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Abstract: Magnesium alloys with a strengthening long-period stacking ordered structure (LPSO-phase) offer outstand-

ing mechanical properties, but their low corrosion resistance necessitates additional surface protection. The work investi-
gates the influence of adding ZrO, nanoparticles at a concentration of 1—4 g/I to the electrolyte on the thickness, structure,
composition, wettability, and anticorrosion properties of oxide layers formed during plasma electrolytic oxidation (PEO)
of the Mgy,Y,Zn; alloy with the LPSO-phase. It was found that during PEO, under the influence of an electric field, ZrO,
nanoparticles penetrate into the forming oxide layer and reduce its porosity. The study revealed a decrease in the quantity
and size of pores near the barrier layer in places where the alloy LPSO-phase comes out to the interface with the oxide
layer. Low concentrations of ZrO, nanoparticles (1-2 g/l) reduce the corrosion rate of the alloy up to two times compared
to the base case. The minimum corrosion current density i.,~14 nA/cm® and the highest polarization resistance
R,=2.6 MQ-cm? are found in the sample formed in an electrolyte with the addition of 1 g/l of ZrO, nanoparticles. Calcula-
tion of the barrier zone parameters of oxide layers showed that an increase in the ZrO, concentration in the electrolyte
leads to an increase in the barrier layer thickness and in its specific conductivity, which negatively affects the corrosion
resistance of the formed oxide layers — the barrier zone resistance of the layer obtained by adding 4 g/l of ZrO,, drops

by ~20 % compared to the base case (up to ~1 MQ-cm?).
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INTRODUCTION

Magnesium alloys (MA) belong to the most promis-
ing materials for technical and biomedical purposes due
to their high specific strength, ability to absorb vibra-
tions and block electromagnetic waves [1-3], as well
as complete biocompatibility and biodegradability in
the human body [4].

In the last decade, a significant progress has been
achieved in the development of MA with an LPSO-
structure (long-period stacking-ordered structure, LPSO-
phase) [5; 6] with the ultimate strength and ductility compa-
rable to the mechanical characteristics of aluminum alloys
and structural steels [7]. However, the formation of an
LPSO-structure in MA, as a rule, negatively affects their
corrosion resistance due to the resulting potential difference
between a-Mg and the strengthening LPSO-phase (up to
200-250 mV), which provokes alloy degradation contacting
with a corrosive environment as a result of micro-galvanic

corrosion [8; 9]. Therefore, for such alloys it is necessary to
provide additional technological solutions to increase their
anticorrosion properties.

A promising method for MA surface hardening is mi-
cro-arc or plasma electrolytic oxidation (MAO or PEO),
which allows forming the protective ceramic layers with
high hardness, adhesive strength, wear resistance, and anti-
corrosion properties [10]. However, the presence of
a strengthening LPSO-phase in the alloy complicates mi-
cro-arc breakdown and leads to disruption of the barrier
layer continuity in places where this phase reaches the “al-
loy — oxide layer” interface, which reduces the quality and
properties of oxide layers obtained in traditional PEO
modes [9]. In [9], it was found that treatment of
the Mgo;Y,Zn, alloy in an aluminate electrolyte at an in-
creased frequency of forming pulses (500 Hz) allows
forming the most uniform and high-quality oxide layers
with high short-term corrosion resistance (impedance
modulus is [Z]g01 n~2.2 MQ~cm2). However, after a day
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of exposure to a corrosive environment, their resistance
decreases by 1-2 orders of magnitude.

It is known that the introduction of micro- or nanosized
particles (MPs or NPs) of simple SiO,, ZrO,, CeO,, TiO,,
etc. oxides into the electrolyte, as a rule, leads to an in-
crease in the PEO productivity and positively affects the
quality and protective properties of oxide layers on magne-
sium alloys [11; 12]. In [13], a significant increase in the
anticorrosion properties of oxide layers was revealed
caused by the effect of sealing pores, and blocking access
of the corrosive environment to the substrate. It was con-
cluded in [14] that the introduction of ZrO, and SiO, NPs
during PEO leads to an increase in the non-porous layer
thickness, as evidenced by a decrease in the constant phase
element (CPE,). It was shown in [2] that a low concentra-
tion of NPs (2 g/) positively affects the oxide layer micro-
structure, blocking pores and cracks, which gives signifi-
cant anticorrosion resistance to the coating.

There are very few works on PEO of MAs with
the LPSO-phase in Russian and foreign literature [15], and
there is no experience in treatment these alloys after adding
dispersed particles to the electrolyte. It was possible to find
only one work [16], where the authors revealed a significant
positive effect from the post-treatment of the oxide layer in
a Ce-containing electrolyte on an LPSO alloy, however, this
treatment was also carried out in solutions without a dis-
persed phase. The influence of nanoparticles on the PEO of
LPSO alloys in highly-dispersive systems has been practical-
ly not studied and is of significant scientific and practical
interest. To further improve the protective properties of oxide
layers, and increase their long-term anticorrosion characteris-
tics, there is a promising approach based on combining high-
frequency PEO [17] and adding insoluble nanosized ZrO,
particles to the electrolyte, since this substance has proven
itself positively in PEO of magnesium alloys [14; 18].

The goal of this research is to study the influence
of ZrO, nanoparticles, added to the electrolyte during plas-
ma electrolytic oxidation of the Mgy;Y,Zn, alloy, with
the LPSO-phase on the structure, composition, and anticor-
rosion properties of the formed oxide layers.

METHODS

Samples of oxide layers were obtained on the Mgy,Y,Zn;
magnesium alloy (Solikamsk Experimental-Metallurgical
Plant, Solikamsk, Russia), the chemical composition of
which was determined on a Thermo Fisher Scientific
ARL 4460 OES optical emission spectrometer (Table 1).
The basis of the alloy is a-Mg, as well as the Mg;;YZn
(LPSO-phase) and Mg;Zn;Y, (eutectic phase) phases.

The alloy ingots were preliminary subjected to heat
treatment according to the T61 mode: homogenising an-
nealing (525+5 °C, 24 h), quenching in water, and subse-
quent ageing (20045 °C, 100 h). Then blanks for PEO were
produced in the form of flat parallelepipeds, with a size of
60x20x6 mm® and a roughness of R,;~1 pm.

Plasma electrolytic oxidation was carried out using al-
ternating current from a power source of own design in
a step mode for 10 min. PEO included 3 stages: stage | —
“pre-anodising”, with anodic forming pulses at a current
density of 3 A/dm? for 60 s; stage II — increasing (in 10 s),
the current density j (RMS) up to 6 A/dm” with simultane-
ous activation of the supply of cathode pulses, at the ratio
of currents in the cathode and anode half-periods
Jx/7a=0.5£0.02, and maintaining the mode for 110 s;
stage I1I — increasing j (RMS) up to 7.5 A/dm” at jx/j»=0.5
and oxidation for 420 s.

At all PEO stages, the pulse frequency f was 1000 Hz,
the duty cycle was 50 %, the ratio of the duration of
the anodic and cathodic pulse half-periods was 50/50 %,
and the ratio of the duration of pauses between half-periods
was 50/50 %.

An aqueous solution of potassium hydroxide KOH
(I g/); sodium phosphate dibasic dodecahydrate
Na,HPO,x12H,0 (10 g/l), sodium fluoride NaF (10 g/l),
and sodium aluminate NaAlO, (15 g/l) were used as
the base electrolyte. During the treatment, continuous circu-
lation and stirring of the electrolyte was ensured at a con-
stant temperature of (14+1) °C. Nanoparticles of crystalline
(monoclinic system with a space group of symmetry P21/a)
zirconium dioxide ZrO, (Plasmotherm Nanopowders, Mos-
cow, Russia), with a dispersion of 40—75 nm at a concentra-
tion of 1, 2, 3 or 4 g/l were added to the base electrolyte.
The samples of oxide layers obtained in the base electro-
lyte, as well as in the electrolyte with additions of ZrO,
nanoparticles, are further marked as B, Z1, Z2, Z3, and Z4,
respectively.

Structural studies of oxide layers were carried out on
transverse metallographic sections, using a Carl Zeiss field-
emission scanning electron microscope (SEM) in the
backscattered electron mode. The elemental (chemical)
composition of the oxide layers was determined by energy
dispersive X-ray microanalysis (EDX, EDAX TEAM EDS
analyzer based on SDD Apollo X Sigma SEM). To elimi-
nate polarisation effects during SEM studies, a conductive
Pt layer was preliminarily applied to the sections using cold
magnetron sputtering. The thickness (7, pm) and porosity
(P, %) of the oxide layers were estimated from three pano-
ramic cross-sectional images (=500 pm in length) using
ImagelJ software.

Table 1. Chemical composition of the Mgy;Y,Zn; alloy
Taonuya 1. Xumuueckuii cocmag cnaasa Mgo;Y,Zn;

Element Mg Y

Zn Zr Nd

89.90+0.15 6.67£0.17

Content, wt. %

2.27+0.10

1.07£0.26 0.056+0.001 <0.005

Note. 30 is given as an error. Al and Fe content is <0.002 wt. %.
Ipumeuanue. B kauecmse nocpewnocmu npusedeno +3o. Cooepacanue Al u Fe <0,002 mac. %.
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The wettability (degree of hydrophobicity/hydrophili-
city) of the surface of the oxide layers, was assessed by
the sessile drop method using a KRUSS DSA-25E contact
angle analyser (Germany) with an automatic precision dos-
ing system. Drop volume — 3 pl, application speed — 1 pul/s.
Wetting (contact) liquid — 3.5 wt. % NaCl solution.

Electrochemical tests were carried out by potentiody-
namic polarisation and impedance spectroscopy using
a SmartStat PS-50 potentiostat-galvanostat (Electrochemical
Instruments, Russia) with a built-in module for measuring
electrochemical impedance of 3.5 wt. % NaCl (29542 K), in
a three-clectrode electrochemical cell CS936 (CorrTest,
China) with a fixed contact area of 1 cm”. A platinum grid
(20x20 mm?) served as an auxiliary electrode; a silver chlo-
ride electrode filled with a saturated potassium chloride
solution (Ag/AgCl/KCly,) was used as a reference elec-
trode. Stabilisation of the electrode potential of the samples
(E,c — open circuit potential, V) was carried out for 60 min.
Potentiodynamic polarisation of the samples was carried
out in the range from —150 mV to +1000 mV relative to £,
with a potential scanning rate of 1 mV/s. The polarisation
resistance R, was determined according to the recommen-
dations of ASTM G102-89(2015)el using the Stern—Geary
constant. The effective interconnected porosity (P, %) of
the oxide layers was assessed using the electrochemical
method in a similar way [19].

Measurements using the electrochemical impedance
spectroscopy (EIS) method were carried out with a sinusoi-
dal disturbing signal, with an amplitude of 10 mV at a sta-
bilised E,. value, in the frequency range from 500 kHz to
10 mHz. Analysis of experimental data and calculation of
parameters of equivalent circuits, were carried out using
ZView software (Scribner Associates, USA). The barrier
zone parameters (thickness and conductivity) were deter-
mined from data on processing impedance spectra in a simi-
lar way [20].

RESULTS

Structure and chemical (elemental) composition
of oxide layers

The base oxide layer B formed in the electrolyte without
NP additives contains multiple transverse pores and cracks,
which can reach almost the barrier layer or magnesium sub-
strate (Fig. 1 a). A large number of closed pores formed as
a result of a sharp discharge of hot gases, from the layer
formation zone are observed, and the internal (barrier) layer
at the “oxide layer — magnesium alloy” interface has a pro-
nounced mesoporous structure and discontinuities, and has
discontinuities in the areas of LPSO-phase release to
the surface (Fig. 1 b).

The introduction of ZrO, NPs into the electrolyte, leads
to the formation of oxide layers with a more uniform struc-
ture, their porosity in the cross section decreases from ~9 %
to ~5.5-7 %, the length and number of voids and pores near
the barrier layer, and at the points of LPSO-phase, exit to
the interface with the magnesium substrate are reduced
(Fig. 1 c—f). In this case, a semblance of a bordering with
a changed phase contrast appears above the LPSO-phase,
which indicates the oxidation of this phase along the peri-
meter, and the barrier layer formation in places where it
reaches the “oxide layer — magnesium alloy” interface.

In the images of the structure of the Z1-Z4 oxide layers,
multiple bright points and globules, with sizes ranging from
a fraction of a micron to 5—10 um, with a sharp phase con-
trast are observed (Fig. 1 c—f), which indicates the presence
of heavy elements in them, and taking into account the ex-
perimental factor, allows stating that these are embedded
ZrO, NPs or products of their reactions, with other compo-
nents of the system. An increase in the proportion of Zr
from ~6.9 % for the base sample to ~9.3 wt. % for the sam-
ple produced by adding 4 g/l ZrO, to the electrolyte, indi-
cates the successful inclusion of nanoparticle substance into
the layer (EDX analysis data, Table 2). Zirconium replaces
predominantly F and Na in the layer, and the content of
other elements remains virtually unchanged (Table 2).

The addition of ZrO, NPs had virtually no effect on
the PEO efficiency — an increase in the average oxide layer
thickness from ~22 to ~26 um is observed only in the case
of a low concentration of the dispersed phase in the electro-
lyte (sample Z1), while the average thickness of the Z2—74
oxide layers is at the base layer level and is ~20-22 pm

(Fig. 1).

Wettability and anticorrosion properties of oxide
layers

The addition of ZrO, nanoparticles to the electrolyte
changes the surface contact properties of the formed oxide
layers — the surface contact (wetting) angle ® of Z1-Z4
samples is 95-115° versus ~91° for the base oxide layer,
i. e, it is increased by 5-20 %, which indicates an increase
in the hydrophobicity of the Z1-Z4 oxide layers (Fig. 2).
Moreover, over time (10 min), the change in the contact
(wetting) angle for samples Z1-Z4 is significantly less (less
than 20°) than for the base oxide layer, which indirectly
indicates a lower open porosity of the oxide layers, as well
as a more developed surface microrelief.

Fig. 3 shows the polarisation curves of the samples un-
der study in the logarithmic scale of current density.
The original Mgy;Y,Zn; alloy (without an oxide layer) has
a relatively low corrosion resistance (icon=5 pA/cm’,
R=8 kQ-cm®) and is prone to pitting corrosion in chloride-
containing environments (Fig. 3, Table3). MA PEO in
the base electrolyte reduces the corrosion rate of the alloy
by more than 2 orders of magnitude — t0 i;,~26 nA/cm’
and R~1.6 MQ-cm’.

The addition of ZrO, nanoparticles at a concentration of
1-2 g/l leads to a decrease in the average values of iy
by ~1.5-2 times (up to 14—17 nA/cm?), and an increase in
R, from =1.6 MQ-cm® for the base layer to =~2.6
and 2.3 MQ-cm® for samples Z1 and Z2, respectively, as
well as to a decrease in the effective interconnected porosi-
ty Pegr up to 0.009 % and 0.013 % for these samples versus
0.019 % for the base oxide layer (Table 3). However, at
a higher polarising voltage (+1 V), this effect is leveled out,
and the anodic current densities of both the base sample and
samples Z1-Z4 almost reach the current density of the alloy
without an oxide layer (Fig. 3, Table 3). An increase in the
concentration of ZrO, NPs in the electrolyte to 3—4 g/l
worsens the anticorrosion properties of the layers to
the level of the base layer B with a slight decrease in P
from =0.19 % to 0.14-0.17 % (Table 3).

The Nyquist (Fig. 4 a) and Bode plots (Fig. 4 b), which
make it possible to determine the electrical parameters of
the “alloy — electrolyte” interface, show that a protective
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73

50 um

Fig. 1. Microstructures (cross sections, SEM) of the base (B) oxide layer (panoramic view (a)
and detailing of the barrier zone (b)) and the oxide layers
produced when adding ZrO, nanoparticles to the electrolyte (Z1-Z4): 1 g/l (c), 2 g/l (d), 3 g/l (e), 4 g/l (f)
Puc. 1. Muxpocmpykmypa (nonepeunvie ceuenus, COM) 6azo6020 (B) okcuonozo cnos (nanopamusiili CHUMOK (@)
u demanusayus 6apveproil 301ul (b)) u oxcuoHwIX croes,
nouyueHHvix npu dobagienuu ¢ anexkmponum nanovacmuy ZrO, (Z1-Z4): 1 2/n (c), 2 2/n (d), 3 2/x (e), 4 2/1 (f)

Table 2. Chemical (elemental) composition of oxide layers (EDX, wt. %)
Tabnuua 2. Xumuueckuil (31emenmmvlil) cocmag okcuoHwix cnoes (EDX, mac. %)

Sample Mg (0] Al F Na P Y Zr
B 31.94+2.2 29.9+0.4 15.2+1.3 7.3+0.7 2.3+1.1 2.1+0.4 3.6+1.4 6.9+0.8
Z1 32.6+1.0 29.7+£0.6 16.3£1.0 6.5£1.2 1.320.7 2.4+0.5 3.3+1.0 7.4+0.6
Z2 31.8+1.9 29.7+0.9 15.6+0.9 6.6+0.8 1.9+0.7 2.1+0.4 3.6+1.9 8.0+0.5
73 30.1+1.6 30.8+0.3 15.7£1.0 5.5+0.8 1.4+0.8 2.4+0.3 4.5+1.6 9.1+0.8
74 32.1+1.5 29.7£0.5 15.7£1.0 6.4+0.7 2.0+0.3 2.1+0.3 2.7+0.3 9.3+0.6

Note. 30 is given as an error.
Ipumeuanue. B kauecmese nozpewiHocmu npusedero +3o.

passivating film is formed on the non-oxidised Mgy;Y,Zn;
alloy after 60 min of exposure to a corrosive environment,
the best description of which is achieved in the case of us-
ing a simple equivalent circuit, with one R-C chain
(Fig. 4 c) simulating the double-layer capacitance, and the
resistance of charge transfer across the interface.

The spectra of samples with oxide layers have two
extrema in the phase angle graph (Fig. 4 b), therefore, to
process them, a double-loop circuit was used, which cor-
responds to two time constants (Fig. 4 d). The first inflec-
tion in the high-frequency range is determined by

the presence of an outer porous layer R, and the second
one (in the range of medium and low frequencies) charac-
terises the inner barrier zone Ry,

PEO allowed increasing significantly the corrosion re-
sistance of the Mgy;Y,Zn, alloy — the charge transfer re-
sistance of the barrier zone R, of the base oxide layer was
~1.3 MQ cm® versus ~0.9 kQ cm” for the natural passive
film on the alloy, i. e., by more than 3 orders of magnitude
(Fig. 4, Table 4). The addition of ZrO, NPs introduced into
the electrolyte in concentrations of 1-2 g/l increased R}, of
the oxide layers up to ~1.8 and 1.6 MQ-cm’, respectively,
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Fig. 2. Wettability of the surface of oxide layers formed in the base electrolyte (B)
and with additions of ZrO, NPs from 1 to 4 g/l (Z1, Z2, Z3, Z4). Contact medium is 3.5 wt. % NaCl
Puc. 2. Cmayusaemocmv OKCUOHBIX CTI0€8, CHOpMUPOBAHHBIX 8 6a3060M dekmponume (B)
u ¢ oobaskamu H4 ZrO, om 1 0o 4 2/n (Z1, Z2, Z3, Z4). Konmaxmnas cpeda — 3,5 mac. % NaCl
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Potential, V (vs. Ag/AgCl)

Fig. 3. Polarization curves of samples from the Mgq,Y,Zn; alloy in the initial state
and with oxide layers formed in the base electrolyte (B) and with additions of ZrO, NPs from 1 to 4 g/l (Z1, Z2, Z3, Z4)
Puc. 3. [onspuzayuonnvle kpusvle 06pasyos uz cnaasa Mgy;Y>Zn; 6 ucxooHom cocmosHuu
U € OKCUOHBIMU CLOAMU, CHOpMUPOBaHHbIMU 8 6a3060M Inekmponume (B) u c oobaskamu H4 ZrO, om 1 0o 4 o/n (Z1, Z2, Z3, Z4)

i. e. by ~30 and ~15 % compared to the base oxide layer.
However, a further increase in the ZrO, concentration in the
electrolyte (especially 4 g/l) led to a decrease in the protec-
tive properties of the oxide layers to the level of the base
oxide layer (Fig. 4, Table 4).

The main studied characteristics of the oxide layers, de-
termining their properties were divided into two groups

(Table 5). The first group (thickness 7, structural (visual)
porosity P, and surface wettability ®) refers to the charac-
teristics of the outer (porous) zone of the layer. The second
group (the barrier zone thickness 7y, effective interconnect-
ed porosity P, and specific conductivity o) characterises
mainly the parameters of the inner barrier zone, of the oxide
layer at the interface with the alloy.

Frontier Materials & Technologies. 2023. Ne 4

91



Polunina A.O., Polunin A.V., Krishtal M.M. “The influence of addition of ZrO, nanoparticles to the electrolyte on the structure...”

Table 3. The results of polarization tests of the Mgo;Y>Zn; alloy before and after PEQO in the base electrolyte

and with additions of ZrO, NPs (3.5 wt. % NaCl)

Tabnuua 3. Pezynomamol noaspusayuorHsix ucnvimanutl cnaasa Mgo;Y,Zn; 0o u nocne 1120 6 bazoeom snekmponume
u ¢ oobaskamu H4 ZrO; (3,5 mac. % NaCl)

Sample E,,V Ly nA/cm’ E.omn V R,, MQ-cm® P, %
Alloy —1.584+0.028 46003641 —1.470+0.028 0.008+0.004 -
B —1.528+0.020 25.7+11.5 ~1.540+0.019 1.56+0.80 0.19+0.04
Z1 —1.537+0.027 13.7+1.7 —1.558+0.018 2.58+0.50 0.09+0.01
Z2 —1.527+0.027 17.342.1 —1.541+0.036 2.28+0.73 0.13+0.02
Z3 -1.557+0.012 22.0+0.6 -1.556=0.034 1.68+0.61 0.14+0.02
Z4 -1.56620.022 25.849.9 —1.580+0.014 1.67+0.50 0.17+0.03

Note. E,. is open circuit potential; i.,, is corrosion current density, E,,,, is corrosion potential;
Rp is polarisation resistance; Peff is effective interconnected porosity.

Ipumeuanue. E,. — nomenyuan pazomMKHymou yenu, i.q.,. — nI0OmHocms moka kopposuu, E.,.. — nomenyuan kopposuu,
R, — nonapusayuonnoe conpomusnenue; Poyz— dppexmuenas ck6osnas nopucmocmo.

O alloy O alloy
-2.0%108 o B s0lo B
o z1 o 71
o A 722 704 A 72
£ v Z3
6 | ° v
d0-1.5x1o O 74 % 60 &
: 2 .50
3 &
%-‘1.0*106* g -40-
B e
3 . -30
(V4
-20_
‘ -10
0.0 : : : : 0%
0.0 50x10° 1.0x10° 1.5x10%° 2.0x10° 102 10" 10° 10" 102 10° 10* 10°
Resistance, Q-cm? Frequency, Hz
a b

Rel CP\Eout

Rel CPE b
VaVve >
Ro

c d

Fig. 4. Nyquist (a) and Bode (b) plots of Mge,Y,Zn; alloy samples without coating (insert) and with oxide layers
formed in the base electrolyte (B) and with additions of ZrO, NPs from 1 to 4 g/l (Z1, Z2, Z3, Z4). Equivalent electrical circuits
used to describe the impedance spectra of uncoated alloy (¢) and samples of alloy with oxide layers (d)
Puc. 4. Kpusvie Haiikéucma (a) u booe (b) obpasyos uz cniasa Mgq;Y,Zn; 6e3 nokpvimus (6cmagra)
U ¢ OKCUOHBIMU CLOAMU, CHopMUpOoBanHbiMU 8 6az06om snekmponume (B) u c oobasxamu HY9 ZrO, om 1 0o 4 2/n (Z1, Z2, Z3, Z4).
DKeuseaneHmHvie d1eKmpuieckie Cxemvl, UCHOIb3YEMble OISl ONUCAHUS CHEKMPOE8 UMNEOaHCd 00pasyoe u3 cniasa 6e3 nokpuimus (c)
U ¢ OKCUOHbIMU crosmu (d)
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Table 4. The results of processing EIS data of the Mgo;Y,Zn; alloy before and after PEO in the base electrolyte

and with additions of ZrO; nanoparticles (3.5 wt. % NaCl)

Taonuya 4. Pezynomamut oopadomxu danuvix DUC cnnasa Mgq;Y,Zn; 0o u nocne 1150 6 6bazoeom snekmponume

u ¢ oobaskamu nanouacmuy ZrO; (3,5 mac. % NaCl)

CPE, CPE,
Sample Koo 2 Qo MO 0,
O lem 2" Mout O lem " b
Alloy - - - (1£0.3)-107 (1.6£0.1)-107° 0.94+0.01
B 10.5+0.6 (3.0£0.3)-10°7 0.7940.01 1.27+0.30 (1.5£0.2)-1077 0.91+0.03
z1 13.742.3 (2.8£0.3)-1077 0.79+0.01 2.14+1.04 (1.6£0.2)-1077 0.88+0.01
Z2 11.6+4.9 (3.0£0.2)-10°7 0.7940.01 1.74+0.96 (1.7£0.5)-10°7 0.88+0.03
Z3 11.0£2.7 (3.1£0.3)-1077 0.78+0.01 1.53+0.50 (2.840.7)-1077 0.86+0.04
Z4 13.542.7 (2.9£0.1)-1077 0.79+0.01 1.01+£0.24 (2.240.5)-1077 0.84+0.03

Note. R,,,; and Ry, are the resistances of the outer and barrier zones of the oxide layer;
CPE,,, and CPEj are the constant phase elements characterizing the capacitance of the outer (porous)
and inner (barrier) zones, taking into account the degree of their heterogeneity;
Q is a frequency-independent parameter, n is an exponential factor (n<I).
Ipumeuanue. R, u R, — conpomugienue snewnetl u 6apbepHoll 30H OKCUOHO20 CILOSL;
CPE,,; u CPE}, — sn1emermbl ROCMOSAHHOU (asvl, Xapakmepuszyowue eMKoCms Heutkell (Ropucmoi)
u sHympennell (6apbepHoll) 301 ¢ y4emom CImeneHu ux 2emepoceHHOCmi;
Q — yacmomHo-He3a8uUCUMBLIL NApamemp, R — HKCNOHeHYuaIbHbll paxmop (n<l).

Table 5. Characteristics of zones of oxide layers
Tabnuya 5. Xapaxmepucmuxu 30H OKCUOHBIX CILO€E

Outer layer Barrier layer
Sample

T, pnm P, % 0,° Ty, nm P, Yo Gy, pS/cm
B 21.9+£2.5 8.8+0.5 91.2+1.3 215+78 0.19+0.04 12.3£1.6
Z1 25.843.1 7.7£0.1 107.54£2.6 307497 0.09+0.01 18.7+2.6
z2 19.1+4.2 5.4+0.2 96.6+1.9 274162 0.13+£0.02 20.3+7.2
VA 21.743.3 6.7£0.1 110.4£2.1 250+111 0.14+0.02 23.245.2
Z4 22.1+4.3 5.6+0.9 111.9+2.8 382496 0.17+0.03 33.8£8.4

Note. T is oxide layer thickness; P is structural porosity; © is contact angle of surface wettability; Ty is barrier zone thickness,
P, is effective interconnected porosity, oy is barrier layer conductivity.

Tpumeuanue. T — monwyuna okcuoHozo cios; P— cmpyxmypnas nopucmocms, ® — Kpaegoii Y201 cMauueaemMocmu RO8EPXHOCHIIL
T}, — monwuna bapveproti 301b1; Poy— 5¢ppexmuenas ckgosnas nopucmocms; 6, — yoerbHas NPogoOUMOCHs 6apbepHO20 CIOA.

DISCUSSION

The results of the study of the chemical (elemental)
composition showed the inclusion of ZrO, NPs in the for-
med oxide layer, and with an increase in the dispersed addi-
tive concentration in the electrolyte by 1 g/, the Zr propor-
tion in the layer increases by ~0.5-1 wt. %. One can as-
sume that the introduction of ZrO, particles occurs both in
the original (nanosized) and agglomerated form. The parti-
cles were detected mainly in the upper zones of the layers
(3050 % of the coating thickness), and have a clearly de-

fined contrast boundary with the oxide layer material,
which indicates their inclusion as a result of being captured
by a molten metal splash with subsequent fixation in
the layer. The absence of transition colour zones in
the phase contrast, as well as the phase contrast heterogenei-
ty in the zones of inclusion of ZrO, particles in the layer,
and the light areas themselves, indirectly indicates the in-
clusion of ZrO, NPs exactly in the form of particles without
participation in chemical reactions, and the formation of Zr-
containing phases. The presence of zirconium in the base
layer (Table 2), as well as characteristic contrasting (light)
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zones in the images of the transverse structure (Fig. 1 a),
indicates the effect of the oxide layer inheriting the struc-
ture, and chemical heterogeneity of the processed alloy,
which was previously revealed during PEO of aluminum-
silicon alloys [21].

The inclusion of ZrO, NPs in agglomerated micro- and
nanosized form into the oxide layer, and in particular, into
its surface is also evidenced by data on the wettability of
oxide layers (Fig. 2). It is known that with a decrease in
the radius of the surface morphological element that comes
into contact with the liquid, the necessary external pressure
to ensure surface wettability (Laplace formula), sharply
increases [22]. And at constant external pressure, the con-
tact liquid cannot go around and wet objects with a certain
critical R due to the surface tension in the liquid. A change
in the contact wetting angle (Fig. 2, Table 5), suggests that,
along with a change in the effective interconnected porosity
of the oxide layers, there is an increase in the surface
microrelief development, due to the introduction of ZrO,
particles into it, which creates numerous micro- and nano-
objects that cannot be wetted with contact fluid at atmo-
spheric external pressure. As a consequence, as a result of
microscopic effects, macroscopic changes in contact wet-
ting angles are observed in terms of increasing the hydro-
phobicity of the oxide layers. Due to the effects of charge
accumulation on the oxide layer surface, and as a conse-
quence, the appearance of polarisation artifacts in micro-
scopic areas of the sample, we were unable to resolve and
visualise individual ZrO, nanoparticles embedded in
the layer using the SEM method, therefore, this will be the
subject of further research using the method of atomic force
microscopy, and optical profilometry based on white light
interferometry.

The influence of ZrO, NPs on the oxide layer structure,
and most importantly, the structure and quality of its barrier
zone, is evidenced as well by the EIS measurement data.
It is known that oxide layers, formed by PEO have a two-
and/or three-zone structure [17; 23]. The outer (porous)
zone of the layer is the primary barrier limiting the contact

40+
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25: =" ! !
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of the corrosive environment with the alloy surface.
The main indicators of high anticorrosion properties of the
outer zone, as a rule, are low porosity, as well as surface
hydrophobicity, which prevents the penetration of an ag-
gressive environment into the pores and channels of micro-
arc discharges. It is considered that the internal (barrier)
zone at the interface with the alloy, makes the main contri-
bution to the anticorrosion properties of oxide layers [24].
It is known that the thickness of the oxide layer barrier zone
according to microstructure photographs (SEM) ranges
from several tens of nm to several microns. Depending
on the anodising or PEO mode [10], however, it is quite
difficult to measure this value clearly due to the microscope
resolution and polarisation effects (non-conducting layer) [23].

The study showed, that no correlation between the pa-
rameters of the outer zone of oxide layers B, and Z1-74
with their anticorrosion properties is observed: the inclusion
of ZrO, NPs in the oxide layers reduces their structural po-
rosity, but does not affect the increase in their protective
properties (Fig. 5 a). The corrosion current density of sam-
ple Z4, which has the lowest porosity (P=5.6 %), is higher
than that of the base layer, i. e., even the opposite trend is
observed. The influence of the hydrophobicity degree, on
the anticorrosion properties of oxide layers, was identified
only for cases of low concentration of ZrO, NPs added to
the electrolyte (1-2 g/l). A further increase in the concen-
tration of nanoparticles, despite an increase in the contact
(wetting) angle, leads to an increase in the corrosion rate of
the alloy (Fig. 5 b).

Despite the increase in the thickness of the inner zone T;,
(Table 5) under the influence of the addition of ZrO, NPs
to the electrolyte, an increase in the Zr concentration in
the layer leads to an increase in effective interconnected
porosity and an increase in specific conductivity (Table 5).
Probably, solid hard ZrO, nanoparticles are accelerated in
the vapour-gas phase, preceding the microarc discharge
breakdown, under the influence of an electric field they
break through the oxide layer to the barrier zone and
penetrate into it, thereby changing its conductivity

90 95

Fig. 5. Relationship between the corrosion current density of oxide layers and their structural porosity (a)
and the contact angle of surface wettability (b)
Puc. 5. Csa3b nnomunocmu moka KOppo3uu OKCUOHBIX CLOe8 C UX CIPYKMYPHOU NOPUCMOCIbIO (a)
U Kpaegvlm y2iom cmavusanus nogepxnocmu (b)
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Fig. 6. Resistance of the barrier zone of oxide layers depending on their effective interconnected porosity (a)
and the relationship between the corrosion current density of layers Z1-Z4 and the barrier zone specific conductivity (b)
Puc. 6. Conpomusnerue 6apbepHoll 30Hbl OKCUOHBIX CI0€8 8 3A8UCUMOCTIU OTH UX IPPEKMUBHOLU CKBO3HOU NOPUCTHOCTU (@)
U C653b NIIOMHOCMU MOKA KOppo3uu coee Z1—74 ¢ yoenvbHot nposooumocmpio bapbepHol 30Hbl (b)

(Table 5). Apparently, as a result of the inelastic collision
of nanoparticles with a layer, nanosized channels and
nanocracks are formed in the barrier layer [25], which re-
duce the effective thickness of the barrier layer, and in the
case of contact with a corrosive environment, reduce its
electrical resistance.

With increasing barrier zone conductivity, a sharp decrease
in anticorrosion properties is observed: an almost linear de-
crease in the barrier layer resistance with increasing Peg
(Fig. 6 a), as well as a sharp increase in the corrosion rate of
the alloy (icr) (Fig. 6b) is revealed. Thus, the barrier layer
dielectric properties and continuity have a decisive influence
on the anticorrosion properties of the oxide layers.

CONCLUSIONS

1. The addition of ZrO, nanoparticles to the electrolyte
during PEO of the Mg LPSO alloy Mgo;Y»Zn; at a concen-
tration of 1-2 g/l reduces the porosity of the formed oxide
layers, and promotes the oxidation of the LPSO-phase emerg-
ing at the “magnesium alloy — oxide layer” interface, as well as
the formation of a continuous and dense barrier layer.

2. The addition of ZrO, nanoparticles to the electrolyte
at a concentration of 1 g/l increases the thickness of
the oxide layer by ~20 %, and increases the oxide layer
anticorrosion properties by ~2 times compared to the base
version. When the concentration of ZrO, NPs in the elec-
trolyte increases to 3—4 g/I, the thickness and protective
properties of the oxide layers return to the base level.

3. It was identified that the main parameters influencing
the anticorrosion properties of the formed oxide layers, are
their effective interconnected porosity Py and the barrier
zone specific conductivity oy, that increase with increasing
ZrO, concentration in the electrolyte from 1 to 4 g/, which
negatively affects anticorrosion properties of oxide layers,
reducing their complex resistance.

4.1t is shown that under the influence of an electric
field, solid ZrO, nanoparticles, as a result of inelastic colli-
sion, break through the oxide layer to the barrier zone and

penetrate into it, which changes its thickness and conducti-
vity due to the formation of breakdown channels, and nano-
and microcracks, and as a consequence, leads to reducing
the oxide layer anticorrosion properties.
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Annomayusn: MarHueBbie CIUIAaBhI C YIIPOUHSIOUICH JUTMHHONICPUOIUUCCKON YIIOPSI0YCHHOM CTpyKTYpoii (long-period
stacking ordered structure, LPSO-¢a3a) 0651a1at0T BEIIAIONIMMA MEXaHUYSCKUMHU CBOWCTBAMHM, OJTHAKO MX HU3Kas KOPPO-
3MOHHAS CTOMKOCTh 00YCIIaBIMBAaeT HEOOXOIUMOCTh B IOMIOJHUTEIBHOHN TOBEPXHOCTHOH 3ammTe. B pabore uccieqoBano
BJIMSIHUC JJO0ABOK B AJICKTPOJIHUT HaHoYacTUIl ZrO, B KOHIIEHTpaIuu 1—4 /1 Ha TOJINUHY, CTPYKTYPY, COCTaB, CMadyuBac-
MOCTh ¥ aHTHKOPPO3HOHHBIE CBOHCTBAa OKCHIHBIX CIIOEB, (POPMUPYEMBIX MPH IHIA3MEHHO -3JICKTPOTUTHICCKOM OKCHIUPO-
Baxun ([130) cmmaBa Mgy, Y,Zn; ¢ LPSO-¢a3zoii. Ycranosieno, uro npu [190 Hanowactus! ZrO, moa ASHCTBHEM dJICK-
TPUYECKOTO TIOJII BHEAPSIOTCS B (POPMUPYIOLIHIICS OKCHUIHBIA CIIOH, a TaKKe CHUKAIOT €TO TIOPUCTOCTh. BHIABICHO CHH-
JKCHHE KOJIMYECTBA U pa3MepoB mop BOIM3HM OaphepHOTO ciiog B MecTax Beixoma LPSO-dassl crmaBa k rpaHuIile pasgena
C OKCHIHBIM ciioeM. Mairsle KoHIeHTpanuu Hanodactur ZrO, (1-2 1/1m) CHIKAT CKOPOCTh KOPPO3UH CIIaBa IO CPABHEHHIO
¢ 6a30BBIM BapHAHTOM JI0 JIBYX Pa3. MMHUMAIEHON MIOTHOCTBIO TOKA KOPPO3HH ixepy™=14 HA/cM” B HAHGOIBIIHM MONAPH3a-
IIMOHHBIM COTIPOTUBJICHUEM R, ~2,6 MOwm-cm* o6magaer obpaserr, chOPMHUPOBAHHBIN B DJICKTPOIIUTE ¢ 100aBKOM 1 1/ HaHO-
yactul ZrO,. Pacuer nmapameTpoB GapbepHO 30HBI OKCUIHBIX CIIOEB IMOKa3all, YTO MOBBIIIEHHE KOHIIEHTpauu ZrO, B 2eK-
TPOJIUTE TPUBOJUT K YBEIHMUEHHUIO TOJIIMHBI 0aphepHOTO CIIOSI K POCTY €ro yJAENbHOW MPOBOJUMOCTH, YTO OTPHUIIATEEHO
CKa3bIBACTCS HA KOPPO3IHOHHOM CTOMKOCTH (DOPMHUPYEMBIX OKCHIHBIX CIIOCB: CONPOTHUBIICHUE OaphePHOI 30HBI CIIOs, MOY-
4yeHHOTo npu a06aeke 4 /1 ZrO,, magaet Ha ~20 % 10 cpaBHEHHIO ¢ 6a30BBIM BapuaHTOM (10 ~1 MOM'CMZ).

Knroueevie cnoea: maraueBbiii cioiaB; Mgy, Y,Zn;; HaHodacTuipl ZrO,; LPSO-da3a; mia3MmeHHO-31eKTPOIUTHIECKOE
OKCHIUPOBAHNE; HAHOYACTHUIIBI; OKCUJ IUPKOHUS; KPAacBOH yrojl CMadyMBaHUS IIOBEPXHOCTH; KOPPO3UOHHAS CTOHKOCTH;
MPOBOIUMOCTH OaphepHON 30HEI.
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