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Abstract

Oxide layers on Mgy,Y>Zn, magnesium alloy with strengthening LPSO-phase
were formed by plasma electrolytic oxidation (PEO) in bipolar mode with
frequency variation of forming current pulses (50 and 500 Hz) and addition
of sodium aluminate or sodium silicate to alkali phosphate fluoride electro-
lyte. Microstructure, chemical and phase composition, corrosion and me-
chanical properties of the oxide layers formed were investigated. With in-
creasing current frequency for both electrolytes, an increase in homogeneity
of the oxide layers structure and a decrease in their porosity and fracturing
at constant thickness were recorded. The oxide layers formed at 500 Hz
even with some decrease in hardness have better adhesive strength and
2 orders of magnitude higher short-term corrosion resistance values. PEO of
Mg-alloy with LPSO-phase in the electrolyte with addition of sodium alumi-
nate in combination with increased pulse frequency (500 Hz) allows forming
the best-quality uniform oxide layer with high hardness, adhesive strength
and corrosion resistance properties. The use of electrolyte with addition of
sodium silicate reduced the adhesive strength by 1.5 times and brought down
the long-term corrosion resistance of oxide layers by an order of magnitude,
as compared with the electrolyte with sodium aluminate. The reason for a
significant improvement in the complex of protective properties of the oxide
layers with an increase in the current pulse frequency is supposed to be a
decrease in the power and duration of individual microarc discharges with
simultaneous increase in their number per unit oxidized area.
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e PEO of Mg-RE (LPSO) alloy allows improving its corrosion behaviour and surface mechanical properties.

e Increase of pulse frequency under PEO allows decreasing the porosity and heterogeneity of the oxide layers.

e The best corrosion resistance and adhesive strength demonstrate the oxide layer obtained in aluminate electrolyte un-

der high-frequency PEO.

© 2023, the Authors.

This article is published in open access under the terms and conditions of

the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Magnesium alloys have great potential for different indus-
trial applications due to their high specific strength,
damping ability and good workability [1-4]. Main disad-
vantages that prevent wide application of Mg alloys in
aviation and aerospace industry are low ignition tempera-
ture and high fire hazard, absolute mechanical strength

deficiency and insufficient corrosion resistance [5-8]. In
the past decade, considerable progress has been made in
the development of zinc-containing magnesium alloys with
rare earth elements (Mg-RE), which, at a certain Zn ratio,
can form alloys with a long-period stacking-ordered struc-
ture (LPSO-phase) [9-12]. Compared to conventional Mg
alloys with dispersion strengthening, the eutectic struc-
tures of these alloys after thermal treatment are trans-
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formed into LPSO-phases shaped as thin plates with 1.5 to
25 nm thickness [13]. They significantly increase the static
and fatigue strength, ductility and thermal stability of the
alloy. LPSO-phase formed from various combinations of
Mg, Zn, Y, etc., prevents the movement of dislocations and
reduces the anisotropy of the material properties, where-
by high mechanical performance is achieved [14, 15]. Due
to control of the strengthening LPSO-phase composition,
its orientation, size and volume distribution, the ultimate
strength of Mg-RE alloys in the order of 600 MPa can be
achieved, which is comparable with structural steel char-
acteristics; the plasticity of ~30% and more is achieved,
and also their ignition temperature (flame resistance)
could be raised significantly [10, 14]. Yet, low corrosion
resistance issue remains unresolved [16].

Mg is an electrochemically active metal with a low
standard electrode potential of -2.37 V [17, 18]. Potential
difference between the matrix (a-Mg) and the LPSO-
phase can reach ~60-250 mV, which further lowers the
alloy corrosion resistance due to the occurrence of mi-
cro-galvanic couples [5, 16, 19, 20]. Therefore, for Mg-
RE (LPSO)-alloys to be implemented in unit and aggre-
gate designs, additional solutions that neutralize this
effect should be provided, for example, the application of
protective coatings. Formation of multifunctional oxide
ceramic layers on the alloy surface by plasma-
electrolytic oxidation (PEO) appears most attractive
technology [21, 22].

The PEO method is actively used for valve metals (Mg,
Al, Ti, Zr) and is based on the oxidation of metals under
high-energy electrical action in electrolyte solutions of
various compositions [23-25]. The PEO method ad-
vantages are high adhesion of the oxide layer, single-stage
treatment, relatively low cost, ease of layer application
control and the environmental friendliness. Primary sur-
face passivation occurs at the initial treatment stage, and,
when certain critical voltage is reached, the dielectric
«barrier» layer is broken down and plasma electric micro-
arc discharges are formed across the treated surface [26].
Intense mass transfer due to high electric field strength
and temperature gradients, combined with solution ther-
molysis, allows electrolyte components to be embedded
into the oxide layers. The necessary oxide layer properties
can be achieved by regulating the oxidation mode (the
process electrical parameters), main components of the
electrolyte and post-treatment processes [27, 28]. Such
treatment makes it possible to obtain composite ceramic
layers with the highest protective characteristics.

Despite plenty of studies on PEO of Mg alloys, we are
aware of only 2 works in which this technology was ap-
plied to Mg alloys with LPSO-phase [11, 20]. However,
the combined effect of electrolyte composition and tech-
nological process mode was not investigated in those
studies.

PEO in combination with sealing post-treatment in a
Ce-containing solution was used in paper [20] to increase
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the corrosion resistance of Mg-Y-Zn alloy with LPSO-
phase. PEO was carried out in an alkaline-silicate-fluoride
electrolyte at a forming pulse frequency of 500 Hz in the
potentiostatic mode at a maximum initial current density
of 400 mA-cm™. PEO allowed reducing the icorr of the alloy
by ~1.5 orders of magnitude. Subsequent holding in Ce-
containing electrolyte made it possible to significantly
reduce the surface porosity and the corrosion current to
2.0-1079 A-cm™.

The effect of the electrolyte composition on the oxida-
bility of the Mg-Gd-Y-Zn alloy with LPSO-phase and the
properties of oxide layers formed was investigated in [11].
The basic electrolyte components were sodium hydroxide
and sodium fluoride, to which aluminate, phosphate and
sodium silicate were added one at a time; the component
combinations were also varied, and the effect of electro-
lyte composition on the anticorrosive properties of oxide
layers was evaluated. The authors [11] found that the ox-
ide layer formed in the electrolyte containing all these
components at a concentration of 4 g-L™* has the best anti-
corrosive properties - when tested in 3.5 wt.% NacCl, the
authors managed to reduce the icorr of the alloy by almost 3
orders of magnitude and increase the resistance of the
barrier layer by more than 3 orders of magnitude com-
pared to the resistance of charge transfer through the nat-
ural oxide film on the Mg(LPSO)-alloy. Among mono-
additives, sodium silicate had the greatest effect on anti-
corrosive properties of the oxide layers, while the best
combination of two additives was shown to be the sodium
aluminate and sodium phosphate.

Along with the composition of electrolyte, the PEO
technological mode has an important effect on increasing
the anticorrosion and mechanical properties of the oxide
layers [3, 26, 29-32]. In particular, an increase in the cur-
rent frequency from 50 to 400 Hz during PEO demonstrat-
ed a greater effect on the anticorrosive performance than
the use of preliminary anodic passivation [29]. The oxide
layers obtained at a relatively high frequency (800 Hz)
had smaller pore size and were much denser than the
coatings obtained at 100 Hz [30]. However, the authors of
[31] came to the opposite conclusion when studying the
PEO of the AMs50 magnesium alloy in the alkaline-
phosphate electrolyte at three frequencies (10, 100 and
1000 Hz). They found that low-frequency PEO promotes
sintering of the coating, making it denser and improving
corrosion resistance. Thus, there is no consensus on the
PEO frequency effect on the properties of the oxide layers
formed. However, most authors believe that the intensity
of the spark discharge is the most critical factor affecting
the quality of coatings [33].

This work is aimed to study the combined effect of PEO
electrolyte component composition and frequency of form-
ing current pulses on the structure, mechanical and anti-
corrosive properties of oxide layers formed on the LPSO-
phase magnesium alloy of the Mg-6.7Y-2.3Zn-1.1Zr
(wt.%) system.
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2. Materials and Methods

Oxide layers were obtained on the cast and heat treated
Mgo7Y2Zn: magnesium alloy with a strengthening LPSO-
phase (SOMZ, Solikamsk, Russia). Chemical composition
of the alloy (wt.%) was determined on the Thermo Fisher
Scientific ARL 4460 OES optical emission spectrometer:
6.68 Y; 2.27 Zn; 1.07 Zr; 0.056 Nd; Mn < 0.005; Al,
Fe < 0.002; Si, Ni, Cu < 0.001, the rest is Mg. The follow-
ing phases were detected in the alloy: a-Mg, Mgi.YZn
(LPSO-phase) and MgsZns;Y. (W-phase) [34]. Before PEO,
the samples were subjected to heat treatment according to
the T61 mode: homogenizing annealing at a temperature
of 525+5°C, 24 hours, quenching in water heated to
T >80 °C and aging at 2005 °C, 100 hours. Such mode of
heat treatment allows obtaining the maximum mechanical
properties of this alloy.

Specimens for PEO were cut in the form of rectangular
bars with dimensions (60x20x6) mm3, which were sanded
before processing using SiC-based sanding paper with
abrasive 600-1200-2500-5000 grit and isopropyl alcohol
as a cutting compound.

PEO was carried out with alternating current from an
original power source for 10 minutes at a constant current
density of 10.0+0.5 A-dm™2, the ratio of cathode and anode
operating currents of half-cycles K/A = 0.50+0.02 and the
electrolyte temperature of 286+2 K. Pulse-duty factor was
50%, the proportion of anode/cathode pulses in the total
pulse duration was 50%)/50% with a symmetrical pause
between half-cycles. The frequency of trapezoidal forming
pulses (50 Hz and 500 Hz) and the main electrolyte com-
ponent, NaAlO. or Na.SiO3 (15 g-L™), which was added to
the aqueous solution of KOH (1 g-L*), NaxHPO,412H20
(10 g-L'™") and NaF (10 g-L™") were varied. The specimens
obtained in the electrolyte with addition of sodium alumi-
nate will be hereinafter referred to as PEO-A-50/500, and
those with addition of sodium metasilicate - PEO-S-50/500.

Structural investigations of oxide layers were carried
out on transverse metallographic sections using Carl Zeiss
Sigma autoemission scanning electron microscope (SEM)
with thermionic Schottky cathode (Germany) in the
backscattered electrons (BSE) mode. Elemental (chemical)
composition of oxide layers was studied integrally from
the surface (S = 160 mm?) by X-ray fluorescence energy
dispersive analysis (XRF) using the Shimadzu EDX-8000
energy dispersive X-ray fluorescence spectrometer (Rh-
anode tube, U = 15-50 kV, I = 30-310 pA) and on trans-
verse sections by energy dispersive X-ray microanalysis
(EDXMA) using an X-ray spectral microanalysis unit based
on the EDAX TEAM EDS energy spectrometer (SDD based
EDAX “Apollo X” analyzer) of Sigma SEM. To remove po-
larization artifacts during SEM investigations, a thin con-
ductive platinum layer was applied to the specimens by
the “cold” magnetron (ion) sputtering method. The thick-
ness T, um and porosity P, % of oxide layers were evaluat-
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ed from three panoramic cross-sectional images (500 pm
long) using ImageJ software.

X-ray diffraction analysis of oxide layers was performed
on the Shimadzu Maxima XRD-7000S diffractometer (Cu K«
radiation, X-ray tube with a long fine focus - LFF, Bragg-
Brentano geometry) at a tube current of 40 mA, a voltage of
40 kV, a scanning speed of 0.25° min™ in the range of an-
gles of 15-85° by 20 in increments of 0.01°. The crystalline
phases were identified using the Shimadzu PDF2 database.
The quantitative phase composition of oxide layers was cal-
culated by the Rietveld method. The proportion of X-ray
amorphous phase in the oxide layer was also evaluated.

Hardness measurements according to Vickers HVo.o1
were performed on transverse specimens on the Shimadzu
DUH-211S dynamic microhardness meter in accordance
with ISO 14577-1:2015 recommendations under load of
98.1 mN (10 g) at least 10 times for each specimen.

The adhesive strength of oxide layers was measured
using the Nanovea P-Macro scratch tester according to the
linearly increasing load scheme as per the recommenda-
tions of ASTM C1624-05: a conical Rockwell indenter with a
vertex angle of 120° and a radius at the apex of 100 nm was
used; the scratch length - 15 mm; initial touch load - 0.1 N;
final load - 30 N; indenter movement speed - 10 mm/min.
At least 5 tests were performed on each specimen. After the
scratches were applied, their panoramic shooting was car-
ried out at x20 magnification using the Nanovea Stiks soft-
ware, and the coordinate of oxide layer Lc massive fracture
(tear) initiation was determined. Specific critical load of
layer failure (Fc, N-um™) was calculated from the relation of
the oxide layer tearing load F to its thickness.

Electrochemical tests were carried out by methods of
potentiodynamic polarization and impedance spectroscopy
using the Elins P-45X potentiostat-galvanostat with an
electrochemical impedance measurement module FRA-
24M (Electrochemical Instruments) in 3.5 wt.% NacCl solu-
tion at room temperature (295+2 K). The tests were car-
ried out in a three-electrode electrochemical hold-down
cell CS936 (CorrTest, China) with a contact area of 1 cm?Z.
Platinum mesh (20x20 mm?) was used as an auxiliary
electrode, and silver chloride electrode (Ag/AgCl) filled
with saturated solution of potassium chloride was used as
a reference electrode.

Electrode potential of no-polarization specimens (OCP)
was stabilized for 60 minutes. Specimen potentiodynamic
polarization (PDP) was carried out in the range from
-150 mV to +1000 mV relative to OCP with a potential
sweep rate of 1 mV/s. Polarization resistance Rp was deter-
mined based on ASTM G102-89(2015)e1 recommendations
using the Stern-Geary constant according to the formula [35]:

o Babe
P 2.303ic0rr(Ba + B)’

where S, is the slope of the anode process Tafel curve,

®

V/dec, and f. is the slope of the cathode process Tafel
curve, V/dec.
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An important factor affecting the corrosion rate of the
substrate is the effective interconnected porosity of oxide
layers, which was evaluated by the electrochemical meth-
od according to the equation [21]:

R _ AEcorr
a2 w1
P

(2)

where Peff is the dimensionless value showing the electro-
chemical porosity of the oxide layer, Rpb and fSap are the
polarization resistance and the anode Tafelian slope of the
bare alloy (substrate) with no oxide layer, Rp is the polari-
zation resistance of the specimen with oxide layer,
AEcorr is the difference in the corrosion potential between
uncoated and coated specimens.

The investigation by electrochemical impedance spec-
troscopy (EIS) was carried out at a sinusoidal dither signal
with 10 mV amplitude. The tests were run at electrode po-
tential stabilized value in the frequency range from 10 mHz
to 300 kHz. The analysis of experimental data and the cal-
culation of equivalent circuit parameters were performed
using the ZView software (Scribner Associates, USA).

The manufactured specimens were held for 14 days in a
corrosive environment - 3.5 wt.% NacCl at 295+2 K. During
this time, a periodic renewal of the corrosive medium was
provided to maintain value pH = 7+0.5. Following the tests,
the external control of the oxide layer state was carried out
and the areas of corrosion damage were assessed.

3. Results

3.1. Voltage-time curves during PEO

Figure 1 shows the characteristic voltage-time curves dur-
ing PEO in both electrolytes at 50 and 500 Hz current fre-
quencies. The fast increase of the formation voltage ob-
served in the first 60-70 seconds corresponds to the anod-
ic passivation of the metal substrate. After initial time
~80 sec of the PEO process and under voltages about 230-
250 V, the visual sparking on the alloy surface in the elec-
trolyte starts, and then the brightness of the sparks and
their number on the surface increase. In addition, the
sparks on the anode in the silicate electrolyte seemed to be
brighter and pointier, which indicates their greater power
compared to the sparks during PEO in the aluminate elec-
trolyte. As can be seen, the formation voltages in the silicate
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electrolyte are higher than those in the aluminate electro-
lyte for both PEO frequencies, and the difference between
them during the entire process of sparking is about 6-7%.
It should be noted that the amplitude values of the anodic
voltage increase with the increase in the frequency of the
forming pulses from 50 Hz to 500 Hz for both electrolytes.
A similar effect was observed by Kaseem et al. [36].

3.2. Structure, thickness and porosity of oxide
layers

Figure 2 shows panoramic images of the oxide layers
formed. The thickness of the oxide layers is approximately
40-50 pm and is virtually in dependent on the variable
PEO parameters. The oxide layers formed at a pulse fre-
quency of 50 Hz in both electrolytes have a very defective
structure - there are delaminations and large (up to 10-
15 um) pores, transverse and main cracks, as well as local
oxide layer discontinuities (Figure 2).

Increasing the forming pulse frequency to 500 Hz re-
sults in lower thickness heterogeneity and defectiveness
(porosity, fracturing) of the layer; at the same time, there
are no “uncoated” alloy zones or voids in the oxide layers,
especially at the point where the LPSO-phase breaks the
surface. The oxide layers formed in the electrolyte with so-
dium metasilicate addition have a pronounced two-layer
structure.

500
400
300 A
>
<
=
200 ~ breakdown
voltage
—=— PEO-A-50 Hz
100 § —— PEO-A-500 Hz
—e— PEO-S-50 Hz
—— PEO-S-500 Hz
0 T T T T T T
0 100 200 300 400 500 600
t,s

Figure 1 Voltage-time characteristic curves during PEO of the
Mg,,Y.Zn, alloy in the aluminate and silicate electrolytes at 50
and 500 Hz current frequencies.

50 um
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Figure 2 Transverse structure of the investigated oxide layers (SEM, BSE).
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The main and largest defects are located in the inner
zone of the oxide layers, directly at the substrate. The
transverse structure of the PEO-S-50 specimen is charac-
terized by high defectiveness, porosity (more than 13%),
presence of multiple discontinuities and delaminations of
the oxide layer. The use of sodium aluminate as an electro-
lyte component in combination with increased frequency
during PEO allowed obtaining the most homogeneous and
low-defect layer among the specimens under considera-
tion.

Table 1 lists the average thicknesses of the investigated
oxide layers and their internal porosity based on the re-
sults of SEM image processing. As can be seen from Table
1, the oxide layers obtained in the electrolyte with sodium
aluminate have lower thickness and microhardness, but,
at the same time, they are characterized by the least po-
rosity, a smaller spread in the hardness values and the
best adhesive strength.

3.3. Chemical (elemental) and phase composition
of oxide layers

The main oxide layer elements are Mg, O, P, F, as well as
Al or Si, depending on the electrolyte. These elements
make up 90-96 wt.% of the oxide layer. Na, K and Ca,
which are introduced into the oxide layer from the electro-
lyte, and alloy elements (Zn, Zr, Fe, Cu and Y) with a total
content of 1.5-4.0 wt.% were also found.

According to the EDXMA data, higher concentrations of
O, P and F and lower contents of Al and Si were obtained,
since this analysis was made across the entire cross-section
of the oxide layer, and not from its surface (Table 2).

Distribution of magnesium, oxygen and phosphorus for
all oxide layers is equal and uniform (Figure 3).

Table 1 Characteristics of oxide layers produced.

Specimen T (um) P (%) (HI\ZI;:) Fc (N-pm™)
PEO-A-50 41.4+6.1 9.9+0.7 686+138 0.60+0.11
PEO-A-500 43.6+9.4 5.9+0.6 661+76 0.67+0.14
PEO-S-50 48.6+12.3 13.1%1.0 7164219 0.36+0.09
PEO-S-500 46.0£10.1  9.2%2.7 535171 0.44+0.10

* Table 1 shows +20 as errors; T is the thickness, uym; P is the
porosity, %; HV,,, is the microhardness, MPa; Fc is the specific
critical tearing load, N-um™ of oxide layers.

Table 2 Chemical (elemental) composition of oxide layers.

ARTICLE

For the layers obtained at industrial frequency (50 Hz),
the highest concentration of the element introduced from
the main electrolyte component (Al or Si) is observed in
the surface layer. An increase in the pulse frequency dur-
ing PEO results in a drop in the content of this element in
the layer, but its distribution becomes more uniform. It
should be noted that NaAlO: is more actively involved in
the oxide layer formation. The Al content in the oxide lay-
ers under equal technological conditions is =#22-23 wt.%,
which is = 2-3 times higher than the Si content.

There are differences in the content and distribution of
fluorine in the oxide layers: its highest content and the
most uniform distribution are characteristic of specimen
PEO-S-500. For the other specimens, there is a predomi-
nant concentration of fluorine in a thin barrier layer at the
alloy interface.

Figure 4 demonstrates XRD patterns of the Mgy;Y>Zn; al-
loy and the investigated oxide layers, showing that the main
phase in all specimens except PEO-S-50 is magnesium oxide
(MgO, periclase, Fm3m), which is formed during the sub-
strate oxidation assisted by micro-arc discharges in the pro-
cess of PEO. The Mg-PO4F phase (wagnerite phosphoric acid
mineral, monoclinic syngony) is also formed in the PEO-A-50
oxide layer. For PEO-S-50 specimen, the main phase is mag-
nesium silicate, which is the product of interaction of molten
magnesium metal and magnesium oxide with silicate ions
from the electrolyte. In PEO-S-500 specimen, magnesium
oxide becomes the main phase again (Table 3).

The second phase in the oxide layer by weight percent-
age is determined by the dominant electrolyte component:
magnesium aluminate phase MgAl.O, (cubic syngony,
Fd-3m) is formed in the oxide layer in the aluminate elec-
trolyte, and magnesium silicate Mg.SiO, (forsterite, ortho-
rhombic syngony, Pmnb) is formed in the silicate electro-
lyte. There is also some layer amorphization, as evidenced
by amorphous halo in the region of 30-45 degrees along
20 for PEO-A specimens, and in the region of 25-40 de-
grees for PEO-S series specimens.

Calculation of the degree of oxide layers crystallinity
(Table 3) showed that the amorphous phase content in the
oxide layers obtained in the aluminate and silicate electro-
lytes at industrial frequency is =18 and 13.6 vol.%, respec-
tively.

Element content (wt.%)

Specimen Method N
Mg (o] Al Si P F
PEO-A XRF 34.82+£0.08 23.10£0.30 22.63£0.06 - 4.16£0.01 2.33+0.16
- _50
EDXMA 31.52+0.67 30.60+0.71 17.69+1.43 - 12.474+0.36 7.71+£1.50
XRF 38.10+0.08 23.09+0.28 22.08+0.05 - 4.68+0.02 2.89+0.15
PEO-A-500
EDXMA 33.27+1.41 30.46+0.76 15.59+0.89 - 12.13+0.65 8.57+1.22
PEO-S XRF 43.73+£0.09 25.70+0.33 - 12.32+0.01 5.03+0.01 3.50+0.19
-S-50
> EDXMA 35.78+1.05 31.124+0.93 - 12.02+1.29 11.67+0.30 9.42+1.33
PEO-S XRF 48.64+0.10 21.77+0.27 - 6.82+0.02 4.70+0.01 8.68+0.13
-S-500
> EDXMA 37.66+0.76 28.04+0.60 - 9.25+0.41 11.68+0.38 13.38+0.56

* + 30 is listed as error in measurement.
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PEO-A-50 PEO-A-500

Table 3 Quantitative phase composition of oxide layers.

Phase content in the oxide layer Amorp-

. hous
Specimen .

MgO MgAlL,O, Mg,Si0, Mg,POF phase

(vol.%)
PEO-A-50 46.6 40.3 - 13.1 17.94
PEO-A-500 69.4 30.6 - - 27.32
PEO-S-50 15.4 - 84.6 - 13.57
PEO-S-500 92.4 - 7.6 - 37-35

* The degree of reliability of R*> approximation of model empirical
diffractogram in Jana 2006 software from profile analysis by the
Rietveld method with account for the statistical weight of each
point (WR)) is 95-96% for all specimen.
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PEO-S-50

PEO-S-500
Figure 3 The BSE micrographs of the oxide layer (top row) and the distribution maps of the main elements in it (Mg, O, Al or Si, F and P).

An increase in the frequency of forming pulses to 500
Hz results in a higher content of the amorphous phase in
the oxide layer composition, which is especially evident
for the PEO-S-500 specimen - the amorphous phase pro-
portion increased by 2.8 times.

Also, the composition of X-ray amorphous phase proba-
bly includes phosphorus crystalline nuclei and fluorine-
containing phases, since crystalline phases containing P and
F were detected only for the PEO-A-50 specimen, and the
elemental analysis showed total content of these elements
in the oxide layer =7-13 wt.% (Table 2).
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Figure 4 XRD patterns of the Mg,,Y,Zn, alloy (as cast and heat
treated before PEO) (a) and oxide layers obtained in aluminate
(PEO-A) (b) and silicate (PEO-S) (c) electrolyte at forming pulse
frequencies of 50 and 500 Hz.

For the oxide layers formed in the aluminate electro-
lyte, the magnesium oxide content increases with an in-
crease in the pulse frequency of the forming current by
about 1.5 times (to =69.4 wt.%), and the fraction of the
second phase (MgAl.04) drops by =#30% (to 30.6 wt.%).

When silicate electrolyte is used, a significant activa-
tion of substrate oxidation is noted with increasing fre-
quency of PEO pulses from 50 to 500 Hz: the MgO phase
content increases by 6 times (to 92.4 wt.%) and the for-
sterite content drops by =11 times (to =7.6 wt.%).

3.4. Hardness and adhesive strength

The oxide layers obtained in PEO at industrial frequency
have the highest average microhardness (#690-720 MPa)
(Table 1). Simultaneously, they are characterized by the
greatest heterogeneity and porosity - HV variation coeffi-
cients reach 30%. With an increase in the forming pulse
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operating frequencies there is a certain decrease in hard-
ness, which, however, is not critical, given the spread in
measurement statistics. The PEO-A-500 specimen, with a
slight decrease in hardness (less than 4%), is character-
ized by its greater uniformity - 661+76 MPa.

Figure 5 presents the traces of oxide layer scratches,
for which the fracture coordinate (Lc) is as close as possi-
ble to the average value. All specimens are characterized
by occurrence of obvious destruction of the oxide layer
and exposure of the substrate. The average indenter travel
to the substrate exposure for the oxide layer samples
formed in the aluminate electrolyte is #35% higher than
the coordinate Lc of the specimens of the PEO-S series. A
visible effect of using higher frequencies in PEO is also
noteworthy - the tearing load Lc increased by =20-25%,
depending on the composition of the electrolyte. For the
PEO-A-500 specimen, the best adhesive strength was rec-
orded in 2 out of 5 tests, no massive fracture of the oxide
layer with entire substrate exposure occurred, and other
scratches characterized by the average travel
Lc = 14.3 mm with a total path length of 15 mm until the
metal was completely exposed.

Similar trends persist when proceeding to specific in-
dicators of adhesive strength assuming different thickness

are

of specimens (Table 1): the PEO-A-500 specimen has max-
imum average value Fc = 0.67 N/um. Thus, the best oxide
layer adhesion-cohesive characteristics are achieved by
using the electrolyte with addition of sodium aluminate at
a forming pulse frequency of 500 Hz.

It should be noted that an increase in the adhesive
strength of oxide layers is accompanied by a drop in their
hardness (Table 1), which suggests the mechanism of layer
brittle fracture in scratch testing.

3.5. Corrosion resistance

Figure 6 shows the Tafel curves of the investigated speci-
mens in a corrosive environment of 3.5% (wt.) NaCl. The
formation of a protective ceramic layer on the specimens’
surface allowed reducing the corrosion current density of
Mgo;Y2Zn; alloy by 1 to 3 orders of magnitude (Table 4).
The least effect is achieved with PEO at industrial current
frequency: for specimens obtained at a frequency of 50 Hz
in the electrolyte with addition of NaAlO. and Na.SiOs,
slowdown of the alloy corrosion rate (drop in the corro-
sion current icorr density) was =11 and ~19 times, respec-
tively. Despite the lower icorr value of the PEO-S-50 speci-
men, its polarization resistance is lower than Rp of the
PEO-A-50 specimen by about 7 times. With similar param-
eters of cathodic branches of hydrogen reduction for both
specimens, anodic branch of the PEO-S-50 specimen has a
steeper rise, which indicates a more rapid increase in the
rate of Mg dissolution under anodic polarization.

The use of electrolyte with addition of sodium metasil-
icate in combination with the industrial frequency of
forming pulses results in the formation of the most porous
oxide layers according to PDP data (=#14%).
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An increase in the current frequency to 500 Hz made it
possible to further reduce icorr 0f PEO-A-500 and PEO-S-
500 specimens by more than 2 orders of magnitude - to
=14 and 23 nA-cm™2, respectively. The shift of Ecorr of the
PEO-A-500 specimen towards positive direction relative to
other samples may be due to a decrease in the number of
Cl- adsorption centers because of the formation of densest
PEO layer. A higher value Rp = 2.8 MQ-cm? should be noted
in the specimen with the oxide layer obtained in aluminate
electrolyte, for which the slope of anodic branch is more
gentle. The PEO-S-500 specimen, despite the low icorr value,
is characterized by a “breakdown” of oxide layer under only
a slight anode polarization (= +0.15 V) and a sharp increase
in the current density (by more than an order of magni-
tude).

The results of potentiodynamic polarization are in good
agreement with the impedance spectroscopy data. Figure
6 shows the results of alternating current (EIS) measure-
ments of the investigated samples in Nyquist and Bode

coordinates. The impedance hodographs of the investigat-
ed samples are semicircles with different radii. PEO con-
ducted at industrial current frequency allows increasing
the charge transfer resistance of the surface layer by
=7-10 times compared to the natural oxide film on the
Mg-RE (LPSO) alloy (Figure 6, insets). An increase in the
frequency of forming pulses to 500 Hz in both electrolytes
results in a significant gain (by =2 orders of magnitude) in
the radius of circle and scalar impedance, indicating high
protective properties of such oxide layers.

Modeling using equivalent electrical circuits was car-
ried out to detail the electrochemical processes at the al-
loy/electrolyte interface. The impedance spectrum of bare
alloy was modeled using a simple equivalent diagram with
a single R-C(CPE)-circuit (Figure 7), and it is limited to
the high and medium frequency regions. The capacitive
component depends on the capacitance of the double elec-
tric layer, and the resistance of charge transfer across the
interface. For best description of experimental data, a
constant phase element (CPE) was used instead of the ide-
al capacitance, taking into account the heterogeneity of
the natural oxide film on the Mg alloy:

1
Zeee = QGwym

(3)

where Q is the frequency-independent parameter, j is the
imaginary unit (j =+v—-1), o is the cyclic frequency
(w=2mf), n is the exponential factor (n < 1).

The spectra of samples with oxide layers have two
characteristic “extrema” on the graph of the Bode diagram
phase angle; therefore, a double loop R-C (CPE)-circuit
was used for their detailing, to which two time constants
correspond. Two inflections indicate a double zone coating
structure; they are caused by the presence of an external
porous PEO layer (CPEout-Rout) and an internal dense bar-
rier (CPEin—Rin) layer.

Table 4 Results of PDP tests of Mg,,Y,Zn, alloy in the initial state and after PEO, holding in a corrosive environment of 3.5 wt.% NaCl

for 1 hour.

Specimen OCP (V) icorr (MA-cm™) Ecorr (V) Ry (MQ-cm?) Pes (%)
Bare alloy -1.609+0.001 31.2+1.90 -1.582+0.006 (1.01+£0.56)-1073 -
PEO-A-50 -1.603+0.001 2.75+1.36 -1.544+0.077 0.083+0.034 3.42
PEO-A-500 -1.544+0.005 0.014+0.002 -1.541+0.013 2.757+0.603 0.11
PEO-S-50 -1.615+0.053 1.65+1.09 -1.585+0.062 0.012+0.008 13.9
PEO-S-500 -1.610£0.050 0.023+0.008 -1.610£0.050 1.411+£0.389 0.07

* +0 is given as the measurement error.
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Figure 7 Nyquist and Bode curves of the initial Mg,,Y,Zn, alloy and specimens with oxide layers after holding in corrosive environ-
ment: 1 hour (left) and 14 days (right) and equivalent circuits used to describe the EIS data. Markers are experimental points, lines are

fitting.

The simulation results for the impedance spectra of
specimens after 1 hour of holding in a corrosive environ-
ment are presented in Table 5. It is seen that the oxide
layers formed during PEO in the silicate electrolyte have
the greatest resistance of the coating outer part: Rout Of
the PEO-S-500 specimen is more than an order of magni-
tude higher than the values for the other specimens, which
is in good agreement with its structure (Figure 1). Howev-
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er, the main contribution to the anticorrosive properties of
coatings is made by a thin barrier layer at the alloy inter-
face [37, 38]. PEO at a frequency of 50 Hz results in an
increase in the resistance of charge transfer across the
alloy/electrolyte interface by about an order of magnitude
(Table 5). Increasing the frequency of forming pulses from
50 Hz to 500 Hz during PEO further increases Rin by more
than 2 orders of magnitude - to 1.5-2 MQ-cm?.

DOI: 10.15826/chimtech.2023.10.2.12


https://doi.org/10.15826/chimtech.2023.10.2.12

Chimica Techno Acta 2023, vol. 10(2), No. 202310212

ARTICLE

Table 5 Results of processing of EIS data for non-oxidized Mg,,Y,Zn, alloy and alloy with oxide layer after 1 hour and 14 days of holding
in corrosive environment.

Specimen Rout (kQ-cm?) — CPEou Ry (xQ-cm?) CPE.. \Zl00ms
Qout (27"-cm™2-c") Nout Qin (@ "-cm™.c") Ny, (kQ-cm?)
1 hour of holding in 3.5% NacCl
Bare alloy - - - 0.9+0.3 (1.6+0.1)-107° 0.94+0.01 1.9+0.6
PEO-A-50 1.87+0.65 (7.2+1.1)-1077 0.70+0.01 6.3+2.1 (2.5+1.8)-10°® 0.81+0.09 7.3+2.7
PEO-A-500 2.20+0.44 (1.5£0.4)-1077 0.83+0.02 (2.1+0.7)-103 (7.6+1.7)-1078 0.83+0.02 (2.2+0.7)-103
PEO-S-50 2.72+1.96 (5.3+£0.2)-1077 0.7440.01 9.1+4.0 (2.4+0.3)-107° 0.70+0.07 9.345.2
PEO-S-500 36.6+12.9 (1.8+0.8)-10°8 0.81£0.03 (1.54£0.2)-103 (8.7+4.7)-1078 0.81+0.01 (1.54£0.2)-103
14 days of holding in 3.5% NaCl
PEO-A-50 0.035+0.007 (2.2+£0.7)-107° 0.55+0.03 4.3+1.2 (8.4+3.1)-10°° 0.86+0.02 5.7+2.8
PEO-A-500 0.072+£0.006 (1.8+0.3)-107° 0.58+0.02 13.4%7.1 (2.6+0.6)-107° 0.93+£0.02 14.6+6.9
PEO-S-50 0.003+£0.003 (2.1£0.3)-107° 0.80£0.13 0.6+0.2 (4.2+£4.2)-107° 0.9240.03 0.6+0.3
PEO-S-500 0.002+0.001 (3.4+0.3):107° 0.65+0.03 1.3+0.5 (2.8£1.3)-107° 0.91+0.04 1.4+0.8

*CPE and R for the initial alloy are shown in columns Rin and CPEin.

The frequency-independent parameter of the constant
phase element (Q) corresponds to the interfacial capaci-
tance, the value of which is inversely proportional to the
thickness of the oxide layer (double electric layer) and is
directly related to its surface area [23]. The specimens
formed at 500 Hz have the least Qin value. Thus, reducing
the pulse duration triggers the formation of the densest
barrier layer with fewer pores. The best anticorrosive
characteristics were obtained for the PEO-A-500 specimen
(Tables 4 and 5).

Holding of specimens in a corrosive environment for 14
days results in a sharp decrease in the scalar impedance
values (Figure 7) and a change in phase shifts in the high
and medium frequency regions. Thus, the outer zones of
oxide layers almost cease to perform a protective function.
The greatest degradation is demonstrated by specimens
formed in the silicate electrolyte, which is also clearly
seen in the surface images of specimens after corrosion
tests (Figure 8). Two inflections of the phase angle of
PEO-S-500 specimen in its initial state merge into one
extremum during prolonged holding, and |Z|f=o0.01nz drops
by more than 2.5 orders compared to the initial holding
stage (1 hour) (Figure 6 and 7).

Specimens formed in the aluminate electrolyte display
less tendency to degradation during prolonged holding.
Despite the drop in the resistance of the outer part of the
layer, Rin of the PEO-A-50 specimen decreased by less than
1.5 times (to =4.3 kQ-:cm?). The PEO-A-500 specimen
shows highest values of scalar impedance after long hold-
ing. Despite Rin dropping to =13 kQ-.cm?, the oxide layer
continues to perform its protective function.

Before immersion, the surface of all specimens was
homogeneous with no visible defects. After long expo-
sure to corrosive environment, the specimens obtained
in the electrolyte with addition of sodium metasilicate
suffered general corrosion. The deepest corrosion pits
are displayed by the PEO-S-50 specimen. The specimens
formed in the aluminate electrolyte showed only a
slight local corrosion on rectangular edges or near the
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side faces, which indicates their good corrosion re-
sistance and confirms the PDP and EIS test data. The
PEO-A-500 oxide layer is characterized by the best anti-
corrosive properties, according to the results of EIS da-
ta and surface images.

4. Discussion

As can be seen from the results obtained, the oxide layers
formed in two electrolytes, at high and low forming cur-
rent pulse frequencies, have different structures, chemical
and phase composition, and also significantly differ in
anticorrosive and mechanical characteristics, which is
indicative of dissimilarity in the processes of oxidation,
mass transfer and generation of reaction products during
the oxide layer formation.

As can be seen in Figure 2, a number of pores are ob-
served in the places where the LPSO-phase reaches the mag-
nesium alloy-oxide layer interface for samples PEO-A-50 and
PEO-S-50, and the integrity of the barrier layer is broken.

10 mm

NVIE

y

PEO-A-50 PEO-A-500 PEO-S-50 PEO-S-500

Figure 8 Macroscopic images (optical light microscopy) of speci-
mens with oxide layers before (upper row) and after (lower row)
immersion in 3.5 wt.% NacCl for 14 days.
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This suggests that the LPSO phase has a negative effect
on the process of ignition and combustion of a microarc
discharge, and its effect is similar to the effect of silicon in
silumins during PEO [39, 40]. At the same time, this effect
is leveled by an increase in the frequency of forming puls-
es in both electrolytes, which indicates the possibility of
controlling the process of PEO of magnesium alloys with
an LPSO phase. The role of the LPSO phase in the for-
mation of the fine structure of the oxide layer and, specifi-
cally, the barrier layer at the magnesium alloy-oxide layer
interface will be the subject of our further research.

A substantial difference in the chemical (elemental)
composition of the obtained oxide layers is noteworthy -
with the same concentration of sodium aluminate or sodi-
um metasilicate in the electrolyte, the amount of alumi-
num in the layer is about 1.5-3 times greater than that of
silicon (based on two methods data). Apparently, this is
due to the higher reaction rate of spinel formation MgO +
Al,0O3 = MgAl:04 [41] compared with the reaction of mag-
nesium silicate formation MgO + SiO. = MgSiO; [42].

It is also known that the molar mass of sodium silicate
(122 g-mol™) is about 1.5 times greater than that of sodi-
um aluminate (82 g-mol™). For each of these electrolyte
components, the amount of substance and, consequently,
the amount and concentration of aluminate or silicate ions
that are present in the electrolyte and can potentially par-
ticipate in the oxide layer formation during PEO can be
calculated. For a mass concentration of 15 g-L™* of each of
the components, the molar concentrations of aluminate
and sodium silicate in the electrolyte are 0.18 mol-L™* and
0.12 mol-L%, respectively. With complete dissociation of
substances into ions and with their molar concentrations
factored in, C[AlO:"] in the electrolyte will be 10.6 g-L7,
while C[SiO3*"] = 9.12 g-L™*. Thus, with an equal mass con-
centration of sodium aluminate or sodium silicate in the
electrolyte, the concentration of aluminate ions capable of
reacting during layer formation is about 16% greater than
silicate ions, which can further increase the amount of
aluminum in the layer compared to the amount of silicon.

The increase of the fluorine content in the oxide layers
formed in the silicate electrolyte should be noted. It can be
assumed that silicate ions accumulate around the anode
and form around it a «silicate film» which hinders the
microarc breakdown.

As a result, the forming voltages increase for the initia-
tion of the microarc discharge (MAD) which leads to oc-
currence of the B-type discharges [43] that penetrate the
whole thickness of the oxide layer and reach the interface
between the substrate and the coating. In this case, a larg-
er volume of molten metal is formed, and a stronger
splash of it to the micropore channel occurs, which leads
to a more active capture of the electrolyte components by
the melt.

In addition, it can be seen that the highest content of Al
is observed in the outer zone of the coating (Figure 3),
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which indicates the incorporation of aluminum into the
oxide layer by A and C discharges [43, 44].

It is worth noting that with an increase in the frequen-
cy of the forming current pulses, the proportion of alumi-
num or silicon in the oxide layer slightly decreases, while
porosity and crystallinity of oxide layers are significantly
reduced (Tables 1, 3 and 4, and Figure 2); at the same
time, the achieved thickness of oxide layers is maintained
(Table 1). Apparently, this is a consequence of significant
differences in the characteristics of micro-arc discharges
(MAD) that occur at different frequencies of forming puls-
es in the course of PEO.

It is well known that the formation of oxide layer is a
cyclic electrochemical process; its three main stages are
repeated throughout the treatment [45, 46] correspond to:
1) electrical breakdown of the barrier layer at the met-
al/oxide layer interface and formation of a vapor-gas
phase in the discharge (micropore) channel; 2) micro-arc
breakdown of the vapor-gas bubble and beginning of the
rapid melting of the substrate material due to a very high
temperature in the micro-arc [47, 48] accompanied by
simultaneous oxidation of alloy elements and reactions
with electrolyte components; 3) spew of melt and reaction
products to the surface their its rapid cooling, followed by
solidification and formation of crystallites of different
compounds [49]. All this is accompanied by intense mass
transfer and gas formation processes, which determine
the composition and structure of the layer and depends
mainly on the characteristics of MAD during PEO.

Duration of one MAD burning in the anode half-cycle
ranges from several to tens of microseconds at the initial
stages of the oxide layer formation to 100-200 ps when
thicknesses in the region of 50-100 pm are reached. At the
same time, the “incubation period” (pause between MAD
occurrence) reaches several tens to hundreds of microsec-
onds [46, 50]. With industrial PEO frequency of 50 Hz in a
“symmetrical” anode-cathode cycle and a pulse-duty factor
of 50%, the anode pulse duration is 5000 us, which is 1-
2 orders longer than the duration of MAD. As a result, sev-
eral MAD “waves” and their cascades can occur in one an-
ode pulse that have strong thermal effect and contribute to
heating the sections of oxide layer adjacent to the MAD
breakdown region. At PEO pulse frequency of 500 Hz, the
experimental duration of anode pulse is 500 ps, which,
nevertheless, is significantly longer than the burning time
of individual MADs. It indicates that the microarc dis-
charges at both frequencies belong to the same B-type,
when the dielectric breakdown of oxide layer occurs
through the vapor-gas bubble in the micropore channel up
to the metal substrate, and the molten metal is ejected
from the substrate into the micropore channel and onto
the surface of the coating, where it rapidly oxidizes and
solidifies [3, 51].

It can be assumed, however, that the main reason for
the observed changes in the structure and phase composi-
tion of the oxide layers is not the reduced duration of

DOI: 10.15826/chimtech.2023.10.2.12



https://doi.org/10.15826/chimtech.2023.10.2.12

Chimica Techno Acta 2023, vol. 10(2), No. 202310212

forming pulse itself, but a decrease in the power and dura-
tion of “life” (burning) of a single MAD at a shorter anode
pulse, which results in a lesser thermal effect of a single
MAD on the substrate.

Since the current density is kept constant during PEO,
the number of MADs should increase proportionally with a
decrease in their duration (or power) to ensure a given
current value. At the same time, the total thermal effect
does not change, but the maximum temperatures, reached
in the substrate under a single MAD, fall. As demonstrated
in paper [38], the volume of melting metal is approxi-
mately proportional to the duration of micro-arc burning;
therefore, a decrease in the MAD duration with a propor-
tional increase in their number will not affect the total
volume of melted metal, i.e., it will not affect the thickness
of oxide layer, which was observed in our experiments
(Figure 2 and Table 1). However, a decrease in the maxi-
mum temperatures during melting of the substrate can
trigger significant changes in the structure of the oxide
layer being formed.

The decrease in the temperatures during formation of
oxide layer at higher current pulse frequency is evidenced
by a change in the phase composition - no Mg>PO,F phase,
characteristic of the PEO-A-50 layer and formed as a result
of high-temperature sintering, was detected in the PEO-A-
500 oxide layer [53]. We assume that the probable mecha-
nism of the Mg.PO,F (wagnerite) formation is the high-
temperature sintering of MgF. and Mg3(PO4); according to
the reaction equation:

Mg3(POy4)2 + MgF2> — 2Mg.POLF. (4)

It is worth noting that the wagnerite phase was found
only in the PEO-A-50 oxide layer and was not observed in
other specimens in which phosphorus and fluorine are
included only in the amorphous phase. The reasons for
this phenomenon are not entirely clear, and it will be the
subject of our further research.

A decrease in the maximum temperatures during melt-
ing should lead to a decrease in the melted volume under a
single MAD, which increases the cooling rate during solidi-
fication. This, in turn, leads to an increase in the fraction
of the amorphous phase in the layer, i.e., to a decrease in
its crystallinity, which is observed experimentally (Ta-
ble 3).

The overall reduction in the porosity and the size of
individual pores in the structure of the oxide layer (Fig-
ure 1) is also likely the result of a decrease in the maxi-
mum temperatures reached. Shorter MAD “lifetime” (or
smaller MAD power) results in a drop not only in the
volume of melted substrate under a single MAD, but also
in a reduced boiling of liquid metal (magnesium). It is
the boiling of metal melt that is mainly responsible for
pore formation: bubbles with metal vapor formed during
boiling then turn into pores at rapid melt cooling and
formation of metal oxide. A decrease in the temperature
of molten substrate (magnesium) caused by lower MAD
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duration or power, and, consequently, a decrease in the
fraction of boiling and evaporating part of the melt re-
sults in a decrease in porosity caused by metal vapor
bubbles. Furthermore, this leads to a decreased speed of
movement of the melt inside the micropore channel dur-
ing the spew and, consequently, to a less turbulent flow
of liquid and capture of a lesser part of vapor-gas phase
by the moving melt. Taken together, all this leads to the
formation of a more homogeneous and less porous struc-
ture of oxide layer, with an increased fraction of amor-
phous phase.

It was found that the short-term corrosion re-
sistance of oxide layers formed at 500 Hz is distinctly
better than that of the one formed at 50 Hz (Tables 4
and 5). This is probably due to a decrease in porosity as
well as compaction of the barrier layer (Rin increase by
about 3 orders of magnitude - Table 5) due to less
thermal cracking and gas formation during solidifica-
tion. Pitting corrosion is known to be the main corro-
sion type in magnesium alloys in chloride-containing
environments [54]. Consequently, micropores and pore
channels of oxide layers negatively affect the corrosion
characteristics. Larger pores and microcracks of the
PEO-A-50 and PEO-S-50 specimens increase the actual
area exposed to the corrosive solution, i.e., they con-
tribute to the magnesium substrate contacting it, which
leads to higher values of the corrosion current density
(Table 4).

It can be argued that degradation of oxide layers in a
corrosive environment is most affected by the composition
of PEO electrolyte. In particular, the PEO-S-50 specimen
with higher short-term anticorrosive characteristics (vs
PEO-A-50) after 14 days of holding showed most extensive
(more than 50% of the specimen area - Figure 8) and
deep corrosion lesions. Similar trends were observed for
oxide layers formed at 500 Hz. PEO-S-500 specimen
demonstrates the highest degree of degradation relative to
the initial state: |Z|f=0.01nz decreases by 3 orders of magni-
tude - from 1.5 MQ-cm? to 1.4 kQ-cm? (Table 5). Probably,
this fact is associated with the lack of a fluorine-enriched
barrier layer (thickness <500-1000 nm, Figure 2, distribu-
tion F), which has a passivating effect on the surface of
the magnesium substrate and gives the barrier layer high-
er anticorrosive properties [20, 55-57]. It is also likely
that the high content of MgO in this oxide layer (92.4%),
which tends to dissolve if contacting moisture for long,
has an additional effect on the higher degree of degrada-
tion.

5. Limitations

The main problem appeared during this research is stabili-
zation of the open circuit potential (OCP) of the samples.
Due to the strong fluctuation of OCP on Mg-RE (LPSO) alloy
with oxide layer formed by PEO, the exposure time in a cor-
rosive environment before electrochemical measurements
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and especially EIS tests had to be increased to 2 hours or
more.

6. Conclusions

The effects of current pulse frequency and electrolyte
composition during PEO of Mgy;Y2Zn: magnesium alloy
with strengthening LPSO-phase were studied. The PEO of
the alloy under study at higher frequency of forming cur-
rent pulses (500 Hz) enables forming higher-quality and
more uniform oxide layer with enhanced hardness, adhe-
sive strength and anticorrosive properties, the latter ex-
ceeding by more than 2 orders of magnitude the parame-
ters obtained using the standard industrial frequency of
50 Hz. For both alkaline-phosphate-fluoride electrolytes
used, with the addition of sodium aluminate or sodium
silicate, at increased frequencies of forming pulses, a con-
tinuous oxide layer can be formed with no pronounced
delaminations from the substrate or internal pores. The
best results were obtained when using electrolyte with
addition of sodium aluminate. The use of silicate electro-
lyte increases the porosity, especially at the frequency of
50 Hz. The use of aluminate electrolyte in combination
with higher pulse frequency during PEO allows achieving
the best long-duration corrosion resistance - an order of
magnitude higher than when using silicate electrolyte, and
also providing the highest and uniform hardness (HVo.o1
650-700 MPa) and adhesive strength (0.7-0.8 N-pm™) of
oxide layers on Mg-RE alloy with strengthening LPSO-
phase. The revealed changes in the structure, composition
and properties of oxide layers at the increase in the form-
ing pulse frequency are associated with a drop in the max-
imum temperatures reached during MAD-assisted sub-
strate melting and are probably due to a decrease in the
burning duration and power of individual micro-arc dis-
charges.
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