VIK 544.654.2 doi: 10.33609/2708-129X.89.01.2023.34-45

COMPARISON OF THE PROPERTIES OF CoW AND CoMo ALLOYS
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The chemical composition, current efficiency and some properties of galvanic binary CoMo
and CoW alloys, deposited from both alkaline citrate and citrate-pyrophosphate electrolytes,
were studied. It is shown that the main difference between mono- and polyligand electrolytes
is the mechanism of the electrodeposition process and the rate of passage of limiting stages
preceding the formation of an electrochemically active complex. During electrolysis in a citrate
solution, the limiting step is the mass transfer of [CoCit,]*" complexes, while in the citrate-py-
rophosphate one, the process proceeds with kinetic control, and the hydrodynamic regime does
not significantly affect the content of metals and the rate of their deposition. The use of a polyli-
gand electrolyte makes it possible to increase the current efficiency for CoW alloys from 32.1
to 45.5% in the convective mass transfer mode and from 5.9 to 35.7% in the diffusion transfer
mode. During electrodeposition from citrate-pyrophosphate electrolytes of the same compo-
sition of alloys of two different refractory metals, it was found that the current efficiency of
the CoMo alloy is on average 20% higher than that of CoW. It has been found that at a close
value of the content of the refractory component in X-ray amorphous alloys, the differences in
the magnetic and corrosion properties of the coatings are determined by the nature of the re-
fractory metal. Thus, during electrodeposition from a polyligand electrolyte, CoMo alloys have
Ms 300-380 emu-cm™ and Hc 60-72 Oe, while CoW alloys have Ms 22-45 emu-cm™ and
Hc 50-70 Oe. Both types of alloys are characterized by Mr/Ms - 0.2-0.3. The properties of CoW
alloys deposited from a monoligand citrate electrolyte approach hard magnetic materials with
Mr/Ms - 0.6-0.7.

Key words: alloy, cobalt, tungsten, molybdenum, electrodeposition.

INTRODUCTION. The study of the pro- from researchers. First of all, that is to obtain
cesses occurring during the formation of elect-  information about the composition and struc-
rolytic alloys of refractory metals with metals ture of coatings those are deposited from solu-
of the iron subgroup receives much attention tions of various complex compositions, as well
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as to determine the dependence of functional
properties of the alloys on electrodeposition
conditions. The functional properties of such
coatings are very diverse [1, 2], but the most
demanded for industry are heat resistance,
hardness, and corrosion resistance [3-5].

It is known that for the formation of alloys,
it is necessary to bring the precipitation po-
tentials of two metals closer, i.e., in our case,
to increase the overvoltage of cobalt precipi-
tation due to the formation of a strong com-
plex compound in the solution [6]. The search
for new and better complexing agents for this
process is associated with the impossibility of
foreseeing the impact that a previously unused
complexing agent or a mixture of already stu-
died coatings will have on the composition and
quality of coatings, since no correlation has
yet been found between the parameters of the
metal complex of the iron subgroup (size, spa-
tial configuration, stability constant) and alloy
parameters (composition, crystal structure
and physicochemical properties).

The conditions for electrodeposition of bi-
nary alloys of refractory metals with metals
of the iron subgroup are considered in detail
by the authors of [7]. Among the electrolytes
that are considered promising for the deposi-
tion of alloys with tungsten and molybdenum,
one can single out citrate [8], pyrophosphate
[9, 10], and alkaline polyligand electrolytes
containing organic complex polyhydroxy acids
(salts) with carboxyl groups; indicated by the
authors of [7], alkalization of the solution with
ammonia also leads to a change in the com-
plex composition of the electrolyte. An impor-
tant feature of multicomponent complex elec-
trolytes is the possibility of the formation of
polymetallic and/or polyligand complexes in
the bulk of the solution, which can also signi-
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ficantly affect the kinetics of alloy deposition.

The citrate-pyrophosphate electrolyte pro-
posed by us combines the advantages of citrate
and pyrophosphate electrolytes and makes it
possible to obtain functional coatings of the
required quality with a high deposition rate.
Coatings are deposited with a rather high con-
tent of refractory metal and higher values of
current output compared to citrate electrolyte
[11, 12]. The authors of works on the electro-
deposition of binary alloys of metals of the
iron subgroup with tungsten [13] showed that
coatings containing 17-24 at.% tungsten have
the highest corrosion resistance. This ratio of
components approximately corresponds to the
composition of the Co,W intermetallic phase.
Also important is the transition from the poly-
crystalline to the amorphous structure of the
coatings, which occurs when exactly this con-
centration of tungsten is reached in the binary
alloy.

The purpose of the work is electrochemical
synthesis, study of the composition, structure
and physicochemical properties of binary al-
loys of cobalt with tungsten and molybdenum,
depending on the complex composition of the
electrolytes and the hydrodynamic regime.

EXPERIMENT AND DISCUSSION OF
THE RESULT. CoW alloys were deposited from
both alkaline electrolytes (solution pH 9.0): cit-
rate (Cit) and citrate pyrophosphate (Cit-PPi),
CoMo alloys were deposited from alkaline
Cit-PPi electrolyte. Coatings were obtained in
a thermostated cell in a galvanostatic mode us-
ing a direct current source LIPS-35 under nat-
ural convection conditions, as well as with stir-
ring (magnetic stirrer rotation speed 300 rpm).
A copper plate with an area of 1 cm*was used
as the working electrode; platinum was the an-
ode.
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Table 1.
Composition of electrolytes for electrodeposition of alloys, mol-1"

For alloy CoSO, Na,WO, | Na,MoO, Na Cit K,PO, Na,SO,
CoW 0.1 0.2 - 0.2 - 0.3
CoW 0.1 0.2 - 0.2 0.2 0.3
CoMo 0.1 - 0.02 0.2 0.2 0.3

The citrate-pyrophosphate electrolyte was
prepared by adding a solution of potassium
pyrophosphate to an already prepared citrate
electrolyte at a temperature of 70 °C. Then the
pH was adjusted to a value of 9.0.

The morphology and chemical composition
of samples were studied by using a JSM-6700F
field emission scanning electron microscope
equipped with a JED-2300 energy-dispersive
spectrometer (JEOL). The operating condi-
tions were as follows: 20 kV accelerating vol-
tage, 0.75 nA beam current, 1 um beam size.
The counting time for EDS analyses was 60 s.
Pure Co and Re were used as standards. The
raw counts (Co,Ka; W,La; Mo,La) were cor-
rected for matrix effects with a ZAF algorithm
implemented by JEOL. Three to five spots per
each sample were analyzed.

X-ray patterns were recorded on a diffrac-
tometer (DRON-3.0) with the Bragg-Bren-
tano geometry and using Cu-K radiation
(= 1.54183A°) operating at 30 kV and 30 mA
at a constant scan rate of 0.02-2 s'. The study
of corrosion was carried out by voltammetry.
These measurements were carried out using
an MTech PGP-550F potentiostat-galvanostat
[13] in a IM KOH solution at a temperature
of 20 = 1 °C in a cell assembled by a working
copper electrode, a silver reference electrode,
and an auxiliary electrode, which is a plati-
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num grid. Voltammetric studies of corrosion
included of obtaining cathodic and anodic po-
larization curves with a potential sweep rate of
1.0 mV s. As a result of the analysis of polari-
zation measurements in the region of station-
ary potential (+100 mV), the corrosion resis-
tance was calculated.

Magnetic properties of the obtained de-
posits were determined using a magnetometer
with a vibrating sample in magnetic fields up
to 2 T in SI units (20 kG in Gaussian-cgs units)
at room temperature.

Fig. 1 shows the results of studying the
chemical composition and current efficien-
cy for CoW alloys and its components dur-
ing electrodeposition from Cit and Cit-PPi
electrolytes at a deposition current density of
10 mA-cm? both in the mode of convective
mass transfer (with intensive stirring) and
under conditions of natural diffusion, as well
as the composition and current efficiency
during the electrodeposition of CoMo alloys
from Cit-PPi-electrolyte under different hy-
drodynamic conditions. Based on previous
studies on the electrodeposition of CoW al-
loys from a polyligand Cit-PPi electrolyte
under conditions of intensive mixing, it is
known that CoW alloys contain 22-25 at. %
tungsten over the entire range of deposition
current densities studied [15].
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Fig. 1. Dependence of the chemical composition (a), current efficiency of the CoW and CoMo alloys,
as well as their components (b) on the deposition conditions.

Let us consider the effect of intense me-
chanical mixing on the chemical composition
and current efficiency of CoW alloys at depo-
sition from these electrolytes. A comparison of
mono- and polyligand electrolytes was carried
out to demonstrate the key role of the compo-
sition of cobalt complexes on the formation of
an electrolytic alloy. It is known that [CoCit, ]*-
complexes predominate in an alkaline (pH 9.0)
citrate electrolyte with a twofold excess of the
ligand [16, 17]. When electrolysis is carried out
in such an electrolyte, the overvoltage of cobalt
evolution becomes greater than the overvolt-
age of hydrogen [18] so that it is not possible
to obtain a coating of metallic cobalt in an
amount sufficient for gravimetric determina-
tion of the current efficiency, while the deposit
turns out to be loose. Probably, in an alkaline
citrate electrolyte, not only tungsten, but also
cobalt can’t be individually reduced to metal.
These metals are capable of being reduced only
simultaneously with the formation of an elec-
trolytic alloy. Since cobalt is in solution in the
form of very strong complex compounds with
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citrate, the formation of bimetallic complexes
in the volume of the solution is unlikely, but
the result obtained indirectly confirms the hy-
pothesis that reduction occurs from complex
compounds formed precisely on the electrode
surface [19].

During the deposition of the CoW alloy
from a citrate electrolyte, the mass transfer
regime has a significant effect on the compo-
sition of the resulting alloys: the tungsten con-
tent in the coating (9 at.%) and the current
efficiency of the alloy (6 at.%) in the absence
of forced convection are much lower than
when the electrolyte is stirred (23 and 33 at.%,
respectively). Based on the mechanism of in-
duced co-deposition of the metals presented
in [19], the necessary condition for the forma-
tion of electroactive complexes on the surface
is the presence of [CoCit]" particles, which can
be formed as a result of dissociation of the ad-
sorbed [CoCit2]* complex on the cathode sur-
face according to equation (1):

[CoCit,]* — [CoCit]", + [Cit]* (1)

ad;
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During electrodeposition from a citrate-py-
rophosphate electrolyte, convection in the elec-
trolyte has practically no effect on its chemical
composition, but contributes to an increase in
the current efficiency of the alloy up to 35.7%.
A feature of the polyligand electrolyte is the
formation of a cobalt complex [Co(PPi)(Cit)]*,
as was shown in [20]. Thus, for the formation
of the [CoCit]" complex, it is necessary to dis-
sociate the adsorbed complex on the electrode
surface according to reaction (2):

[Co(PPi)(Cit)]*" = [CoCit]_ + [PPi]* (2)

After that, in both cases, it becomes possible
to form an electroactive complex according to
reaction (3):

WO* + [CoCit] , +2H,0 +2¢& -
- [CoCitWO,] , +40H  (3)

Taking into account the fact that the [WO,]*
concentration is high, and [CoCit] is formed
directly on the surface (1), the low current ef-
ficiency in the citrate electrolyte in the natural
convection mode can be explained with the dif-
fusion of cobalt citrate complexes [CoCit,]* ,
with the rate of reaction (1), or with a large
number and insufficiently fast removal of the
formed bubbles of gaseous hydrogen, blocking
the active centers of the surface.

When comparing alloys of two refractory
metals, it should also be noted that the cur-
rent efficiency of the CoW alloy is lower than
that of the CoMo alloy during convective mass
transfer in a polyligand electrolyte and even
lower at deposition in a monoligand electro-
lyte. Such a difference may be due to the nature
of the refractory metal, its concentration in the
electrolyte, and its electrocatalytic activity in
the hydrogen evolution reaction. It was shown
in [21] for the electrodeposition of CoMo al-
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loys that an increase in the concentration of
molybdate ions in a solution and a change
in the ratio of metal concentrations from
Co: Mo = 5:1 to Co: Mo =1:1 leads to a signi-
ficant decrease in the current efficiency of the
alloy. Therefore, based on the analogy of the
properties and deposition processes of these
metals, it can be assumed that with a 10-fold
excess of tungstate ions compared to the con-
tent of molybdate ions (in deposition electro-
lytes), a decrease in the current efficiency of
the CoW alloy is also possible.

On fig. 2 shown that the CoW coating de-
posited from the Cit electrolyte under natural
convection conditions is smoother and has al-
most no spherulites. Coatings deposited from
a polyligand electrolyte are more stressed and
cracked.

The main problem of electrolytic alloys of
molybdenum is significant internal stresses in
coatings, which lead to cracking [22, 23]. To
solve this problem, several options have been
proposed: the addition of surfactants [24, 25],
the usage of pulsed electrolysis [26], the se-
lection of fundamentally different deposition
electrolytes [27], and the use of a constant
magnetic field [28, 29].

Comparing the cracking of CoMo coatings
deposited at a current density of 10 mA-cm™ in
natural and forced convection, we can draw a
similar conclusion that a coating growing at a
slower rate is less stressed. On the diffraction
patterns shown in Fig. 3, it is shown that, re-
gardless of the mass transfer regime and the
complex composition of electrolytes (for the
CoW alloy), all coatings are X-ray amorphous.
When the same amount of electricity is passed,
the CoW coatings from the alkaline citrate elec-
trolyte, which are released with a small current
efficiency, are deposited in a small thickness,
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and therefore, sharp peaks related to copper
can be seen in the diffraction pattern. Only
for the CoMo alloy deposited from the Cit-PPi
electrolyte, a peak of the Co,Mo intermetallic

A0pm. -, ,,ﬁ

Fig. 2. Surface morphology of CoW alloy coatings deposited from Cit (a, d) and Cit-PPi (b, e) electro-

compound is observed. The broad peak ob-
served for all samples in terms of the diffrac-
tion angle also corresponds to the formation of
Co,Mo and Co,W intermetallic compounds.

110 pm

lytes, as well as CoMo alloys (c, f) in the convective mass transfer mode (a, b, ¢) and without mixing (d, e, f).

A (Cit) convection
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Fig. 3. X-ray diffraction patterns of CoW and
CoMo alloys coatings deposited from Cit and
Cit-PPi electrolytes under various mass transfer
conditions.
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The dependences obtained in the study of
the influence of the mass transfer mode and the
conditions of deposition of coatings by tung-
sten and molybdenum alloys with cobalt on
their magnetic properties are shown in Fig. 4.
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It can be seen from the results that, despite the
similarity of the chemical composition and
structure, the coatings deposited from electro-
lytes of different complex compositions have
fundamentally different magnetic properties.
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Fig. 4. Magnetic hysteresis loops for CoW(a) and CoMo(b) alloys.

Table 2.

Magnetic hysteresis parameters of CoW and CoMo alloys.

CoW-Cit CoW-Cit-PPi CoMo-Cit-PPi
Parameter
stirring dift. stirring dift. stirring dift.
Ms, emu-cm? 30 3.8 45 22 380 300
Hc, Oe 85 275 50 70 72 60
Mr/Ms 0.73 0.61 0.20 0.37 0.25 0.32

First of all, it should be noted that the sa-
turation magnetization of molybdenum alloys
Ms (300-380 emu cm™) is an order of magni-
tude higher than that of tungsten alloys. Such
alloys reach saturation magnetization in low
strength fields, have a relatively low coercive
force (60-72 Oe), and are classified as magne-
tically soft materials in terms of their proper-
ties. In addition, the saturation magnetization
of all coatings obtained by mixing is signifi-
cantly higher than for alloys deposited under
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natural diffusion conditions. For CoW alloys,
there is also a difference between the proper-
ties of coatings deposited from electrolytes of
different complex compositions. For example,
the coatings obtained in the Cit electrolytes
are distinguished by a significantly higher
coefficient of loop rectangularity, i.e., their
properties are close to those of hard mag-
netic materials. Particularly distinguished is
the alloy deposited under natural convection
and having the lowest tungsten content, the
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properties of which are closest to those of
pure cobalt.

The magnetic properties of electrolytic co-
balt depend on its crystal structure [30] and,
consequently, on the conditions of deposition
and composition of electrolytes. The coercive
force of cobalt coatings varies over a wide range:
from 15 Oe for amorphous films to 380 Oe for
coatings with an hcp structure and a preferred
(002) orientation. The high coercive force and

the rectangular shape of the hysteresis loop in-
dicate that coatings with the crystal lattice of
hcp are deposited from the citrate electrolyte,
but the size of the crystals (2-3 nm) does not
make it possible to accurately identify and con-
firm this assumption by XRD.

The corrosion resistance of coatings de-
posited at current density of 10 mA-cm™ in a
corrosion solution of 1M KOH are presented
in table. 3.

-171gj, A em?

22 A

3

4
—— CoW - Cit-PPi convection

-5 1 CoW - Cit-PPi diffusion

CoW - Cit convection

—— CoW - Cit diffusion
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—— CoMo - Cit-PPi diffusion

-7 T T L}

-1,0 -0,8 -0,6 -0,4 E,V

0,2

) Fig. 5. Voltammetric curves of corrosion
of alloys in a solution of 1M KOH.

Table 3.

Corrosion resistance of coatings with CoW and CoMo alloys.

CoW-Cit CoW-Cit-PPi CoMo-Cit-PPi
Parameter
stirring diff. stirring diff. stirring diff.
-E, B -0.772 -0.801 -0.742 -0.760 -0.627 -0.637
g, Acm? 4.9 4.1 4.6 45 4.7 4.9
R, xOm-cm? 3.6 0.9 3.0 2.4 33 3.6

It can be noted that during the deposition
of alloys from polyligand electrolytes, the
mass transfer regime has practically no ef-
fect on the corrosion resistance of the alloys.
In terms of their corrosion resistance, alloys
deposited from the same electrolyte, but in
different hydrodynamic conditions, are very
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similar to each other. The only exception is
the coating containing the least amount of re-
fractory component and being the least cor-
rosion resistant. It should also be noted that
tungsten alloys are more prone to passivation
in an alkaline solution than molybdenum
alloys.
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CONCLUSIONS.

— The composition of cobalt complexes
in solution plays a key role in the formation
of electroactive particles on the cathode. In a
polyligand electrolyte, the deposition of me-
tals proceeds with kinetic control, regardless of
the presence or absence of mechanical mixing.
The deposition rate of alloys under these con-
ditions is much higher, with a slight increase
in the cracking of the coatings, which is typical
for such alloys.

— In alkaline citrate electrolyte, the hy-
drodynamic regime has the greatest influence
on the chemical composition and current ef-
ficiency of CoW alloys. Thus, the amount of
tungsten in the alloy during stirring increases
3 times, and the current efficiency of the alloy
increases 6 times compared to natural convec-
tion mode.

—  All obtained coatings are X-ray amor-
phous and it is not depend on the conditions
of deposition and the content of the refractory
component

—  Given the close chemical composition
and structure of the coatings, the differences in
magnetic and corrosion properties can be at-
tributed to the influence of the nature of the
refractory metal: for example, molybdenum al-
loys are magnetically soft materials, and tung-
sten alloys are close to magnetically hard.
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MOPIBHAHHA BNACTUBOCTEA CMJIABIB
CoW TA CoMo, OCAJXEHUX I3 JTYXXKHOI0

LINTPATHOIO TA LINTPATHO-MIPO®OC-
®ATHOI0 ENEKTPOJITIB
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Y po6oTi BUBYEHO XiMiYHMIT CK/Iafl, BUXif
3a CTPYMOM, BJIaCTMBOCTi OiHapHUX CIUIaBiB
CoMo ta CoW, 110 0cajiKeHi 3 Ty>KHOTO LIUT-
patHoro (Cit) Ta nurparHo-nipogocdarHoro
(Cit-PPi) enextponitiB. IlokasaHo, mo oc-
HOBHAa BIIMiHHICTb MOHO- Ta MOJiMTiraHTHUX
€/IEKTPOJITIB IIO/IATaE Y MeXaHi3Mi Ipolecy
Ta MBUJKOCTI IIPOXOJYKEHHA JIIMITYIOUMX CTa-
JIii1, 1110 IIEPERYIOTh YTBOPEHHIO €/IEKTPOXiMiY-
HO aKTMBHOIO KoMIUIeKCy. IIpu enekrponisi B
LUUTPATHOMY PO3YMHI JIMITYIOUOK CTafi€l0 €
MaconepenecenHs kommnekcip [CoCit ]*, a B
UTpaTHO-IipodochaTHOMY — IpoLieC IPOXO-
IUTD i3 KIHETUYHNMM KOHTPOJIEM, 3aBJAKN YOMY
TiApOAVHAMIYHNIT PEXMM HE3HAYHO BIUIMBAE
Ha BMICT MeTajiB Ta IIBUOKICTh IXHBOT'O OCa-
mxeHHA. [Tpy 1bOMy OKPUTTA CIIaBaMu, SAKi
OCaJPKYIOTbCA 3 MEHIIOK IMIBUJIKICTIO, € MEHII
TPILMHYBATVMI Ta HAIIPY>KEHUMI.

HesanexxHo Bif pe>XXuMy MacoIepeHOCY Ta
KOMIIJIEKCHOI'O CKJIaJjy €lIeKTPOJIITiB IIOKPUT-
TS CIUTaBaMu € peHTreHoamopduumu. lnpo-
KW MK, 110 CIIOCTEPIra€ThCsA /i1 BCiX 3pasKiB
3a BeIMYMHOI0 KyTa mudpakuii, Bifmosigae
yrBOpeHHI inTepmeranifis Co,Mo ta Co,W.
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3HaiiileHo, 0 Ipy OMM3bKOMY 3HA4YeHHi
BMICTy TYTOII/IABKOTO KOMIIOHEHTA B PEHTTe-
HOaMOp(HUX CIIaBaX BiIMIHHOCTI B MarHiT-
HUX Ta KOPO3IHMX B/IACTUBOCTAX IIOKPUT-
TiB BU3HAYAIOTbCA NMPUPOJOI TYTOIIABKOTO
MeTany. HamarHidyeHicTb HaCM4YeHHA CIIABiB
Moni6neny Ms (300-380 emu-cm™) € 3HauHO
BUIIIOK0, HDXK cItaBiB Bonbgpamy. Taki cra-
BJ [OCATAlOTb HAMaTrHi4YeHOCTi HACMYEHHA B
IIOJIAX MAJIOl HAIIPY>KEHOCTi, MalOTh BiTHOCHO
HU3bKY KoepuuTuBHy cuny (60-72 Oe) Ta 3a
CBOIMM B/IaCTUBOCTSAMM HajIeKaTh 10 MarHiTo-
M’sAKux MatepianiB. Kpim nporo, Hamaruive-
HiCTh HACMYEHHSA BCiX IOKPUTTIB, OTPUMaHUX
Ipy IepeMillyBaHHi, € 3HaYHO BUIOI0, HIX
I CIUIABiB, OCA[PKEHMX 32 YMOB IPUPOJHOI
mudysii. Ona cmasiB CoW Takox crocrte-
piraerbcsa BiZMIHHICTD MK BIACTUBOCTAMMU
IIOKPUTTIB, 110 OCA[KEHi 3 €JIeKTPOJIITIB Pi3-
HOTO KOMIIJIEKCHOTO CKaafy. Tak, MOKpuTTA,
orpumani B Cit-eeKTpOIiTi, Bifpi3HAIOTbCA
3HaYyHO OimbIIMM Koe(illieHTOM NpPsAMOKYT-
HOCTI 1eT/i, ToOTO 3a CBOIMU B/IACTUBOCTAMMU
HaO/IVDKAIOTbCS 10 MarHiTOTBEPAMX MaTepi-
aniB. Oco6MMBO BUJINAETHCS CIUIaB, 11O OYB
OCa/PKEHUI 32 YMOB IIPMPOJHOI KOHBEKILii Ta
Ma€ HajlMeHIIN BMICT Bonbdpamy, BIacTu-
BOCTI AKOTO HalOi1bII 6/IM3bKI 4O BIACTUBOC-
Tell 9MCTOro KOOABTY. 32 CBOEI0 KOPO3ilTHOIO
CTIMIKICTIO CITaBU, IO OCaJKEeHi 3 OJHOro
€/IEKTPOJIITY, ajie B PiSHUX TigpojMHaMid-
HIIX PEeXMMAX, € JyXKe CXOXIMM MiX co00Io.
BUHATOK CTaHOBUTH uIle IOKPUTTA, IO
MICTUTDh HaMIMEHINY KiJIbKiCThb TYTOIIIABKOTO
KOMIIOHEHTA Ta € HaJIMEHII KOPO3illHOCTiii-
kuM. Cr1ijf 3a3Ha4NTY, 1O CIUIaBY BOIbPpaMy
6ibllle CXMIBHI 0 TacUBAallii B Ty>)KHOMY PO3-
YIHi, HDK CIUIaBU MOTIiOfieHy.

KmrouoBi cnoBa: cruraB, KoOajbT, BOJIb-
dbpam, MonibneH, eneKTPOOCaKEHHS.

https://ucj.org.ua
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