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Electrochemical processes, taking place during alternating current treatment of alumi-
num, and dependence of morphology, chemical composition and electrical properties of
obtained surface on treatment regimes have been studied. The conditions, providing the
formation of selectively absorbing Al/Al208 coating in hydrochloric acid solutions, have
been determined. To improve the optical characteristics of such coatings we have elabo-
rated an electrochemical alternating current deposition of cupric oxide on their surface in
form of isolated CuO nanoparticles. The method is environmentally safe and does not
require any re-equipment. It provides an enhanced spectral selectivity due to increase of
sunlight absorption in visible spectral region without a significant emissivity increase in
the infrared one.

Hayuens! npoiiecchl, IIPOTEKAIOIINE OPH 9JEKTPOXUMUYECKON 00paboTKe allOMUHUA Iepe-
MeHHBIM ToKOM. HcciemoBaHa 3aBUCUMOCTb XMMHUUYECKOTO COCTaBa, MOP(OIOTUN U 3JIEKTPU-
YEeCKHX CBOMCTB IIOBEPXHOCTH OT peXXmMa o0paboTKU M OIpPeIelIeHbl YCIOBUA, HPU KOTOPBIX
B COJSHOKHCJBIX PacTBOpPax o6pasyioTcA CeJeKTHBHBbIE IIOTJomalonue Hokpeitua Al/AlyO,.
s yaydiieHUs ONTHUYECKUX XaPAKTePUCTUK TAKUX IIOKPBITUIN PaspaboTaH 3JIeKTPOXUMU-
YeCKHiI IIePEeMEeHHOTOKOBBLIM METOJ HAHECeHWsS HA HX II0BEPXHOCTbL OKCHULA MEeIH B BHIE
orpeabublx HamouacTul, CuQ. Merox Gesomaced ¢ 3KOJOIMUYECKOIl TOUKM 3peHud, He Tpebyer
3aMeHbl TEXHOJOTUYECKON OCHACTKU M IPUBOAUT K YBEJIWYEHHUIO CIIEKTPAJIBbHON CeJeKTUBHOC-
TU IMOKPBITUH 3a cueT pocra KOa(h(UIMEHTA MHOIVIOIM[EeHUs B BUAMMON objacTu ciexrtpa 0es
3aMEeTHOI'0 BO3PACTAHUA U3JIyUYaTeJIbHOHU CIIOCOOHOCTH B MH(MPaAKpPACHOU 06JsacTu.

© 2005 — Institute for Single Crystals

When developing the solar heat collec-
tors, the a great attention is given to the
application of effective selectively absorb-
ing coatings which could have absorptivity
for visible sunlight A; near 1 and emissivity
in infrared region ¢ — 0 [1, 2]. Such selec-
tive coatings, especially if they were in-
tended for use in flat non-vacuumed collec-
tors, are evaluated from the viewpoint of
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adhesion to substrate material, cost, sta-
bility against sunlight, elevated tempera-
tures and humidity, and ecological safety
of manufacture processes. The most often
used deposition methods for selectively ab-
sorbing coatings are direct-current elec-
trodeposition of chrome and nickel blacks.
As substrates, copper, aluminum or stain-
less steel are used.
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As an alternative, black cupric oxide
(CuO) selectively absorbing coatings have
been proposed that are obtained by chemical
deposition of CuO films [2] or by hydrolysis
of copper salts sprayed onto hot substrates
[3]. However, because the spectral selectiv-
ity A,/e for obtained CuO coatings is insuf-
ficient [2], it is recommended to use this
oxide only as a single layer in multilayered
selectively absorbing coating [3]. As another
alternative, it have been proposed [3, 4] to
form a selectively absorbing surface by elec-
trochemical anodizing to obtain about
100 nm thick films of black oxides on the
metal surface. Such anodized selectively ab-
sorbing coatings adhere well to the sub-
strate. To increase A, of these selective
coatings, the pores in anodic films adjacent
to substrate are filled with metal particles
absorbing visible light, using the electro-
chemical introduction thereof. For such
electrochemical pigmentation, the solutions
of copper, nickel and tin salts were used. To
reduce the emission in IR region, &, an an-
tireflective layer, for example, tin dioxide,
is applied onto the coating surface. A more
simple way to obtain selectively absorbing
Al/Al,O5 coatings by alternating current
electrochemical treatment of aluminum sur-
face is known [5]. The process is realized in
HC| solutions (2-5 %) at a high current
density (j = 0.87 A/em?). This method is
not widely used. In this work, we have
made attempts to improve of that method
with the aim to meet the ecological require-
ments as such as to improve the optical
characteristics of selectively absorbing coat-
ings. We have studied the mechanisms of
electrochemical processes running during
the alternating current treatment of alumi-
num in conditions described in [5]. Then we
have investigated dependence of chemical
composition, surface morphology, and elec-
trical properties of obtained Al/Al,O5 layers
on the deposition regimes. To enhance the
optical characteristics of selectively absorb-
ing Al/Al,O3 coatings, we have elaborated
an electrochemical alternating current
method to deposit an additive CuQO layer on
the surface thereof. The method is environ-
mentally safe and does not require any re-
equipment.

For electrochemical treatment, we used
30—-50 pm thick aluminum foil samples each
having 10 em? surface area; from here on,
the samples are referred to as working elec-
trodes. The working electrode back side was
electrically isolated by glued dielectric film.
As a current source, a generator of alter-
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nating sinusoidal symmetric currents was
used, the current frequency v being variable
in the range of 50-150 Hz and the ampli-
tude I in interval +10 A. The electrochemi-
cal cell consisted of a 700 ml thermostated
glass vessel containing a working electrode,
a stainless steel counter-electrode of
600 cm? area and saturated Ag/AgCl refer-
ence electrode of standard design, the work-
ing electrode potential U being determined
relatively to the reference one. The electro-
lyte temperature was constant (20°C).

As electrolytes for alternating current
treatment of aluminum to obtain selectively
absorbing Al/Al,O3 coatings 0.5-5 % hydro-
chloric acid solutions were used. Besides,
aluminum was treated in 1 % H,SO4. The
current density j was varied from 0.005 to
1.0 A/cm2. For subsequent alternating cur-
rent electrochemical introduction of copper
ions into Al/Al,O; structure, aluminium
oxide film blacking was used similar to [6].
To that end, we used the above described
current source and electrochemical cell. As
the electrolyte, sufficiently a solution con-
taining 1 % H,SO, and 0.2 % CuSO, was
used, i.e. at concentrations much lower
than those in [6]. The blacking was realized
at frequency v =120 Hz and working po-
tential U = 175 V during 3 min.

To study the mechanism of the electro-
chemical processes, chronopotentiometry
with controlled alternating current [7] was
used that provided the recording the time
dependence of working potential in the al-
ternating current circuit-oscillographic
chronopotentiogram (U-t-curve) on the os-
cillograph screen. Since the working elec-
trode functioned as cathode during one
half-period of alternating voltage and as
anode during another half-period, the re-
duction and oxidation stages were observed
in chronopotentiometry with controlled al-
ternating current. According to [7], for re-
versible electrochemical processes, the time
delays in anodic (right) and cathodic (left)
branches of oscillographic chronopoten-
tiograms had to take place at the same po-
tential. On the contrary, for irreversible
processes, either the anodic delay should
move to less negative potentials and
cathodic delay to more negative ones, or one
of the delays should be absent. So, the full
U-t-curve contained information on the na-
ture of electrochemically active compounds
(delay potential), their concentrations (delay
duration), and reversibility of the electro-
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chemical process (mutual arrangement of
the cathodic and anodic delay potentials).

The optical properties of the obtained ob-
jects were analyzed by a reflection photome-
ter FM-59 that allowed to determine A, in
the wavelength range 0.3 um <A < 2.4 pum,
and by thermoradiometer TRM "I" measuring
g in the wavelength range 4 pm < A <40 um.
The breakdown voltages of the coatings U,
were studied by a EMG-1579-102 TR Orion
characteriograph with the molybdenum
probe polished hemispherical surface of
100 um radius. Morphology of the samples
was studied using a JSM-820 electron mi-
croscope [8]. The composition of about
10 nm thick sample sublayer was deter-
mined by X-ray photoelectron spectroscopy
(XPS) on a XPS-800 Kratos spectrometer
using ratio of photoelectron spectra areas of
C1s, O2s and Cu3p, Al2p core levels taking
into account their sensitivity factors [8, 9].
The binding energy was calibrated using
C1s (E, = 285 eV) line as a reference. To
determine the copper valence, the shape of
Cu 2p core-level spectra was analyzed.

The mechanisms of electrochemical proc-
esses running in hydrochloric and sulfate
electrolytes have been studied compara-
tively. If the electrolyte did not contain
chloride ions, for example, if aluminium
was treated by sinusoidal alternating sym-
metric current at a frequency v of 50—
150 Hz in 1 % H,SO4, the oscillographic
chronopotentiograms, in accordance with
[7], demonstrated irreversible character of
electrochemical processes (Fig. 1a). Neglect-
ing the differences in absolute U wvalues,
which increased monotonously in 1 %
H,SO, during electrochemical treatment,
the cathodic (left) branches of oscil-
lographic chronopotentiograms in sulfate
electrolyte are similar to those recorded in
hydrochloric electrolyte (Fig. 1a—b), because
they had a single delay. As far as value of
such delay grew in accordance with increas-
ing of acid concentration from 0.5 % to
5 %, we have concluded that it corresponds
to the standard electrochemical reduction of
hydrogen. The anodic process in sulfate
electrolyte qualitatively differs from that in
hydrochloric acid. As it is seen in Fig. 1a,
the anodic (right) branches of oscillographic
chronopotentiograms in sulfuric acid solu-
tion show only one delay that could be cor-
responded to the process

2Al + 3H,0 - 6~ — AlLO3! + BH™.
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Fig. 1. Oscillographic chronopotentiograms (U-t-
curves) of alternating current electrochemical
treatments of Al (a,b) and electrochemical pigmen-
tation of Al/Al,O; (c) in regimes: 1 % H,SO,,
v =120 Hz, j = 0.02 A/cm? (a); 0.5 % HCI,
v=120 Hz, j =0.1 A/em2 (b); 1 % H,S0, +
0.2 % CuSO,, v = 120 Hz, j = 0.05 A/cm? (c).

In 1 % HySO, electrolyte, no etching of
the aluminum surface is obseved, on the
contrary, the growing of oxide film takes
place over the whole surface. The continuity
and high electric resistance of the films are
confirmed by breakdown voltage wvalues
U, 2 50 V for Al/Al,O4 films obtained by al-
ternating current treatment at U=175V
in 1 % Hy8O, during 10 minutes.

The oscillographic chronopotentiogram
shown in Fig. 1b is typical of processes run-
ning in 0.5-5 % HCI within the whole stud-
ied frequency range. It contains a single
delay in the cathodic branch and two delays
in the anodic one, moreover, the potentials
of cathodic and anodic delays have different
values, thus evidencing that these processes
are irreversible. The observed U-t-curve
shape is explained by the fact that, in ac-
cordance with [10], as an alternating cur-
rent flows through hydrochloric acid solu-
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tion, some products of chloride-ions dis-
charge are formed in anodic half-period. In
our opinion, the formed hypochlorite and
chlorate-ions cause aluminum oxidation.
The aluminum surface treated by alternat-
ing current in hydrochloric acidic solution
is etched on some areas due to formation of
poorly soluble AICl; salt, but on the others,
it becomes coated by insoluble oxide Al,Os.
This supposition is confirmed by X-ray pho-
toelectron spectroscopy examinations, which
have shown that such surface had commen-
surable amounts of aluminum and oxygen
ions but only traces of chlorine.

The morphology examinations of the sur-
faces obtained by different alternating cur-
rent treatments at v =50-150 Hz in 0.5-
5 % HCI have shown that at all frequencies,
the increasing acid concentration, as well as
electrolysis duration and current density,
results in growing surface micro-relief. The
latter, according to optical measurements,
agrees with increasing A, values. Fig. 2a
shows the black Al/Al,O; coating prepared
by alternating current treatment in 5 %
HCl at v= 75 Hz and j = 1.0 A/cm? during
2 min. The breakdown voltage Uy, for dif-
ferent areas of this coating wvaries from
0.5 V to 9.0 V. The coating has high-devel-
oped surface relief, the micro-roughness ex-
ceeding 10 um. The absorptivity of such
coating is sufficiently high (4, = 96 %). At
the same time, it exhibits a high emissivity
in IR region, namely € = 0.74, what is asso-
ciated, in our opinion, with the relief which
is commensurate with infrared light wave-
lengths. Due to the latter fact, the coating
is almost spectrally unselective.

Although j decreasing results in a worse
visible light absorption, it causes a consid-
erably reduced emission in IR region that
corresponds, to some extent, to increasing
A,/e. The dilution of hydrochloric acid also

causes a reduced € along with the reduction
of A,. A similar influence is due to decreas-
ing of electrochemical treatment duration.
For example, if HCl| concentration is 1 %
and current density j is 0.1 A/em?2, it is
possible to obtain at frequency v = 120 Hz
during 3 min (regime 1) black coatings hav-
ing A;,=0.90 and €= 0.58, and during
1 minute (regime 2), grey selective coatings
with optical parameters A, = 0.70 and € = 0.16,
for which spectral selectivity A /e equals
4.4. Electron-microscopic photo of the sur-
face prepared in regime 2 (shown on Fig.
2b), demonstrates the surface relief less de-
veloped as compared to that of Fig. 2a. Ac-
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Fig. 2. Electron-microscopic photos of Al sur-
faces, electrochemically treated by alternat-
ing current in regimes: 5 % HCI, v =75 Hz,
j=1.0 A/ecm?2; T = 2 min; optical parameters:
o, =0.96; £ =0.74 (a); 1 % HCI, v=120 Hz,
ji=0.1 A/cmz; T =1 min; optical parameters:
o, = 0.70; € = 0.16 (b); 0.5 % HCI, v =120 Hz,
j=10.1 A/em?; 1 =1 min; optical parameters:
o, = 0.42; £ = 0.10 (c).

cording to Fig. 2b, the film prepared in re-
gime 2 is characterized by micro-roughness
up to 5 um height which contain fine parti-
cles of several hundreds nanometers size,
i.e. commensurable with visible light wave-
lengths. For such films, the breakdown
voltage is to 10 V, evidencing existence of
thin dielectric oxide film on the aluminum
surface.

An further considerable decrease of hy-
drochloric acid concentration at the same
current density during the electrochemical
treatment influences negatively the coating
selectivity. For example, if HCI| concentra-
tion was 0.5 % and frequency was 120 Hz,
the electrochemical treatment during 1 min
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Fig. 8. Cu2p;, XPS-spectra of the Al sample
electrochemically treated by alternating cur-
rent during 10 min in 1 % H,SO, at v =120 Hz
and U =175 V, and then electrochemically
pigmented. The 3a spectrum was obtained
during first 100 s of the X-ray exposure, the
3b spectrum, after 40 min of the exposure.

results in a coating poorly absorbing in the
visible part of the spectrum with A, = 0.42
and € = 0.10. The film has a well developed
surface relief with rounded cavities about
5 pm in diameter. It is typical that fine
particles of sub-micrometric dimensions are
absent, that, in our opinion, is a cause of
its small absorption of short-wavelength
(visible) light. Electrical measurements gave
values of breakdown voltage U, > 100 V,
meaning the presence of a thick Al,Oj layer
on the surface of such coating. By decreas-
ing of current density values to j= 0.03-
0.06 A/em? in the case of electrochemical
treatment of Al in 0.5 % HCI at the same
frequency v = 120 Hz during 10 min (regime 3)
we have obtained thinner Al,O; films and
gray coatings with A, = 0.50, ¢ = 0.11.

In general, varying of parameters at the
alternating current electrochemical treat-
ment of aluminium in hydrochloric acid so-
lutions did not allowed us to obtain optical
selective coating with spectral selectivity
A /e > 4.5, what is in agreement with lit-
erature data [3, 5]. So we have decided to
enhance the absorption of sunlight by gray
Al/Al,O5 layers by alternating current elec-
trodeposition of CuO films on Al/Al,O3 sur-
face in diluted copper sulfate solution. It is
to note that alternating current electro-
chemical pigmentation of aluminum oxide
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films, associated by authors [5, 6] with in-
troduction of copper particles into Al,O3
pores, was utilized in much more concen-
trated acidic solutions. According to [10],
sinusoidal alternating symmetric current
treatment results in deposition of compact
Cu coatings on conducting substrates from
electrolyte containing CuSO, and H,SO,.

However, in very diluted solutions of
CuS0, (0.2 %) containing only 1 % H,SO,,
the alkalizing of near-electrode space along
with accumulation of cuprous ions (Cu*) in
the electrolyte volume may result in deposi-
tion of copper oxides and hydroxides on the
surface of working electrode [6]. To distin-
guish the mechanism of electrochemical
processes during the pigmentation in very
diluted acidic copper sulfate solutions, and
to analyze the physical-chemical nature of
pigmentation products, we investigated the
films treated previously by alternating cur-
rent in 0.5-5 % HCl or in 1 % H,SO,. Os-
cillographic chronopotentiograms of the al-
ternating current electrochemical pigmenta-
tion process (Fig. 1c) revealed their
irreversibility. The shape of U-t-curves is
independent of the nature of solutions in
which the previous alternating current
treatment of Al was realized (i.e. in 0.5—
5 % HCl or in 1 % H,80,), that allows to
suppose the identity of the pigmentation
processes and products for both types of
Al/Al,O4 surfaces.

The layer-by-layer analysis of the layers
obtained by alternating current pigmenta-
tion of surfaces treated previously in solu-
tions of hydrochloric and sulfuric acids,
also revealed their physical-chemical iden-
tity. Fig. 3 presents Cu2ps, photoelectron
spectra of the sample electrochemically
treated by alternating current during
10 min in 1 % H,SO, at frequency v = 120 Hz
and U =175 V, and then electrochemically
pigmented. The 3a spectrum is taken after
first 100 s, the 3b spectrum, after 40 min
of the X-ray exposure. The spectrum in Fig.
3a has a main line and a satellite structure
(E; = 943 eV), typical of Cu2* compounds
[11]. This is well-known "shake-up” satellite
attributed to charge transfer from ligand to
unoccupied 3d Cu level in the final state of
photoemission. It is absent in spectra of Cu®*
compounds. The intensity of this peak is
about 50 % of the main line in CuQO spec-
trum. The main line in Fig. 8a can be sub-
divided into two lines that differ in binding
energy by about 2 eV. Line 1 has binding
energy typical of Cu,O but line 2 can be

Functional materials, 12, 3, 2005



N.P.Klochko et al. / Utilization of alternating ...

ascribed both to CuO and to Cu(OH),. It is
clear from Fig. 3 that Cu2* under X-ray ir-
radiation during the exposure in ultrahigh
vacuum transforms into Cu?*, because the
spectrum in Fig. 8b is typical for Cu,O. We
have not found in literature any data on
decomposition of massive cupric oxide sam-
ples under X-ray irradiation. Such behavior
of CuO film can be explained by peculiarity
of its structure, which allows easy reduc-
tion as a result of X-ray irradiation [12].
Quantitative analysis of surface composition
shows (see Table) that cupric oxide film is
non-continuous, since aluminum lines (in
Al,O5 state) have a rather high intensity.
Moreover, signals from sulfur are absent in
the spectrum. The Table also demonstrates
the surface composition of this sample after
removing of 50 nm thick surface layer by
ion bombardment (Ar*, E =2 keV). It is
clear that sputtering of such surface layer
practically removes hydrocarbon contamina-
tion and adsorbed oxygen, but did not de-
crease relative concentration of copper. In-
dependent of chemical nature of the electro-
lytes, the particles obtained by
electrochemical pigmentation were consisted
mainly of CuO and were deposited as a rule
in pores of Al,O; films. The Al,O5 surface
remained partly uncovered with copper ox-
ides. Electron-microscopic photo (Fig. 4a) of
the sample having the XPS-spectrum shown
in Fig. 3a and atomic composition presented
in the Table demonstrates smooth (within
20 nm of resolution) surface with isolated
white, i.e. having large emittivity, particles
of CuO — more conductive material than
Al,O5 [13] filling the pores of the anodic
film.

Electrochemical deposition of CuO al-
lowed to enhance the absorption of sunlight
(short-wavelength radiation) in the coating
without significant increasing of its emis-
sion in IR region. Fig. 4b shows electron-
microscopic photo of surface treated in
0.5 % HCI at j=0.03-0.06 A/cm?2 and
v =120 Hz during 10 min (regime 3) fol-

Spum

Fig. 4. Electron-microscopic  photos of
Al/Al,O; surfaces electrochemically pig-

mented in solution 1 % H,SO,+ 0.2 %
CuSO,. The surfaces were obtained by alter-
nating current electrochemical treatment of
Al in regimes: 1 % H,SO,4, v =120 Hz, j de-
creases monotonously at U=175 V, 1=
10 min (a); 0.5 % HCI, v=120 Hz, j = 0.03-
0.06 A/ecm2; =10 min (b). Optical pa-
rameters of Al/Al,O; surface prior to pig-
mentation: o, = 0.50; ¢ = 0.11; optical pa-
rameters after CuO deposition on Al/Al,O5:
o, =0.82; ¢ = 0.115.

lowed by electrochemical pigmentation in
diluted acidic solution of copper sulfate. As
it is seen in Fig. 4b, the result of alternat-
ing current electrochemical pigmentation is
multiphase and different scale fine-cellular
surface. The similar size and contrast of
white particles in Fig. 4a and Fig. 4b give
evidence to their identical nature, thus, iso-
lated islands of CuO electrodeposited on the
aluminum surface preliminarily etched in

Table. Atomic concentrations of elements on surface of Al beforehand electrochemically treated
by alternating current during 10 min in 1 % H,80, at frequency v = 120 Hz and then electro-
chemically pigmented in solution consisted from 1 % H,SO, + 0.2 % CuSO, at frequency
v = 120 Hz and potential of working electrode U = 175 V during 38 min

Sample Al/Al,O5/CuO

Elemental composition, at.%

(@) Al Cu

Surface as-prepared 20.8 50.4 25.9 2.9

Surface after removing of 50 nm thick 45.2 46.0 4.8
layer by ion bombardment
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diluted HCI| solution (Fig. 4b) gives rise to
micro-roughness of several hundreds of
nanometers size, i.e of same order as visible
light wavelengths. The light absorption in-
herent in CuO and formation of additive
micro-roughness of cupric oxide particles
commensurate with visible light wave-
lengths alongside with micro-roughness of
Al/Al,Q5, in our opinion, is resulted in in-
creased absorption of sunlight (A, = 0.82),
that, in combination with low emissivity
(¢ =0.115) for film presented in Fig. 4b,

provides a high spectral selectivity
Ag/e = T.1.
Thus, in this work, determined have

been the mechanisms of alternating current
electrochemical processes due to which alu-
minum surfaces are partly etched and
partly coated by oxide Al,O3 during treat-
ment in diluted solutions of hydrochloric
acid, and therefore selectively absorbing
Al/Al,O5 coatings are formed. The electro-
chemical pigmentation of Al/Al,O5 coatings
by alternating current treatment in diluted
acidic solution of copper sulfate is associ-
ated with electrodeposition of isolated CuO
islands on the electrochemically treated alu-
minum surface, due to which additive
nanoparticles of several hundreds nanome-
ters size are formed. This provides an en-
hanced absorption of sunlight without sig-
nificant increase of the emissivity in infra-
red region.
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BukopucraHHA 3MiHHOCTPYMOBHMX €JE€KTPOXiMiuHMX
METO/JiB 3 METOI0 BUTOTHBJICHHSA CEJIEKTHBHHUX
NMOTJIMHAIOYMX MOKPHUTTIB TEeNJIOBMX KOJEKTOPiB

H.Il1.Knouko, H./[.Boarxoéa, B.B.Cmapikoé, B.P.Konau,
M.B.Jlobpomeéopcvra, II.B.Mameiuenko, B.O.Hogirxose

BuBueno mnporecu, saki BigOyBalTbCA TPOTATOM eJNeKTPoxXimiumoi 00pobKM amoMiHiio
3MiHHUM cTpyMoM. JoCHifiskeHo 3aleKHicTh XiMiuHOTO CKJIaLy, Mopdosorii Ta eJeKTPUUHUX
BJIACTUBOCTEH TMOBEPXOHb BiJl peKUMiB 0OpOOKU i BUSHAUEHO YMOBU, 38 AKUX B COJSIHOKIUIC-
JUX POSUMHAX MOMKYTh OYTH BHIOTOBIeHI cenexTuBHI norammawoui moxpurra AlAILO,. 3
METOI0 IIOJIMNIIeHHS ONTUYHHUX BJIACTUBOCTElI TAKHUX MHOKPHUTTIBE PO3PO0JIEHO 3MiHHOCTPYMO-
BUIl eJeKTPOXiMiuHMI MeTOoJ HaHEeCeHHA HA IX IIOBEPXHIO OKcuay Mimi y dopmi oxpemux
manouactTuHOK CUuO. Merox € 0OesleuHMM 3 EKOJIOTIYHOIO HOIISALYy, He IoTpebye saminm
TeXHOJOTriuHol OCHACTKM 1 mpuBOAUTE M0 30iJbIIEHHS CHEKTPAJbHOI CEJeKTHBHOCTI IIO-
KPUTTIiB BHACHIZOK IigBuineHHA KoedilieHTa MOrJIMHAHHA Yy BHAUMIN YacTUHI COHAYHOTO
creKkTpa 6e3 IOMITHOrO 3pOCTAHHSA 34ATHOCTL 10 BUIPOMIHIOBAHHSA B iH()pauepBoHill uacTuHi.
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