dried under air.
The coatings thickness losses did not exceed 6 μm. 

All results given in this study are taken from a set of
experimental data of at least five measurements. 

3. Results and discussion 

3.1. PEO treatment of AZ91 and AZ31 alloys in alkaline 
phosphate-aluminate electrolyte 

3.1.1. Growth kinetics 
The thickness of the PEO coatings as function of treatment

time on AZ31 and AZ91 magnesium alloys is shown in Fig. 1 .
It can be seen, that the average growth rate of PEO coating on
AZ91 alloys in an alkaline phosphate-aluminate electrolyte is
1.07 μm/min in the first 50 min of the treatment and changes
to 0.08 μm/min in the subsequent time period until 85 min.
For AZ31 the initial growth rate is 0.99 μm/min in the first
25 min of PEO treatment and slows down to 0.76 μm/min in
the remaining period until 65 min. 

However, in spite of different rates of coating formation, it
can be seen, that the ‘voltage/time’ dependence during PEO
Table 2 
Elemental composition of the PEO coatings obtained on AZ31 and AZ91 (locatio

Element Elemental composition, wt% 

Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 

Mg 44.5 39.9 41.9 43.3 54.5 55 55.8 
O 37.9 40.1 41.2 41.5 36 39.7 39.3 
Al 13.8 17.8 13.7 12.8 5.3 4.1 3.9 
P 3.8 2.2 3.2 2.4 4.2 1.2 1 
rocessing of AZ91 and AZ31 alloys is similar ( Fig. 2 ). A
lear difference can be observed only at the moment, when
he final arcing stage is reached and the thickness of the PEO
oatings is around 55.0 and 56.5 μm for AZ31 and AZ91
lloys respectively. 

.1.2. Structure, composition and morphology of the coatings
Interestingly, in spite of almost the same ‘voltage-time’

ependence ( Fig. 2 ) and relatively small difference in the av-
rage kinetics of the coating growth ( Fig. 1 ), it can be seen
hat the microstructure of the obtained PEO coatings varies
ignificantly especially for longer-duration PEO treatment of
Z91 and AZ31 alloys ( Fig. 3 ). 
Based on the cross section micrographs ( Fig. 3 ), one

an conclude that initially the coatings formed in alkaline-
hosphate-aluminate electrolyte consist of two layers: an an-
dic film and an outer layer. If the time is increasing, three-
ayer coating is formed in the final stage: an anodic film, an
nner and an outer layer. Based on XRD results, these layers

ainly consist of MgO and MgAl 2 O 4 ( Fig. 4 ). 
However, the amount of magnesium aluminate (spinel

hase) in the inner layers of the coating formed on AZ91
eems to be higher than that for AZ31. This can be estimated
rom the comparison of the aluminium concentration closer
o the interface for the two alloys ( Fig. 5 and Table 2 ). 

The surface morphology of the coatings synthesized on
Z31 and AZ91 alloys differs significantly. The coating sur-
ns of analysis according to Fig. 5 ). 

Point 8 Point 9 Point 10 Point 11 Point 12 Point 13 Point 14 

44.8 44.9 39.7 36.3 43.8 44.7 45.5 
38.8 40.9 42.8 41.7 43.6 41.9 40.6 
15.4 12.4 11.8 11.2 9.4 7.7 10.3 
1 1.8 5.7 10.8 3.2 5.7 3.6 
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Fig. 3. SEM micrographs of cross section morphology of coatings with various thicknesses grown on the AZ91 (a)–(c) and AZ31 (d)–(f) alloys: (a) 21 ±2 μm 

or 20 min of treatment; (b) 42 ±5.5 μm or 40 min of treatment; (c) 54 ±6 μm or 65 min of treatment; (d) 17 ±4 μm or 20 min of treatment; (e) 40 ±3.5 μm 

or 45 min of treatment; (f) – 53 ±4.5 μm or 65 min of treatment. 

Fig. 4. XRD patterns of PEO coatings obtained on AZ31 (a) and AZ91 (b); average coating thickness is ca. 54 μm (65 min treatment time). 
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ace topography on AZ91 is more uneven than that on AZ31
 Fig. 6 ). 

.1.3. Evolution of microdischarges and different stages 
uring the PEO processing 

With increasing treatment time, changes in the appearance
f the micro-discharges occur, which are visible by the naked
ye ( Fig. 7 ). Firstly, after a short time ( < 1 min) a large
umber of easily distinguishable micro-discharges are ignited
 Fig. 7 (a)). Secondly, bright powerful micro-discharges are ig-
ited after 9 ±2 min ( Fig. 7 (b)). Afterwards, single, brightly
urning micro-discharges are simultaneously present together 
ith a large number of dull small micro-discharges, which ap-
ear after 30 ±2 and 25 ±2 min of PEO processing of AZ91
nd AZ31 alloys, respectively ( Fig. 7 (c)). Finally, only dull
mall micro-discharges appear in larger number on the work-
ng electrodes after 50 ±3 and 44 ±3 min of PEO processing
f AZ91 and AZ31 alloys, respectively ( Fig. 7 (d)). 

The set of experimental data ( Figs. 1 –7 ) indicates a multi-
tage formation of the coatings and a significant difference in
ormation and structure of the coatings synthesized on AZ31
nd AZ91 magnesium alloys. 

One can see that prior to formation of discharges, the an-
dizing of the metal substrate results in a significant increase
n the anodic voltage ( Fig. 2 ) [18–22] . 

Moreover, if the processing is stopped before the igni-
ion of plasma discharges (anodic voltage reaches 180 ±5 V),
orous films are formed on the surface of AZ91 and AZ31
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Fig. 5. SEM micrographs of cross section morphology of coatings grown on AZ31 (a) and AZ91 (b) in alkaline phosphate-aluminate electrolyte; average 
coating thickness is ca. 54 μm (65 min treatment time). 

Fig. 6. The morphology of the PEO coatings on AZ91 (a) and (b) and AZ31(c) and (d). The average thickness of the coatings is ca. 54 μm (65 min treatment 
time). 

 

 

 

 

 

 

 

 

 

 

 

Table 3 
Corrosion currents and potentials of AZ31 and AZ91 alloys in a 3 wt% NaCl 
in Fig. 8 . 

Alloy Coating thickness, μm I, A -V, mV 

AZ31 0 1.0 ·10 −4 1525 
AZ31 0.26 ±0.04 1.5 ·10 −5 1535 
AZ91 0 3.0 ·10 −5 1480 
AZ91 0.3 ±0.03 9.5 ·10 −6 1480 

o  

a

alloys with an average coating thickness of 0.22 ±0.04 and
0.27 ±0.03 μm, respectively. Changes in the free corrosion
potential of the magnesium alloys do not occur due to the
presence of pores in the anodic film ( Fig. 8 and Table 3 ).
Moreover, no changes were observed in the time before first
hydrogen bubble release ( ∼ 0.02 min) and the first visible pit
appearance (on the edges and corners after 5 ±2, 14 ±3 min
and on the faces after 15 ±3, 35 ±5 min on AZ91 and AZ31,
respectively) during immersion in a 3 wt% NaCl aqueous so-
lution.. However, the density of pits on the anodic film surface
decreases significantly. The last is consistent with the decrease
f corrosion current density after anodizing of the magnesium
lloys ( Fig. 8 ). 



A.G. Rakoch, E.P. Monakhova and Z.V. Khabibullina et al. / Journal of Magnesium and Alloys 8 (2020) 587–600 593 

Fig. 7. A typical change in the appearance of microdischarges during PEO processing of AZ31 and AZ91 alloys in an alkaline phosphate-aluminate electrolyte 
with an increase in treatment time. 

Fig. 8. Potentiodynamic polarization curves for the corrosion of AZ31 (1a, 
2a) and AZ91(1b, 2b) alloys in a 3 wt% NaCl solution without (1a, 1b) and 
with the anodic coatings (2a, 2b): average coating thicknesses are ca 0.26 
(2a), 0.3 (2b) μm. 
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During the first stage of PEO treatment, the growth of
he coatings mainly occurs due to ignition of anodic plasma
icro-discharges in vertical pores ( Fig. 9 (a)) leading to heat-

ng of the adjacent areas in the coating. Similar to PEO treat-
ent of other alloys (aluminum [18] , titanium [19] , zinc [60] ),

he process involves several steps, including oxidation of the
ase metal, electrolysis of anions on the surface of the work-
ng electrode, and plasma-thermochemical treatment of the
oatings. At this stage, due to the increase in power released
n the micro-discharges, their brightness and size increase,
hile their density on the surface decreases ( Fig. 7 (b)). Vi-

ually it appears as if the microdischarges are moving across
he surface of the working electrode. 

The PEO layer formed in stage I is porous and electrolyte
an reach the magnesium substrate throughout the existing
ertical discharge channels. During a PEO treatment (using
n AC power supply) in each period prior ignition of mi-
rodischarges or in areas where they are not occurring, the
ollowing two processes can take place: 

(1) anodizing with further formation of a porous MgO film
on the surface of the bare metal substrate; 

(2) its simultaneous dissolution at temperatures above 60 °C
[ 30–33 , 62] following Eq. (1) [63] : 

MgO + 2OH 

- + H 2 O → Mg(OH) 4 2- (1)

The mechanism of formation of the anodic film in the
orizontal pores of the coating is similar to that of sulfuric
cid anodizing of aluminum alloy when the formation of the
nodic film and its etching occur simultaneously [61] . 

The dissolution of MgO and MgAl 2 O 4 circumjacent to hor-
zontal pores leads to further widening of the pores (discharge
hannels). 

Thus, the thin coatings (approximately up to 20 μm) ob-
ained by PEO treatment in various electrolytes are all highly
orous and include horizontal pores above the anodic film
2 , 4 , 16 , 17 , 21 , 22 , 61] . 

During the next stage (Stage II) of PEO processing, the
robability of two competing processes increases. Please note,
hat the mechanisms differ for AZ31 and AZ91 from stage II,
ig. 9 b,c shows a very early (Stage II-a) and a later moment
Stage II-b) during PEO processing of AZ91. Fig. 9 (e) and (f)
hows the same for AZ31. Simultaneously with formation of
he outer layer, PEO also starts under this layer due to ignition
f microdischarges in numerous pores (continuation of the
nodic film pores) of the growing inner layer, accompanied
y transportation of plasma to the horizontal pores ( Fig. 9 (c)
nd (f)). Thus, the microdischarges, igniting under the outer
ayer of the coating, lead to oxidation of the metal substrate,
ut do not transport the oxides towards the surface of the outer
oating layer. They are forming an inner layer growing on the
nodic film. During this stage, two types of microdischarges
dull small micro-discharges and brightly burning ones) are
gniting on the surface of the working electrode ( Fig. 7 (c)). 
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Fig. 9. Mechanisms and differences of coating formation via ignition of various types of micro discharges during PEO process of AZ31 and AZ91 magnesium 

alloys in alkaline phosphate–aluminate electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4 
Air breakdown voltages in the coating pores formed on AZ31 and AZ91 
alloys ( U bd ). 

Alloy Coating 
thickness ( h ), 
μm 

Breakdown 
voltage ( U bd ), 
V 

U bd . /h ∗, 
V/ μm 

∗Note 

AZ31 17.7 ±0.9 305 ±15 17.2 Conditional value 
of average electric 
strength for 
rectilinear pores 

AZ31 29.9 ±0.7 460 ±20 15.4 
AZ91 20.2 ±0.5 270 ±15 13.4 
AZ91 30.4 ±0.75 360 ±20 11.9 
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During stage II-b, there is a high probability that seal-
ing of the pores located above the coating inner layer or
their “shifting” from the metal substrate toward the interface
inner/outer layers will occur. This depends on the ratio be-
tween the coating inner layer growth rate ( γ in.layer. ) and the
circumjacent oxides dissolution rate ( γ ox.diss. ). Higher disso-
lution rate of the existing oxides (located in the upper part of
the horizontal pores) compared to the new oxide formation
rates in the inner layer ( γ in.layer. ) may result in only partial
sealing of the pores, while inner plasma microdischarges are
igniting. 

In spite of a high similarity of the processes occurring
during PEO treatment of AZ31 and AZ91 alloys, the ratio
between γ in.layer and γ ox.diss. as well as the energies, released
in the vertical pores during the process, differ a lot. This
results in the observed different structures of the coatings. 

During the second stage (Stage II-a) of PEO treatment
of AZ31, formation of horizontal microvoids occurs at the
metal substrate/coating interface, in curved vertical and bend
pores (discharge channels) due to strong microdischarges. The
diameter of the microvoids is much larger than the one of the
pores (discharge channels). Release of large amount of formed
gas (including gas in ionized form [21] ) leads to formation of
the microvoids in the outer layer ( Figs. 3 (e) and 9 (f)). In most
of the cases, the generated microvoids ( Figs. 3 (e) and 5 (a))
have a circular cross section and hereafter these microvoids
will be called as spherical pores. 

Further PEO processing of AZ31 increases probability of
microdischarges ignition at the bottom of the spherical pores,
located in the coating outer layer ( Fig. 7 (c)). This process
in stage II-b is accompanied by a release of high energy.
The mechanism of high-energy microdischarge ignition can
be explained by accumulation of the gases at the bottom of the
spheric pores which form a dielectric gas layer. These gases
release through the anodic film micropores and then through
the micropores of the coating inner and outer layers during
nodic and cathodic polarization of the working electrode and,
hus, accumulate. 

At the second stage, the inner layer has low growth rate
ue to the high energy release during ignition of the microdis-
harges in the spheric pores. As a results, γ ox.diss . is higher
han γ in.layer. and formation of the large voids in the coating
t the inner \ outer layers interface takes place ( Figs. 3 (e) and
 (f)). 

Tu et al. [21] also report the ignition of microdischarges
n the pores separating the inner and the outer layers. The
uthors believe that breakdown of dielectric oxide layers oc-
ur, however they do not provide any explanation of their
ormation in the microvoids. 

PEO processing of AZ91, which has a large amount of big
ize Mg 17 Al 12 intermetallics [ 30–33 , 62] , leads to formation of
ertical pores, which are less curved than those forming in
Z31, although the PEO treatment was conducted under the

ame conditions. The difference in the pore structure formed
n AZ31 and AZ91 alloys can be demonstrated by measuring
he air breakdown voltage of the coatings. The breakdown
oltage for AZ31 is larger compared to AZ91 ( Table 4 ). The
igher values of the voltage are, the longer (more curved)
ores were formed [64] . 

Formation of less curved pores is caused by the presence
f intermetallics on the AZ91 alloy surface and ignition of
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icrodischarges above them [65] . As a result at stage II no
pheric voids were formed in the coating outer layer ( Figs. 3
nd 5 ). Absence of spheric microvoids in the coating outer
ayer and more uneven surface topography of the coatings
ynthesized on AZ91 compared to AZ31 can be noticed as
ell ( Fig. 6 (b)). Unevenness of the coating surface topogra-
hy on AZ91 is associated with transportation of the melted
xides onto the coating surface after the microdischarge ig-
ition in its vertical pores. Thus, a pancake-like surface mor-
hology is formed [21 , 66] . Moreover, roughness of the coat-
ngs formed on AZ91 ( R A = 13 μm) is bigger than for AZ31
 R A = 9 μm). The latter is caused by ignition of powerful mi-
rodischarges in the spheric pores and loss of the melted ox-
des to the electrolyte ( Fig. 6 (d)). The meaningful role of the
ature and concentration of secondary phases for the growth
nd structure of the coatings synthesized on magnesium al-
oys during PEO processing are also mentioned in literature
30–38] . 

Less use of energy for ignition of powerful microdis-
harges in spheric pores (compared to AZ31) results in a
igher growth rate of the inner layer on AZ91 alloy. The lat-
er is likely to be the main reason for the formation of thicker
nner layers during PEO processing of AZ91 alloy ( Fig. 3 ). 

In stage III, when the coating thickness exceeds 37.5 ±5.0
or AZ31and 54.5 ±5.5 μm for AZ91, only microdischarges
ith weak intensity can be observed (high-energy microdis-

harges disappear) on the surfaces ( Fig. 7 (d)). This can be
xplained by an increase of temperature in the ‘alloy-coating-
lectrolyte’ system, which results in an increase of the volume
f gas-vapor phase in the vertical pores (discharge channels)
nd spherical voids. At this moment, the microdischarges are
aking place only under the coating outer layer ( Fig. 9 (d) and
g)). At this stage, mainly sealing of the pores in the coat-
ng inner layer on AZ91 occurs, while on AZ31 growth of
he inner layer dominates. The latter can also be seen in the
ross-section morphology of the coatings ( Fig. 3 (c) and (f)).
urthermore, at this stage the average growth rates of the
oatings on AZ91 ( ∼ 0.08 μm/min) is much lower than for
Z31 ( ∼ 0.76 μm/min). 
However, with further continuation of PEO treatment

f AZ31, the process reaches a state of uncontrolled arc-
ng (stage IV), when the average coating thickness exceeds
5.5 μm. The results is the formation of macro size defects
n the coating. The transition is accompanied by a short-term
oise effect, followed by a drop of voltage ( Fig. 2 ) and an in-
rease in current density (from 10 to about 14 A/dm 

2 ). Most
robably, this can be explained by the anodic voltage exceed-
ng the breakdown potential of the gas-vapor phase in one or

ore vertical pores or spheric voids. Such microdischarges in
ingle vertical or spherical pore(s) are accompanied by a high
nergy release, destroying the coating. 

The same happens also for AZ91 when the average coat-
ng thickness exceeds 56.5 μm. However the anodic voltage
rops less drastically as in the case of AZ31 alloy ( Fig. 2 ). At
he arcing stage of PEO processing of AZ91, the change in
lectrical characteristics is not accompanied by an increase of
oise. A possible explanation can be an increase of temper-
ture in the coating inner layer, which increases locally the
issolution rate of this layer and in the anodic film, whereby
reas of the bare substrate appear. Thus, less voltage is needed
o drive the process. 

Summarizing, the inner layer is the most important and
ense part of the coating, which determines obviously its
roperties. To obtain coatings with good corrosion proper-
ies, the process can be either stopped at the right moment or
 two-step PEO treatment can be performed to seal the de-
ects. The second step treatment should utilize an electrolyte,
hich strongly supports discharges in the inner layer. 

.2. Two-step PEO treatment of AZ31 and AZ91 alloys 

It is well known [18] that the coatings obtained on alu-
inum alloys during PEO treatment at low current densi-

ies (up to 4 A/dm 

2 ) in alkaline aqueous solutions with a
igh concentration of technical water glass (180 g/l) results in
n excellent corrosion resistance. However, PEO treatment of
agnesium alloys with a current density of 1 A/dm 

2 switches
o the arc stage already after 19 min of processing time with
he formation of fragile phases on the surface of the coatings.
n this case, the thickness of the coating differs significantly
t different locations of the surface (from ca. 4.5 to 14 μm on
Z91 alloy and from ca. 5.5 to 12.3 μm on AZ31 alloy). The

esults indicate that there is a fast sealing of vertical pores in
he coatings during PEO treatment of the alloys [67] . Strong
nergy release in the residual pores results in the transition
o the arc stage and formation of macro size defects in the
oatings [18 , 19] . 

However, if initially a PEO coating on magnesium alloys is
roduced in alkaline phosphate-aluminate electrolyte (in par-
icular with a thickness of ca. 20 μm), and then subsequently
he process is continued in an aqueous solution containing
80 g/l of TWG, many horizontal pores are sealed. As a con-
equence, microdischarges will take place mainly under the
nitial coating and instead of a transition to the arc stage, a
ormation and growth of an inner layer take place. 

After the initial PEO coating with 19.5 ±3.5 μm thickness
as grown on the surface of AZ91, only dull small microdis-

harges ignite during the subsequent secondary PEO treat-
ent at 1.0 A/dm 

2 current density ( Fig. 10 ). The average
oating growth rate at a constant current density of 1 A/dm 

2 

s higher (0.76 μm/min) on AZ91, while it does not exceed
.50 μm/min during PEO treatment of AZ31. As shown in
ig. 10 (a), there is still a mixture of discharges on AZ31,
uggesting that not only the inner layer is growing. 

The peak anodic voltages during the secondary PEO treat-
ent of AZ91 and AZ31 alloys in the silicate electrolyte are

ower than the ones in alkali-phosphate-aluminate electrolyte
 Figs. 2 and 11 ). In the initial stage of the secondary PEO
reatment, the voltage increases due to increase of coating
emperature, which results in an increase of the volume of
as-vapor phase in the various pores. With further continua-
ion of PEO treatment the temperature changes only slightly.

However, there is a significant decrease in the anodic volt-
ge ( Fig. 11 ) during the secondary PEO of AZ91 and AZ31
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Fig. 10. A typical change in the type of microdischarges during the sec- 
ondary PEO treatment of AZ31 (a) and AZ91 (b) alloys in alkaline-silicate 
electrolyte. 

Fig. 11. The evolution of voltage as function of time during two-step PEO 

treatment of AZ31 and AZ91. 
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alloys after about 28 and 35 min, respectively. Presumably,
etching of the inner layer and of the anodic film of the PEO
coating takes place in localized regions. These processes are
caused most likely by an increase of temperature and pH un-
der the outer layer of the PEO coating. 

Despite the high concentration of TWG in the aqueous
solution, the concentration of silica-containing compounds in
the coatings is relatively low ( Fig. 12 and Table 5 ). The high
amount of microdischarges accumulated locally in the inner
layer of the coating leads to blocking of most of the coating
surface by gas-vapor phase, which does not allow an intense
electrolysis of n[SixOy] m − polyanions to this layer ( Fig. 12
and Table 5 ). However, very small concentration of silicon
containing compounds, most probably silicon oxide, could
be found in the outer layer of the coating synthesized on
AZ31 ( Table 5 ). During PEO processing of this alloy, ther-
ochemical transformation of n[SixOy] m − polyanions takes
lace above the outer layer stimulated by microdischarges ig-
iting in the vertical and spheric pores of the outer layer. A
ower amount of energy is used for growth of the coating in-
er layer due to consumption of high electric energy during
gnition of the microdischarges in these voids. This explains
hy the thickness of the inner layer of the coating synthesized
n AZ31 is thinner than on AZ91 ( Fig. 12 ). 

.3. Anticorrosion properties of single- and double-step PEO
reatments 

Although the conditions of PEO processing on AZ31 and
Z91 alloys were identical, the differences in the coating mi-

rostructures led to a different corrosion resistance. The coat-
ngs synthesized on AZ31 have lower corrosion resistance
ompared to AZ91 ( Table 6 ). The corrosion resistance in-
reases with duration of PEO treatment till the arcing stage
f the process is reached. However, only coatings with aver-
ge thicknesses from 53.5 to 56.5 μm grown on AZ91 alloy
emonstrate a high corrosion resistance, which exceeds the
equirements of GOST 9.308–85 (Part 9) [68] ( Table 6 ). The
ormation of a relatively dense inner layer results in a sig-
ificant increase of corrosion resistance ( Fig. 3 and Table 6 ).
he latter is also confirmed by the results obtained after the

wo-step PEO treatment ( Table 7 ). 
Moreover, the differences in the corrosion resistance of

he magnesium alloys and the different coatings were proved
y additional electrochemical measurements. Values of the
orrosion current of AZ91 alloy without and with the coat-
ngs, obtained in the base electrolyte, are much lower than for
Z31 ( Fig. 13 and Table 8 ). Evidently, corrosion processes

ake place under the PEO coatings obtained on AZ31. Even
he corrosion current of the alloy with the thickest coating
n AZ31 (about 51.3 μm) decreases by 50 times only. Tak-
ng into account that in this case most of the alloy is cov-
red by the coating and that corrosion takes place only in
egions of coating defects, this minor decrease in the corro-
ion current means that intensive corrosion processes occur
nder the coating. In contrast, the corrosion current of AZ91
ith the thickest coating (about 55.4 μm) decreases by almost
00 times ( Table 8 ). Such a coating on AZ91 demonstrates
 significant improvement of the corrosion properties, which
xceed the GOST 9.308–85 requirements. However, the cor-
osion potential of the bare AZ91 alloy is almost the same
s for the one coated in the base electrolyte, thus, electrolyte
till reaches the substrate and localized corrosion may take
lace. 

However, the corrosion potential of AZ91 alloy increases
y 140 mV and the corrosion current decreases by almost
000 times after the two-step PEO treatment. Therefore, it
eems that the two-step PEO treatment of AZ91 alloy results
n a much denser coating which limits corrosion processes
o a larger extent. However, comparing the single and two-
tep processes, the release of hydrogen bubbles after the same
mmersion time in 3 wt% NaCl aqueous solution ( Table 8 ) in-



A.G. Rakoch, E.P. Monakhova and Z.V. Khabibullina et al. / Journal of Magnesium and Alloys 8 (2020) 587–600 597 

Fig. 12. Micrographs of cross-section morphology of coating obtained by the two-step PEO treatment of AZ31 (a) and AZ91 (b) alloys. 

Table 5 
Elemental composition of the “two-step” coatings at the locations indicated in Fig. 12 . 

Element Elemental composition, wt% 

Point 15 Point 16 Point 17 Point 18 Point 19 Point 20 Point 21 Point 22 Point 23 Point 24 Point 25 Point 26 

Mg 33.6 36.7 38.4 48.8 53.9 56.4 43.1 42.7 40.9 43.3 49.9 45.6 
O 44.6 41.8 48.6 39.7 41.4 40.3 39.1 40.3 42.5 44.1 43.5 40.1 
Al 10.6 13.6 9.5 4.6 3.2 2.4 15.9 15.1 13.2 8.7 6.5 10.5 
P 3.9 4.8 1.5 4.9 1.5 0.9 0.8 1.9 2.7 3.6 0.0 3.8 
Si 7.3 3.1 2 2 0.0 0.0 1.1 0.0 0.7 0.3 0.1 0.0 

Table 6 
Time before release of the first hydrogen bubble and appearance of the first visible pit during immersion of AZ91 and AZ31 alloys (without and with coatings 
of different thicknesses produced in the base electrolyte) in 3 wt% NaCl aqueous solution. 

Alloy Thickness, 
μm 

Time before release of first hydrogen bubble, min Time before appearance of the first 
visible pit, min 

On the edges and corners On the faces On the edges and corners On the faces 

AZ31 0.0 Up to 0.02 Up to 0.02 5.0 ±2.0 15.0 ±4.0 
17.4 ±2.3 16.0 ±1.5 664.0 ±30.0 27.0 ±4.0 1050.0 ±110.0 
45.2 ±3.5 20.0 ±6.0 315.0 ±45.0 45.0 ±25.0 620.0 ±150.0 
53.0 ±4.9 51.0 ±4.0 936.0 ±80.0 110.0 ±20.0 1260.0 ±120.0 

AZ91 0.0 Up to 0.02 Up to 0.02 14.0 ±3.0 35.0 ±5.0 
19.5 ±3.1 126.0 ±28.0 620.0 ±48.0 240.0 ±70.0 820.0 ±130.0 
53.5 ±3.5 1430.0 ±59.0 1500.0 ±30.0 1560.0 ±58.0 No pits were found during 

1800 min of exposure 
56.5 ±4.6 1430.0 ±50 1560.0 ±90.0 1680.0 ±150.0 No pits were found during 

1800 min of exposure 

Table 7 
Time before release of the first hydrogen bubble and appearance of the first visible pit during immersion of coated AZ91 and AZ31 alloys (by two-step PEO 

treatment) in 3 wt% NaCl aqueous solution. 

Alloy Thickness, 
μm 

Time before release of first hydrogen bubble, min Time before appearance of first visible pit, min 

On the edges and corners On the faces On the edges and 
corners 

On the faces 

AZ31 43.7 ±3.7 54.0 ±7.0 690.0 ±30.0 140.0 ±20.0 1320.0 ±180.0 
AZ91 45.4 ±4.7 1420.0 ±55.0 1560.0 ±90.0 1740.0 ±120.0 No pits were found 

during 1800 min of 
exposure 
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Fig. 13. Potentiodynamic polarization curves recorded for AZ31 (a) and AZ91(b) alloys during the immersion in 3 wt% NaCl aqueous solution without (1a, 
1b) and with coatings obtained in the base electrolyte with an average coating thicknesses of 21 (2a), 51 (3a), 21 (2b), 55 (3b) μm or by the two-step PEO 

process with an average coating thicknesses of 44 (4a), 46 (4b) μm. 

Table 8 
Corrosion currents and potentials of AZ31 and AZ91 alloys with and without 
PEO coatings during immersion in 3 wt% NaCl aqueous solution. 

Alloy Coating thickness, μm i , A/cm 

2 - V , mV 

AZ31 0.0 1.0 ·10 −4 1525 
AZ31 21.3 ±3.4 4.0 10 −6 1520 
AZ31 51.3 ±4.4 2.0 ·10 −6 1530 
AZ31 after two-step PEO 

treatment 
44.1 ±3.8 3.0 ·10 −6 1535 

AZ91 0.0 3.0 ·10 −5 1480 
AZ91 21.2 ±3.6 7.5 ·10 −6 1480 
AZ91 55.4 ±4.7 5.0 ·10 −8 1495 
AZ91 after two-step PEO 

treatment 
45.9 ±4.7 3.0 ·10 −8 1340 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dicates that corrosion processes still occur but only in very
few places on the metal substrate. 

Overall, the corrosion resistance of the coatings obtained
on AZ31 alloy with different thicknesses is still not sufficient.
However, due to their remaining porosity, they can be loaded
with inhibitors [69] or/and sealed with paints and varnishes
to obtain active corrosion protection system [70–74] . Up to
now, only the corrosion properties of the coatings obtained on
AZ91 fulfill the GOST 9.308–85 requirements. However, the
released hydrogen bubbles ( Table 7 ) suggest that the remain-
ing pores and defects should also be loaded with inhibitors
or/and sealed with paints and varnishes to eliminate localized
corrosion of the metal substrate. 

4. Conclusions 

(1) A mechanism of initial formation of horizontal pores
during PEO processes in alkali-phosphate-aluminate
electrolyte was proposed. On the bottom of those hori-
zontal pores, formation of an anodic film and its disso-
lution take place. Thus, the further continuation of PEO
processing leads to ignition of microdischarges under
the outer layer of the coating grown on AZ91 and AZ31
alloys. Three-layer coatings are formed: an anodic film,
an inner and an outer layer. 

(2) The growth of outer and inner layers of PEO coatings
occurs via different mechanisms. Due to high-energy
microdischarges in vertical pores of the coating and
spherical voids inside the coating, the formation of a
melted porous outer layer occurs. The growth of the in-
ner layer of the coatings is more complicated and con-
sists of: 

(i) anodizing with formation and dissolution of a
porous film on the metal surface; 

(ii) formation of horizontal pores as a result of a dis-
solution process, which partially separate the an-
odic film from the metal substrate; 

(iii) sealing of the pores in the anodic film by gas-
vapor phase, followed by microdischarges, result-
ing in the formation of the inner layer of PEO
coating; 

(iv) dissolution of the oxides circumjacent to the hori-
zontal pores with simultaneous appearance of mi-
crodischarges in the pores of the inner layer, pro-
moting the formation of MgO and MgAl 2 O 4 in
these pores. As a result, the horizontal pores lo-
cated between the inner and outer layers of the
coating are partly sealed. 

(3) The growth of coatings on both AZ31 and AZ91 alloys
occurs due to appearance of three types of microdis-
charges taking place in the vertical, spherical and inner
layer horizontal pores which reach the metal substrate.
However, each type of microdischarge releases different
amount of energy. Higher energy is emitted at narrow
volumes of vertical curved pores, leading to the forma-
tion of spheric pores in the PEO coating on AZ31 alloy.
For this reason, the coatings formed on AZ31 alloy are
more porous in comparison with AZ91 alloy. 



A.G. Rakoch, E.P. Monakhova and Z.V. Khabibullina et al. / Journal of Magnesium and Alloys 8 (2020) 587–600 599 

 

 

 

D

 

c

A

 

f  

(  

(  

fi  

a
d  

H
f

R

 

 

 

 

 

 

 

 

 

 

 

[  

[  

[  

[  

[  

[

[  

[  

[  

 

 

[  

 

 

[  

 

[  

[  

[  

[  

[  

 

[
[  

[  

 

 

[  

[  

[  

[

[  

[  

[  

[  

[  

[
[  

[  

 

[

[  

[  

[  

[  

[  

[

(4) Only thick (53.5–56.5 μm) coatings obtained on the
AZ91 alloy and coatings obtained by a two-step PEO
treatment of this alloy demonstrate high corrosion re-
sistance. 
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