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The process of mixed oxide coatings formation on a high-silicon aluminum alloy in a
cobalt-containing pyrophosphate electrolyte by the plasma-electrolytic oxidation (PEO)
method is studied. It was shown that AL25 chemical composition heterogeneity causes
the consumption of a part of the anode current to homogenize the treated surface, which
is reflected in minimizing the content of doping components at the initial processing
stage. It was established that the growth of mixed oxides ALO3-CoxOy relative mass is a
function of time with a maximum at 55 minutes. The chemical, phase composition and
surface morphology of the formed oxide layer depend on the oxidation time. The catalyt-
ic component content in the surface oxides varies from 0.2 to 23.3 at.% with an increase
in processing time of 10 to 60 minutes. Maximum cobalt incorporation into the oxide
layer occurs at PEO of 35-50 minutes, while the silicon content in the surface layers
does not exceed 2 at.%, which is favorable for the catalytic properties. The cobalt oxide,
preferably Co3s0O4, incorporation in the alumina a-ALO3 matrix is visualized by the blue-
violet color steroidal surface structures in the sites of micro-arc discharges. The alumina
cobalt oxide mixture layers are characterized by a developed micro-globular surface
which consists of spheroid conglomerate with an average size of 1-2 microns. There are
some amorphous phases in the structure of mixed oxides due to non-equilibrium PEO
conditions. The set of detected factors is a prerequisite for the high catalytic properties
of oxide coatings. A promising field of ALO3-Co,Oy systems application is intra-
cylinder catalysis in internal combustion engines.

K eywo rds: plasma-electrolytic oxidation, alumina matrix, cobalt oxides, catalytic
activity, intra-cylinder catalysis.

INTRODUCTION. The alloys of alumi- tive, water and heat supply systems, etc. At
num with silicon are demanded construction present there is an intensive development of
materials. They are widely used in various technologies for improving the operational
industries: motor engineering and automo- properties of metals and alloys by modi-
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fying their surface [1,2]. One of the most
demanded and promising methods is the
plasma-electrolytic oxidation (PEO) of valwe
metals, which allows forming oxide coatings
with increased mechanical, corrosion and
catalytic properties [3, 4]. Among the ad-
vantages of PEO should be noted non-
toxicity of used electrolytes, the simplicity
and compactness of the working equipment,
the lack of preliminary surface preparation
stage, the possibility of processing large
mass and complex geometry parts. Changing
the oxidation conditions, the electrolyte
qualitative and quantitative composition, the
dopants nature allows varying the composi-
tion and properties of the formed oxide
layers [5,6].

One of the topical directions of the prac-
tical use of oxide coatings on aluminum and
alloys is catalytic redox processes, in partic-
ular, eco-friendly catalysis [7-10]. For these
purposes compounds of catalytically active
components are introduced in the composi-
tion of highly deweloped surface layers.
Most often this is achieved by impregnating
(precipitating) a preformed matrix of base
metal oxide in solutions containing salts of
dopants metals followed by heat treatment of
the resulting material [11, 12]. Howeer, this
approach not only complicates and raises the
cost of the technological process, but also
does not allow obtaining systems with sig-
nificant content of the catalytic component
and high adhesion to the substrate.

At the same time, it is promising to de-
velop a PEO technology for the formation of
a highly developed carrier (base metal oxide
matrix) in one process with dopants incorpo-
ration (preferably transition metal oxides)
throughout the processing period due to the

implementation of electrochemical and
thermo-chemical reactions in high-energy
modes [13, 14]. This will provide a longer
service time of the resulting catalytic materi-
al and substantially higher functional proper-
ties.

In previous studies, a rather complicated
mechanism of reactions in working solutions
during the oxidation of valve metals and the
feasibility of using a complex of electrolytes
based on diphosphate for PEO of AL25 alloy
were shown [15, 16]. As catalytically active
components, based on physical and chemical
properties, manganese and cobalt were se-
lected. It was found that the ratio of cobalt
and ligand concentration affects the oxida-
tion process parameters and allows forming
coatings with varying content of the catalyti-
cally active component. For further research,
the composition of the electrolyte was se-
lected, which allows oxide layers enriched in
the catalytically active component to be
formed with a higher surface development
degree [17].

The purpose of this work is to investi-
gate the effect of the oxidation time on the
composition, phase structure and morpholo-
gy of mixed aluminum and cobalt oxide
coatings to select the optimal parameters for
catalytic materials formation.

EXPERIMENT AND DISCUSSION OF
THE RESULTS. Oxide coatings were formed
on rectangular samples of cast aluminum al-
loy AK12M2MgN (AL25). The chemical
composition of silumin, wt. %: Si, 11.5-
13.0; Cu, 1.5-3.0; Ni, 0.8-1.3; Mg, 0.8-1.3;
Mn, 0.3-0.6; Fe<0.8; Zn<0.5; Ti< 0.2; Pb
<0.1; Sn < 0.02; Cr < 0.2. Working area for
the formation of oxide coatings was 0.2 dm?.
The surface of samples for coatings applica-
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tion was prepared by grinding with subse-
guent degreasing, washed with water, and
dried at 30 °C. The samples were oxidized in
an electrolyte of the composition, mol/dm?®:
0.4 K,P,0; and 0.1 CoSO,. PEO was con-
ducted in the galvanostatic mode at a current
density of 3-5 A/dm? using an industrial sta-
bilized power source B5-50 (Ukraine), an
electrolytic cell with forced cooling and stir-
ring, an ammeter and a woltmeter. Coatings
were formed under cooling and mixing the
electrolyte and controlling the process pa-
rameters. The temperature of the working
solutions was maintained in the range of 20-
25 °C. The sparking voltage US was 115-
120V, the formation voltage was controlled
to be UF = 140-160 V.

The chemical composition of the coat-
ings was determined by an energy-dispersive
spectrometer INCA Energy 350. The surface
morphology of the coatings was studied us-
ing a scanning electron microscope ZEISS
EVO 40 XVP. X-ray diffraction analysis
was performed on an X-ray diffractometer
DRON-2 in monochromatic CoK, radiation
(A=1,7902 A). The phase identification was
performed by comparing the interplane spac-
ing (d, A) and the relative intensities of the
experimental curve with the data of the
PCPDFWIN electronic file system.

The catalytic properties of the oxide sys-
tems were studied in the oxidation of car-
bon (I) oxide to carbon (IV) oxide. The
studies were conducted on a laboratory
bench in a tubular flow reactor made of sili-
ca glass with a coaxially wound heating coil.
The initial mixture of air and carbon (11) ox-
ide with a concentration of 1.0 vol. % was
fed to a reactor with a volume of 1.5-107
dm® at a rate of 1.5 dm®/h. The reactor tem-

perature was gradually increased from 20 to
450 °C at a rate of 1°C/s. The CO concentra-
tion at the inlet and outlet of the reactor was
recorded using Dozor signaling-analyzing
devices. The catalytic activity was evaluated
by the following parameters: the initial tem-
perature of the oxidation process (the igni-
tion temperature, T;) and the conwersion ex-
tent (X, %). The extent of conwersion was
calculated by the following equation:

x = A0 ~ACON 1094
o(CO);
where ¢(CO); and ¢(CO); are the initial and
final concentrations of carbon (11) oxide, %.

The studies demonstrate that the chron-
ograms of operating voltage (formation
curves) and woltage change (trend) during
oxidizing silumin in the electrolyte 0.4
mol/dm® K,P,0,, 0.1 mol/dm® CoSO, at dif-
ferent current densities have a classic form
(fig. 1) consisting of characteristic regions
[18, 19]. The first prespark region |
(fig. 1,a) corresponds to the formation of
silumin components in the oxides phase and
woltage increases linearly with time. In the
second prespark region 11, the change in the
operating voltage is influenced by the oppo-
site processes of growth and destruction of
oxide layers, which affects the reduction in
duU/dt. Moreower, with increase in current
density, the formation rate exceeds the disso-
lution rate and dU/dt is higher (fig. 1, b).

The third section (fig. 1, 1l11) corresponds
to the transition of the PEO process to the
sparking mode due to the phase oxides
breakdown. Not only electrochemical, but
also thermochemical reactions occur in the
spark zone, associated with  water
thermolysis and with the participation of
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Fig. 1. Formation curves (a) and voltage trend

(b) at oxidation current density, A/dm?: (1) 3,
(2) 5, (3) 10.

voltage increases with increasing current
density, and it is at this stage that the proba-
bility of dopants inclusion in the aluminum
oxide matrix increases. The time of sparking
decreases from 6 to 1 min with increase in
current density i over the studied interval.

Sparking woltage in all cases is 120-125 V.
Sparking intensity in the oxidation process is
quite high. Region IV of formation curves is
associated with sparking to microarc regime
transition. The final formation woltage de-
pends on the initial current density of PEO.
For i = 3-5 A/dm” UF is 160-170 V and en-
ables conducting the process of PEO treat-
ment within 15 min or longer. At the current
density of 10 A/dm?> UF does not exceed
160 V. The oxidation process rapidly goes
through all stages and from the 4th minute
enters the arc mode. In this case, PEO of the
alloy after 8 min is impractical; the formed
coating is destroyed under the influence of
arc discharges.

Figure 2 shows the morphology and
chemical composition of the silumin surface
oxidized at a current density of 3 A/dm’ in
different regions of the formation curve
(time of oxidation). Due the local dissolution
of alloying components in regions | and Il
particularly silicon content in surface layers
is reduced by 3-4 at.% in comparison with
its percentage in silumin. The transition from
the juvenile surface to the developed alumi-
na structure with a large number of irregular
shaped inclusions (Fig.2 a) is observed. At
this stage, there is almost no incorporation of
additional components into the oxide layer.

The sparking initiation (luminescence) is
visualized by the appearance of a small
sparks that evenly cover the surface to be
treated, which characterizes the beginning of
electrolyte components incorporation into
the surface layers (fig. 2, b). On SEM imag-
es, it is possible to identify a significant
number of crater-like small apertures with
fused edges. The content of silicon in the
surface layer is reduced by almost two
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Fig. 2. Morphology and chemical composition of the surface , at.% : a — prespark (regions | and I1),
Al-33.5, 0 -56.0, Si—10.5; b — sparking (region I11) Al-33.5, 0 -56.7, Si— 6.5, Co-3.3,c—
microarc (region 1V), Al-33.3, 0 - 55.2, Si— 2.5, Co - 9.0; magnification x 500.

times and is not more than 5 at.%. In this
case, the content of cobalt gradually increas-
es to 3.3 at.%.

Under the conditions of constant current
density, the oxidation process almost instan-
taneously goes into the micro-arc mode:
there is an enlargement of sparks with de-
crease in their number, the burning of micro-
arc discharges occurs at the corners (projec-
tions) of the specimen and is accompanied
by a characteristic cracking due to the "col-
lapse” of gas vapors in micro-discharge
channels. In places of burning sparks appear
spheroid islands of characteristic blue-violet
color, typical for the incorporation of cobalt.
During processing, the number of such is-
land structures significantly increases, they
are combined, agglomerated and form mosa-
ic structures (fig. 2, c).

The mixed cobalt oxides formation is al-
so evidenced by the chemical composition
analysis at different sites of the sample sur-
face. The spheroids and agglomerated struc-
tures exhibit a range of 5.0-23.3 at.% (Co),

on the valley of the sample cobalt percentage
is about 14.5 at.%. For the silicon content
there is a reverse dependence: on the hills Si
does not exceed 2.0 at.%, and on the valley
it is 5.0 at.% throughout the processing peri-
od.

The influence of current density is suffi-
ciently evident in the change of surface mor-
phology of oxide coatings obtained during
15 min. (fig. 3).

In the PEO process, cobalt incorporation
into oxide layers occurs in the form of drop-
shaped and spherical inclusions of blue-
purple color (fig. 3, a). With increase in oxi-
dation current density from 3 to 5 A/dm?,
their number increases, they form mosaic
structures and evenly cover the entire sample
surface (fig. 3, b). The resulting ceramic-like
coating has high adhesion to the substrate.
Oxidation of samples at 10 A/dm? leads to
cobalt incorporation in the form of volumi-
nous islet structures (fig. 3, ¢). Given a quite
rapid transition of PEO to the arc mode,
there is a tendency to these inclusions
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Fig. 3. Surface morphology of ALO3-CoOy coatings, obtained at different current densities, A/dm?:

(@)3; (b)5; (c)10; magnification x500.

peeling off from the substrate.

The results of the X-ray diffraction anal-
ysis exhibit difference between the silumin
samples oxidized ina pyrophosphate solu-
tion and in an electrolyte with cobalt sulfate
addition (fig. 4).

There are lines associated only with
a-Al,O; and Si on XRD patterns of samples
treated in a cobalt-free solution. And the
shape of XRD patterns for mixed oxide sys-
tems substantially changes which confirms
the incorporation of Co;0, oxides into the
alumina matrix. The intensity of the cobalt
oxide lines depends on the quantitative com-
position of the surface layer. The X-ray dif-
fraction pattern also revealed a wide halo at
angles of 20 ~10-30° reflecting amorphous
structure.

Testing the oxide system in the model
reaction of carbon (1) oxide conwersion to
CO, showed (table) that their activity (both
ignition and complete conwersion (T.) tem-
perature) is similar to platinum catalyst and
IS much better than the parameters of

alumina.

Pilot tests of mixed oxides deposited on
the surface of the combustion chambers pis-
ton of an ICE, showed that the coating of
Al,05;-CoO, allows ones to reduce NOy
emissions by 10 % and CO ones by 15-18 %
in forced diesel engine operating modes.
This is due to the lower the ignition tempera-
ture of the air-fuel mixture on the surface of
Al | Al,O3-Co0, catalyst composed of mixed
oxides with developed surface.

The heterogeneity of the chemical com-
position and a significant amount of doping
components in silumin in comparison with
pure aluminum result in differences in the
technological parameters of PEO [20]. This
is due to the consumption of a certain
amount of anode current at the initial oxida-
tion stage to homogenize the alloy surface.
The higher the operating current the faster
the alloy components oxidize from the sur-
face in the alkaline environment in the pres-
ence of pyrophosphate. The surface becomes
chemically homogeneous and phase alumina
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is formed. The latter serves as a matrix for
the incorporation of catalytically active co-
balt in the sparking region of PEO. The re-
flection of this is a change in the chemical
composition and morphology of the surface
of the sample in different sections of the
voltage chronogram.

Considering the competing processes of
formation and dissolution of phase oxide at
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Fig. 4. XRD patterns for oxidized silumin and
mixed oxide coatings. The composition is
similar to fig. 2, b.
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Tablel
Characteristics of CO conversion to CO;
, Metal, _

Material At %% Ti, K T, K
Pt 100 490 570
AlALO; 30.8 595 670

AlALO3-
CoO, 8.7 505 580

the initial oxidation stage, the actual growth
of the mass of the oxide layer is observed
only in the micro-arc mode with a gradual

increase and a maximum of 55 minutes of
processing. The optimal time interval, based
on the results obtained, is the oxidation of
AL25 within 30-55 minutes. In the studied
conditions, the micro-arc PEO regime is
maintained quite long, which leads to a uni-
form increase in the thickness of the oxide
layer with increasing processing time.

It is noticeable that the change in the
chemical composition of the formed oxide
coatings can be traced in the change in the
morphology of the surface layers in the vari-
ation of the time of PEO treatment. The in-
corporation of cobalt into the surface layers
substantially changes their morphology and
causes the formation of bulk structures with
a high specific surface. With increase in the
processing time from 15 to 20 minutes, the
morphology of the samples surface varies
from the characteristic alumina barrier struc-
ture to a highly developed mosaic one if co-
balt is incorporated in the alumina matrix.
This is due to a growth of the oxide layer
thickness and an increase in the cobalt con-
tent in the sparking mode. PEO treatment for
30-55 minutes leads to the consolidation of
the formed ceramic-like coatings and the
formation of the structure of bulk spheroids.
With increase in processing time of up to 60
minutes, the surface of the coating becomes
almost uniform due to the "healing™ of the
protrusions and defects, as well as the inclu-
sion of a significant amount of phosphates in
the surface layers. The obtained results are
in full accordance with the kinetic laws and
allow us to determine the rational time of
PEO for the application of oxide coatings of
a given composition and morphology.

The peculiarities of the phase structure
of obtained oxide coatings in combination
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with a dewveloped surface and a high cobalt
content are a prerequisite for their high cata-
Iytic properties. The catalytic activity of
mixed oxide systems can be attributed to
several factors. Firstly, it is a high affinity of
non-stoichiometric cobalt oxides to oxygen
and the corresponding decrease in the activa-
tion energy of O=0 double bond breakdown.
Secondly, the developed micro globular sur-
face of oxide systems is characterized by a
large number of catalytic centers and pro-
vides an increase in the number of elemen-
tary collisions and interactions.

CONCLUSIONS. Al,05-C050, mixed
oxide coatings with a cobalt content of up to
23.3 at.% were obtained on a high-silicon
aluminum alloy AL25 by one-stage plasma-
electrolytic oxidation in a cobalt-containing
pyrohosphate electrolyte. It has been estab-
lished that the surface concentration of Si in
mixed coatings is two to three times lower
than that in the processed alloy. The ratio of
cobalt and oxygen in the coatings is non-
stoichiometric; the content of cobalt in
mixed oxides increases with increasing cur-
rent density and operating time. With in-
crease in the cobalt content the surface mor-
phology varies from uniformly rough to mi-
cro-globular with relatively large spheroids.
The resulting oxide systems have a dewel-
oped surface with a large number of catalytic
centers, consisting of spheroids and toroidal
structures that alternate between themselves.
The application of Al,05;-Co;0, coatings on-
to the surface of combustion chambers helps
to save fuel and improves the ecological
characteristics of internal combustion en-
gines, which can therefore be recommended
for use in gas neutralization systems and in-
cylinder catalysts for ICE.

OCOBJIMBOCTI ®OPMVYBAHHA KOBAJIBT
BMICHUX OKCHIHMX IIOKPUTTIB HA
CWIYMIHI
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Bupueno mpouec QopmyBaHHS 3MilIAHUX
OKCHUIHHMX MOKPUTTIB Ha BUCOKOKPEMH ICTOMY
QIIOMIHI€EBOMY CIUIaBl Yy KOOAJIbTBMICHHX M IpO-
dochaTHUX eNeKTpodiTaX METOJOM I1JIa3MO-
enekrponmruyHoro okucieHHs (ITEO). ITokaza-
HO, 1[0 TeTEPOTEHH ICTh XIMIMHOTO cKiany AJI25
00yMOBIIIOE HEOOXIHICTh BUTpPATH YaCTHHHU
aHOJIHOTO CTPYMY Ha TOMOTEH BaIlif0 MOBEPXHI,
0 BiTOMBAEThCS B MIHIMI3aIlil 3MICTy JIETYIO-
YUX KOMIIOHEHTIB Ha MOYAaTKOBii cTajii 00po0-
Ku. BeraHoBIeHO, 110 3pOCTaHHS BITHOCHOT Ma-
cu 3mimanux okcuniB AbO3-C0,Oy € dyHKIIi€IO
yacy 3 MakCMMyMOM, IO IpHUIanae Ha 55 XB.
XimiuHui, gazoBuil ckiaj i MopGoIoTis moBep-
XH1 yTBOPIOBAHOTO OKCHUJHOTO IIAPY 3aJIeXkKaTh
Bl yacy OKHUCJIEHHS. BMicT KaTaliruyHOro
KOMIIOHEHTa B TOBEPXHEBUX OKCHUJAX 3MIHIO-
erbest Bin 0,2 o 23,3 %ar. npu 301IbIIeHH] Ya-
cy 00po6ku Big 10 mo 60 xBummH. Makcumanb-
HE BKJIIOYEHHS KOOAJIbTy B IIAp OKCHUIY BITOY-
BaeTbes npu 1IEO 35-50 xBuimH, B TOM 4ac sk
BMICT KPEMH 0 B TOBEPXHEBUX IIapax He mepe-
BuIye 2 %ar., mo COpUATINBO IS KaTalITHY-
HUX BIACTHUBOCTeH. BriroueHHs okcuay koba-
ety C0304 y Matpuiio a-AbO3 BByanmizyeTbest
CTEPOTIHUMH TIOBEPXHEBHUMH CTPYKTYpaMH CH-
HBO- (PIOJIETOBOTO KOJBOPY, SIKi MEPEBAKAIOTH Y
MiclsIX MikpoayroBux po3psais. Llap 3mimano-
r0 OKCHUJlY ATFOMIHIFO 1 OKCHJIIB KOOAIbTy Xapa-
KTE€PU3YETHCS PO3BHUHEHOIO MIKPOTI00 yISIpH VIO
MOBEPXHEIO, IO CKIAAEThCsl 3 KOHTJIOMEpPATiB
chepoiniB i3 cepegHiM po3mipom 1-2 Mmkm. Y

ISSN 0041-6045. YKP. XIM . XVYPH ., 2020, t.86, No 1 19


mailto:vmv@kpi.kharkov.ua

N.D.Sakhnenko, M.V.Ved’, A.V.Karakurkchi

CTPYKTYp1 3MIIIAHUX OKCUIIB MPUCYTHI aMmop ¢-
Hi ¢a3u uepe3 HepiBHOBaXxkHI ymoBu [IEO. Cy-
KYITHICTh ONMHUCAaHuX (AKTOpPIB — IepeayMOBa
BHCOKHMX KaTATITHYHUX BIIACTHBOCTEH OKCHIHUX
nokpuTTB. IlepcriekTuBHOIO cdeporo 3acTocy-
BaHHs cucteM AbO3-C0Oy € BHYTpIHBOLIHITI-
HJIPOBUH KaTaJI3 y JABUTYHAX BHYTPIIMHBOTO
3rOpaHHSL.

KniodoB1 cioBa: mia3mMo-eaeKTpoIiTHIHE
OKCHTYBaHHSI, MAaTPHUIS OKCUIY QTIOMIH 0, OK-
CHM KOOANbTy, KaTaJiTWYyHA aKTUBHICTh, BHYT-
PIIIH bO-IIUJIHAPOBUM KaTaiis.

OCOBEHHOCTH @®OPMHNPOBAHMSA KO-
BAJIBT - COAEPXAIIIMX OKCHUHBIX IIO-
KPBLITUI HA CUWJTYMUHE

H.JI.Caxuenkxo, M.B.Bens*, A.B.Kapakypkun

Hayuonanvuwiii  mexuuueckuti  ynusepcumem
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W3yuen mpouecc ¢opMUpOBaHHUS CMe-
MIAHHBIX OKCHIHBIX TOKPBITHI Ha aTfOMUHHE-
BoM crutaBe AJI25 B kobanbrcopepikalieM IH-
podocdaraom snekrpoaute MeroaoM [130.
[loka3aHo, YTO TETEPOTCHHOCTh XUMHYECKOTO
cocraBa AJI25 oOycrnoBiauBaeT HEOOXOAUMOCTD
3aTparhl YacTU aHOJHOTO TOKa Ha TOMOTEHHU3a-
I[MIO TTIOBEPXHOCTH HA HAYaIbHOW CTamuu oOpa-
00TKH. YCTaHOBJICHO, YTO POCT OTHOCHUTEIBbHOM
Macchl cMeaHHbIX oken10B AbO3-C0,0Oy sBs-
eTcst pyHKIMelH BpEeMEHH ¢ MaKCUMYMOM, TpH-
XOISIIMMCs Ha 55 MUH. XUMUYECKUH, (a30BbIi
cocTaB ¥ MOPQOIOTUS TIOBEPXHOCTH CHOPMHUPO-
BAHHBIX OKCHJHBIX CJIOEB 3aBUCAT OT BPEMEHU
I130. Conepxxanne Co B MOBEPXHOCTHBIX CIOAX
u3mensiercs ot 0,2 mo 23,3 % ar. npu yBenuye-
HUM BpeMeHH oOpaboTtku ¢ 10 mo 60 mun. Croii
cMmemaHHbIX okcuaoB AbO3-CoxOy xapakrepu-

3yeTcsl pa3BUTONH MHKPOTIOOYISPHON MOBEpX-
HOCTbIO. B CTpyKType CMEIaHHBIX OKCHJOB
MPUCYTCTBYIOT amop pHBIC (pa3bl M3-3a HEPABHO-
BecHbIX ycinoBuil [190. CoBOKyITHOCT ONMUCAH-
HBIX (PAKTOPOB SBIISETCS MPEANOCHUIKON BBICO-
KAX KAaTQIUTUYECKUX CBOWUCTB OKCHUIHBIX IIO-
kpeiTHii. [lepcniekTuBHAs 00J1acTh UX TPUMEHE-
HUS — BHYTPUIIMJIMHIPOBBIM KaTalu3 B IBUTATeE-
JISIX BHYTPEHHETO CTOpaHUsL.

KnoueBrie ctoBa: IJIa3MCHHO-3JICKTPO-
JIMTUYCCKOC OKCUAHUPOBAHUEC, MATpHULa OKCHUA
AJIIOMHUHUA, OKCHUIbI Ko6aana, KaTaJIUTH4YCCKas
AKTHUBHOCTD, BHYTpI/II_II/IJ'II/IHIIPOBHﬁ KaTaJns.
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