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MULTILAYER ION-PLASMA COATING CR-AL-CO-Y AND ITS PHASE COMPOSITION

Abstract. As is known, the search for new high-temperature coatings is associated first of all with the
optimization of the chemical composition of new compositions with the development and mastering of new
technological processes as well as with the use of newly created coatings [1]. The basic system of heat-
resistant coatings is Me-Cr-Al, where Fe, Co, Ni, etc. can act as Me [2].

In this work technological modes of ion-plasma coating of the Co-Cr-Al-Y composition with a controlled
concentration of constituent elements have been developed. As a result of using the technology of plasma
spraying by means of a magnetron system with dual magnetrons, a method of applying multilayer coatings
with a controlled concentration of Co-Cr-Al-Y has been developed. Due to the application of this method,
dense coatings with a thickness of 2 = 0.2 pm are formed.

The main limiting factor was that cobalt, being a ferromagnet, closes the lines of the magnetic system of
the magnetron transferring it to the diode mode of operation, which makes it impossible to use a disk cobalt
target. To solve this problem a composite target was used.

Metal discs were inserted into the erosion zone of the aluminum disc (matrix), the amount (cobalt - 6 pcs,
yttrium - 1 pc.) the diameter of which was chosen in proportion to the coefficient of sputtering of this element
and its required concentration in the final coating. As a result of the partial closure of the magnetic lines of the
magnetron, the discharge did not go into the diode mode, which made it possible to control the power density
on the target and control the composition of the resulting final coating.

The research results show that the Co-Cr-Al-Y system forms dense coatings without a pronounced
columnar structure typical for metal coatings. The thickness of all synthesized Co-Cr-Al-Y coatings is 2 + 0.2
um. According to the energy dispersive analysis data, the chromium concentration in the coating increases
with an increase in the number of layers with a proportional decrease in the amount of cobalt which is
associated with the effect of a type 2 layer with an increased chromium concentration.

The studies of the structural-phase state of the composite coating also made it possible to ascertain the
formation of an amorphous Co/Al matrix with nanosized Cr and Y crystallites distributed in the thickness of
the coating.

Key words: coating, structural-phase state, blades of gas-turbine engines, tribology, ion-plasma spraying.

Introduction. The overwhelming majority of
heat-shielding coatings including those for gas
turbine blades have a principle of operation based
on the ability of the surface layer of such coatings
to oxidize with the formation of a protective film
based on aluminum oxide AI203 [3]. The chemical
composition (and mainly the amount of aluminum)
is the main factor that determines the performance
and other protective properties of such coatings.
Therefore in the bulk of work on the study of heat-
shielding coatings the main attention is paid to
establishing the relationship between the composition

of the coating and its protective properties. The
relationship between the structure and properties of
the coating is analyzed to a lesser extent.

However, all the accumulated experience in the
development and operation of gas turbines shows
that in addition to the chemical composition, one
of the most important characteristics of the heat-
resistant coating should be considered its structure.
The structure of the coating determines not only
its strength, plasticity, fracture toughness, fatigue
resistance and other properties, but also heat
resistance [4]. Obtaining an optimal structure is
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an important condition for achieving the required
properties of coatings [5].

Therefore, further development, industrial
mastering and widespread use of new effective heat-
resistant coatings and progressive fundamentally
new technologies for their creation are undoubtedly
associated with the need to conduct deep systematic
structural studies of these coatings at all stages of their
creation and operation, to identify general patterns of
structure formation of both coating materials and the
coating itself, the diffusion interaction of the coating
with the protected heat-resistant alloy and with the
protective oxide film, the processes of changes and
degradation of the structure under the influence of
a wide variety of external factors, determining the
role and mechanisms of the influence of a specific
alloying element or a complex of such elements on
the formation of the structure and properties of the
coating in the process of deposition and technological
heat treatment on the dynamics of degradation of
both structure and properties during operation [6].

The peculiarities of the coating composition
chosen by the authors are due to the following
factors: Cr - is intended to prevent high-temperature
corrosion, but its use concerns only the effect of
impact on the substrate and has an effect on the
formation of a coating layer with the help of it; Al
- mass content does not exceed 10-12%. Oxidation
can be prevented by increasing the aluminum content,
but this can also cause a decrease in the ductility
of the coating; Y is able to significantly increase
the adhesion of the oxide layer. It is also capable
of forming rods connecting the oxide layer and the
coating. But the main function of using yttrium is
the ability to form compounds with sulfur, which
prevent fission of the oxide layer; Co - significantly
increases the resistance to natural oxidation, but
also leads to a decrease in the melting temperature
of the coating of the blades, and also contributes to
an increase in the resistance of the blades to cyclic
or isothermal oxidation [7]. This composition has
a set of properties due to which this material is the
best. It has one of the lowest among all ceramic
materials coefficient of specific thermal conductivity
at elevated temperatures (>2, W/(m*K) at 1000°C)
due to a high concentration of point defects, as well
as a relatively high temperature coefficient of linear
expansion [8].

As is known, high values of the performance
properties of various materials are achieved due to
changes in a wide range of structural characteristics
of materials: type, number and size of phases; density,
nature and distribution of crystal structure defects
and many other factors. Therefore it is necessary in
our opinion to carry out a comprehensive study of

the structural-phase state (SEM, TEM, XRD), the
results of which will allow obtaining complete data
on the structural-phase state of the applied composite
coatings.

The aim of this work is to develop optimal modes
of plasma spraying of a multilayer coating of the
Co-Cr-Al-Y composition by means of a magnetron
system with dual magnetrons with a controlled
concentration of constituent elements as well as to
study the structural-phase state of the composite
coating.

Methods and materials. The coating was
carried out on an ion-plasma installation “National
Research Tomsk Polytechnic University” [9], which
is a vacuum chamber with two magnetron sputtering
systems of an unbalanced type and an ion source with
a closed electron drift. The vacuum chamber of the
installation is a sealed volume with a diameter of 500
mm and a height of 300 mm, equipped with flanges
of various diameters for connecting vacuum fittings,
vacuum sensors and other necessary devices (Fig. 1).

The gas supply and regulation system is
represented by Bronkhorst ELFLOW precision mass
flow controllers with an adjustment accuracy of 0.01
ml/min. Temperature control of samples is carried
out by means of chromel - alumel thermocouple
(range of measured temperatures 200-1100 ° C).

/

Figure 1 - Scheme (a) and external view (b) of the
ion-plasma installation: 1 - magnetron sputtering
systems; 2 - ion source with closed electron drift; 3
- substrate holder with heating function
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When developing a method of coating the
composition Co-Cr-Al-Y with a controlled
concentration of constituent elements the main
limiting factor was that cobalt, being a ferromagnet,
closes the lines of the magnetic system of the
magnetron, transferring it to the diode mode of
operation, which makes it impossible to use a disk
cobalt target.

To solve this problem a composite target was used.
Metal discs were inserted into the erosion zone of the
aluminum disc (matrix), the amount (cobalt - 6 pcs,
yttrium - 1 pc.) the diameter of which was chosen
in proportion to the coefficient of sputtering of this
element and its required concentration in the final
coating (Fig. 3). As a result of partial closure of the
magnetic lines of the magnetron, the discharge did
not go into the diode mode, which made it possible
to control the power density on the target and control
the composition of the resulting final coating (Fig. 4).

Figure 3 - Composite target Co, Y/Al matrix
with targets Co/Al/Y and Cr

Co/AllY

Figure 4 - Discharge plasma of dual magnetrons

To obtain multilayer Co-Cr-Al-Y coatings a
magnetron system with dual magnetrons with a pulse
frequency of 40 kHz and a duty cycle of 0.5 was used.
A single-crystal silicon substrate was placed in the
geometrical focus of magnetrons at a distance of 15
cm. Before deposition the substrate was cleaned with
an Ar + ion source with an accelerating voltage of
3.5 kV for 30 min. The concentration of constituent
elements in the coating was controlled by the power
supplied to the Co/Al/Y and Cr targets.

For spraying multilayer coatings with different
concentrations of elements of the Co-Cr-Al-Y series,
the following optimal parameters were selected:

Layer 1: Co/Al/Y magnetron current - 0.5 A, Co/
Al/Y magnetron voltage - 450 V.

Cr magnetron current - 0.3 A, Cr magnetron
voltage - 320 V.

Layer 2: Co/Al/Y magnetron current - 0.5 A, Co/
Al/Y magnetron voltage - 450 V.

Cr magnetron current - 0.6 A, Cr magnetron
voltage - 380 V.

The thickness of the layers was controlled by the
deposition time. Coatings of 1, 2, 4, and § alternating
layers were deposited onto a water-cooled substrate.

The study of the structure and composition of the
coatings was carried out using FEI QUANTA 3D and
JEOL JEM-2100F electron microscopes.

X-ray phase analysis was performed on a
Shimadzu XRD 6000 device with a Cu anode Ka (A
= 0.154 nm) by the sliding beam method (shooting
angle 15%) in the range 26 = 20 + 80°. In view of
the low intensity of the peaks, the initial signal was
approximated by Gaussian curves.

The structural-phase state and elemental
composition were determined by scanning electron
microscopy using a JSM-6390LV scanning electron
microscope (JEOL, Japan) (EDX) INCA ENERGY
(Oxford Instruments, UK). Accelerating voltage
up to 30 kV; resolution up to 3 nm, instrument
magnification up to x300,000. Samples were placed
in a mold with a diameter of 30 mm, filled with epoxy
filler, dried, then the resulting washer was ground and
polished.

The number of layers, their thickness, uniformity
of thickness along the length, coating defects of
all kinds, the structure of the layer and transitional
diffusion zones were investigated on a thin section
made across the sample with a coating. We used the
method of oblique cut with cut angle a. The observed
layer thickness s turns out to be increased to s. The
maximum increase is achieved at the minimum
angles of inclination. In this case, the angle of the
oblique cut was a = 2 °. The measurement error of
the layer thickness decreases with an improvement
in surface quality, an increase in layer thickness and
microscopic magnification

Results and discussion.

Scanning microscopy results. The study of
the structure and composition of the coatings was
carried out using electron microscopy. The results of
the study of microscopy of the cross-section of the
coatings and the corresponding energy dispersive
spectra are shown in Figures 5-8.
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Figure 5 —a) SEM microscopy of the cross-section of the coating (single layer coating);
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Figure 7 - a) SEM microscopy of the cross-section of the coating (four-layer coating);
b) energy dispersive spectrum of the cross-section of the coating
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Figure 8 —a) SEM microscopy of the cross-section of the coating (eight-layer coating); b) energy
dispersive spectrum of the cross-section of the coating
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SEM measurements show that the Co-Cr-Al-Y
system forms dense coatings without the pronounced
columnar structure characteristic of metal coatings.
The thickness of all synthesized Co-Cr-Al-Y coatings
is 2 £ 0.2 um. According to the energy dispersive
analysis data, the chromium concentration in the
coating increases with an increase in the number of
layers with a proportional decrease in the amount of
cobalt, which is associated with the effect of a type 2
layer with an increased chromium concentration. The
detection of a large amount of silicon as a result of
EDS measurements is associated with the peculiarity
of the method and the detection of the signal from
the substrate; therefore it may not be taken into
account when measuring the mutual concentrations
of the elements of the Co-Cr-Al-Y system. The
presence of an oxygen peak in the EDS spectrum is
due to its adsorption on the cut surface after being
removed from the vacuum chamber. Due to the fact
that the layers use the same group of elements, it is
impossible to achieve a clear separation of layers by
scanning microscopy.

substrate

Transmission  microscopy results confirm
SEM and EDS measurements. The transmission
microscope images show clear layer boundaries for
each type of multilayer coating. Elemental mapping
by constituent elements showed that with a relatively
uniform distribution of Al and Y in the thickness
of the coating, the layers of enriched/depleted Co/
Cr alternate in accordance with the parameters of
magnetron sputtering.

A large amount of Y in the substrate during
elemental mapping is associated with the
superposition of the Y and Si spectra in the EDS
spectrum. A distinctive feature of the synthesized
layers is the almost complete absence of a crystal
structure for all types of synthesized multilayer Co-
Cr-Al-Y coatings, which is most likely associated
with the amorphizing properties of cobalt and its
tendency to form metallic glasses.

Transmission microscopy. Transmission micro-
scopy results confirm SEM and EDS measurements.
Figures 9-12 show transmission microscopy images
and associated elemental mapping.
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Figure 9 - TEM microscopy of the cross-section of the coating and its elemental mapping (single-layer
coating)
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Figure 10 - TEM microscopy of the cross-section of the coating and its elemental mapping (two-layer
coating)
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Figure 12 - TEM microscopy of the cross-section of the coating and its elemental mapping (eight-layer
coating)

The transmission microscope images show clear
layer boundaries for each type of multilayer coating.
Elemental mapping by constituent elements showed
that with a relatively uniform distribution of Al and Y
in the coating thickness, the enriched/depleted Co/Cr
layers alternate in accordance with the parameters of
magnetron sputtering described in the first chapter. A
large amount of Y in the substrate during elemental
mapping is associated with the superposition of the Y
and Si spectra in the EDS spectrum.

A distinctive feature of the synthesized layers is
the almost complete absence of a crystal structure
for all types of synthesized multilayer Co-Cr-Al-Y
coatings which is most likely associated with the
amorphizing properties of cobalt and its tendency to
form metallic glasses.

X-ray phase analysis. For all synthesized Co-Cr-
Al-Y coatings the main peaks can be distinguished:
20 ~30° and 57°. The dominant Cr (110) peak at 26 =
43° pronounced for multilayer coatings of 2-8 layers
and much less intense for a single-layer coating. This
correlates with the significantly lower concentration
of Cr in the single layer coating as measured by EDS.

Fourth order peaks Y (411) and Y (444).

The absence of the Co and Al peaks is probably
due to the fact that they form an X-ray amorphous
layer which is confirmed by the results of transmission
microscopy TEM. Summarizing the results of
TEM and XRD, we can state the formation of an
amorphous Co/Al matrix with nanosized Cr and Y
crystallites distributed in the thickness of the coating.
The formation of intermetallic compounds in the
deposited Co-Cr-Al-Y system was not detected.

Conclusions. As a result of using the technology
of plasma spraying by means of a magnetron
system with dual magnetrons, a method of applying
multilayer coatings with a controlled concentration
of Co-Cr-Al-Y without a pronounced columnar
structure and practically no crystal structure has been
developed. Due to the application of this method,
dense coatings with a thickness of 2 + 0.2 ym are
formed.

Summarizing the results of TEM and XRD
analyzes we can state the formation of an amorphous
Co / Al matrix with Cr and Y nanocrystals distributed
in the thickness of the coating.
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The conducted studies of the structural-phase
state of the composite coating in the future will make
it possible to apply the obtained dependencies and
evaluate the structural factors that give the maximum
contribution to the operational properties of
finished products as well as make it possible to give
recommendations for improving surface engineering

Gratitude. The work was carried out within the
framework of the project of the Ministry of Education
and Science of the Republic of Kazakhstan No.
306/2020 (contract No. 113 dated June 01, 2020)
«Creation of composite coatings to improve the
operational properties of critical units of industrial
equipmenty (2020 - 2022).
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KOII KATTbI HOHABIK-IIJIASMAJIBIK KABBIJITAY CR-AL-CO-Y )KOHE OHbIH ®A3AJIBIK
KYPAMBI

Annortanus. blcTeikka Te3iM/1i )kaHa XKaOBIHIAPIBI 137I€Y, €H aJ1IbIMEH, )KaHa TEXHOJIOTUSUITBIK ITPOIIeCTeP i
o3ipIiey KoHe Wrepy apKbUIbI jKaHa KOCBUIBICTAP/IBIH XUMHSIIBIK KYPAMBbIH OHTAaWIaHIBIPYMEH, COHIai-aK
YKaHaJlaH JKacalFaH >KaObIHAapAbl KoaHyMeH OaimaHbIcThI [1]. blcThiKKa Te3iMi skaOBIHAAPABIH HET13Ti
xy#eci — Me-Cr-Al, mynna Fe, Co, Ni xone T.0. Me peTine opekeT ete anazisl [2].

Byn skympIcTa KypaMaac aJeMeHTTep/IiH OakplIaHaThiH KOHIEeHTpanusicbiMeH Co-Cr-Al-Y kypaMbiHaH
WOHJIBI-TUTa3MAaJIBIK  JKAOBIH/IBI JKaFy[bIH TEXHOJOTHSUIBIK peXuMaepi o3ipmeHmi. Koc MarHeTpoHIbI
MarHeTPOH/IBI KYHEHIH KOMETIMEeH IIa3MalbIK OYPKY TEXHOJOTHSCHIH KonjaaHy HoTmkeciHae Co-Cr-Al-y
0aKbITaHATHIH KOHIIEHTPAIUSCHI Oap KO Ka0aTThI KaObIHIAP bl KOJIIAHY S1C1 JKaCaIbI, OCBI 9ICTI KOJIIaHY
apKaChIHAA KaTbIHIBIFBI 2 + 0,2 MKM THIFBI3 jKaObIHIAp Maliaa Oonaibl.

Heri3ri mekrey hakropsr ko0ansT heppomMarHeTuk 00Jia OTHIPHIN, MAarHETPOHHBIH MATHUTTIK KYWECIHIH
CBI3BIKTAPBIH JKAYbIN, OHBI JTUOJTHIH JKYMBIC PEXHMIHE KOSAbl. Byi nuck koOanbT HBICAHBIH KOJAaHYFa
MYMKIHAIK OepMeriai. MoceleHi menty Yo Kypama HbICaHa KOJIJaHBLUI/BL.

AJIOMUHMNA JHUCKICIHIH 3po3us aiMarblHa (MarTpuila) MeTalll TUCKIJIep EHTI3UI, ONap[blH CaHbI
(k00anbT 6 MaHa xkoHe UTTpUl | AaHa) )KOHE TUAMETPI OCHI JIEMEHTTIH OYpKY KO PHUIMESHTIHE )KOHE OHBIH
COHFBI KaOBIH/IBIJIAFbI KAKETTI KOHIIEHTPAIUACHIHA MTPOMOPIIMOHAT TaHAAIAbl. MarHeTpOHHBIH MarHUTTIK
CBI3BIKTAPBIHBIH iIIiHAPA TYHBIKTATYbl HOTHXKECIHJIE Pa3psl TUOJ PeKUMIHE OTIei, Oyl HbICAaHAAPAaFhl
KyaT THIFBI3JIBIFBIH PETTEYTE )KOHE aJIbIHFAH COHFBI )KaOBIHHBIH KYPaMbIH OacKapyFa MYMKIHJIIK Oepeti.

3eprrey HoTmwkenepi OoibiHma CO-Cr-Al-Y sxyieci Merann >xaOblHOapra TOH alKbIH OaraHasibl
KYPBUIBIMCBI3 TBHIFBI3 JKaOBIHAApabl Kypaiael. bapnbik cuaTe3nenreH Co-Cr-Al-Y  xaObIHAapBIHBIH
KaNbIHIABIFBl 2+0,2 MKM Kypaiapl. DHEprus AUCIEPCHSCHIH TayjayFa CoWKec, XaOBIHIBIIAFhl XPOM
KOHIICHTPAIMSCH KadaTTap CaHBIHBIH YJIFAIOBIMEH, KOOAIBT MOJIIEePiHIH MPOMOPIIHOHAIIE TOMEHICYIMEH
aprazpl, OYJI XpOM KOHIIEHTPAIUSACHIHBIH KOFapbUIaybIMEH 2 TUTITI KA0ATTHIH ocepiMeH OalTaHbICTHI.

KoMImo3unusuibik skaObIHHBIH KYPBUTBIMABIK-(ha3ajblK KYHiH 3epTTey COHbIMEH Karap HaHoemmemai CR
koHe Y KpUCTATUTTEPiHIH )KaObIH KaNbIHAbIFbIHA TapanFaH Co/Al aMop(dThl MaTpHUITACKIHBIH KATBIITACYBIH
aHBIKTayFa MYMKIHJIIK Oep/ii.

Tyiiin ce3mep: »aObIH, KYPBUIBIMIBIK-(ha3aiblK Kyi, ra3TypOnHAIBIK KO3FAITKBIIITAP/IBIH KaJaKTaphl,
TPUOOIIOTHSI, HOH-TIA3MAJIBIK OYPKY.
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MHOI'OCJIOMHOE HOHHO-IIJIASMEHHOE IMOKPBITUE CR-AL-CO-Y U ET'O ®A30BbIi1
COCTAB

AnnHoranusi. Kak M3BeCTHO, MOMCK HOBBIX >KAapPONPOYHBIX MOKPBITHH CBs3aH, IMPEKAE BCEro, C
ONTUMHM3ALUEH XUMUUECKOTO COCTaBa HOBBIX COCTABOB C pa3pabOTKOM M 0CBOCHUEM HOBBIX TEXHOJIOTHYECKUX
MIPOIIECCOB, a TAKXKE C UCIIOJIb30BAHNEM BHOBb CO3/IaHHBIX MOKPBITHH [ 1]. OCHOBHAS cuCcTEMa TEPMOCTOMKHIX
nokpeiTuii - Me-Cr-Al, e B kauectBe Me mMoryT BeicTynars Fe, Co, Ni u ap. [2].

B nannoit pabote pa3paboTaHbl TEXHOJIOTHYECKHE PEKUMbI HOHHO-TUIa3MEHHOTO HAHECEHHS TTOKPBITHS
u3 cocraBa Co-Cr-Al-Y ¢ KOHTpoJupyeMoil KOHICHTpaLUeld COCTaBISIOIIMX 3JIeMEHTOB. B pesynbrare
WCTIOJIb30BAHUSI TEXHOJOTHU TNIA3MEHHOTO HAIBUICHUS! ¢ IOMOLIbIO MarHETPOHHOW CHCTEMBI C JBOMHBIMU
MarHeTpoHamu OblT pa3paboTaH METOA HAaHECEHHMsS MHOTOCIOMHBIX MOKPBITHH € KOHTPOIMpPYEMOH
konueHntpanueit Co-Cr-Al-Y. bnarogapss nmpuMeHEHHIO 3TOrO MeToja, O0pa3yloTCs IUIOTHBIC MOKPBITHS
TOIIMHOM 2 + 0,2 MKM.

OCHOBHBIM JTUMHTUPYIOIUM (PAKTOPOM OBLIO TO, YTO KOOAJIBT, SBJSISICH (DEppOMAarHETUKOM, 3aMbIKAeT
JIMHAY MATHUTHOM CHCTEMbI MATHETPOHA, IEPEBO/IS €0 B IMOAHBIN PeKUM paboThI, 4TO e/IaeT HEBO3ZMOKHBIM
HCIIOJIb30BAHUE JIUCKOBOM KOOAJILTOBOM MUILICHH. J{J1s petieHust 3Toi mpoOaeMbl CIOIb30BaIaCh COCTABHAS
MUILEHb.

B 30HY 3po3un antoMUHHEBOIO AKCKa (MaTpulia) BCTABISUINCH JUCKH METAJUIOB, KOJIMUYECTBO (KOOANILT 6
LIT ¥ UTTPHH | IT) M TMaMeTp KOTOPBIX BEIOMpACs MPONOPLHUOHATEHO KO3(D(DUIIMEHTY PACTIBUICHHSI JAHHOTO
3NIeMEHTa U TpeOyeMol KOHIIEHTPAIH €ro B UTOTOBOM HOKPBITHH. B pesynbrare 4acTUYHOTO 3aMbIKaHMS
MarHUTHBIX JIMHUA MarHeTpoHa pasps] He MepeXOouil B JUOIHBIA PEXHM, YTO IO3BOJISIIO PETYIMPOBATh
IUIOTHOCTH MOIIHOCTH HAa MUILIEHH U YIPABISATH COCTABOM MOIY4aeMOT0 HTOTOBOTO MOKPBITHSL.

[To pesynwratam uccienoBanuii BuaHO, 4to cucreMa Co-Cr-Al-Y dopmupyer mioTHble MOKphITHS 0€3
SPKO BBIPAKCHHOW CTOJIOYATON CTPYKTYpPBI, XapaKTepHOH AJIsl METATIMUYECKUX MOKphITHH. ToimuHa Beex
cunTe3upoBaHHbIx Co-Cr-Al-Y nokpeituii paBHa 2+0,2 MxM. CoIiacHO JAaHHBIM SHEPTOIUCIIEPCHOHHOTO
aHaJM3a, KOHIICHTPALUS XpOMa B TOKPHITUH PACTET C YBEJIMYCHUEM KOIIMYECTBA CJIOEB, C IPOIOPIHOHATIEHBIM
yYMEHBILICHHEM KOJMUECTBA KOOAJIbTa, YTO CBSI3aHO C BIUSHHUEM CJIOS TUMA 2 C YBETMYCHHOW KOHIIGHTpaen
Xpoma.

[IpoBeneHHbIC HCCIEIOBAHUS CTPYKTYPHO-()A30BOTO COCTOSIHUS KOMITO3UIIMOHHOTO TIOKPBITHS [TO3BOJIMIIN
TaKKe KOHCTaTHpoBaTh popmuposanue amopduoii marpunsl Co/Al ¢ pacnipeeieHHBIMU B TOJIIE TTOKPBITHS
HaHOpa3MepHBIX KpucTaumuToB Cr u Y.

KiioueBble cjioBa: MOKPHITHE, CTPYKTYPHO-(PAa30BOE COCTOSHHE, JIOTIATKH Ia30-TypOUHHBIX JBUTaTENICH,
TpHOOJIOT s, HOHHO-TUIA3MEHHOE HalbUICHHE.
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