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Study of changes in the surface structure of tungsten irradiated by helium plasma

One of the important aspects is the interaction of plasma with the surface of a material, especially in the con-
ditions of a fusion facility. The current work presents the preliminary results of the study of tungsten surface
structure modification under helium plasma irradiation. A small-sized linear simulator KAZ-PSI with a plas-
ma-beam setup was designed and assembled, where helium was used as a working gas. The main elements of
the linear plasma simulator are an electron beam gun with a LaB6 cathode, a plasma-beam discharge cham-
ber, an interaction chamber, a target device, and an electromagnetic system consisting of electromagnetic
coils. It was revealed that under irradiation on the surface of the samples there is a relief with defective struc-
ture consisting of chaotically arranged ledges and pits of various shapes with average size (100-600) nm and
pore sizes (0.1-1.5) um with visible areas of flaking and sputtering. It was found that when the negative po-
tential on the target is varied by —-500V/-1000V/-1500V, the formation of dislocation with chaotic and cellu-
lar structure of tungsten with an average grain size of (1-25) um is observed; it was revealed that the total
values of elastic and plastic components of deformation across the tungsten grain differ from each other by
about 2.5 times.

Keywords: tungsten, helium plasma, structure, surface modification, quantitative parameters of fine structure,
plasma generator, surface.

Introduction

As it is known, to the present day, the successful implementation of the International Thermonuclear
Experimental Reactor (ITER) project and new advances in next-generation nuclear fusion reactors such as
ITER and China Fusion Engineering Test Reactor (CFETR), Demonstration Fusion Power Plant (DEMO)
contribute to the development of nuclear energy and fusion and bring them to a new frontier [1-3]. Materials
in fusion devices withstand severe exposure to high-temperature plasma, which promotes the development of
radiation defects and subsequently leads to material damage. Therefore, the problem of improving the prop-
erties and performance characteristics of materials remains one of the important tasks for fusion energy [4].
According to the authors of the review paper [5] in the ITER facility [1], protective materials must withstand
three conditions simultaneously: first, the effects of surface sputtering, blistering, and erosion during the in-
teraction of the particles flying out of the plasma without excessive contamination of the core plasma; se-
cond, due to the rapid release of energy during plasma rupture, a relatively high steady-state surface heat
load of ~10 MW-m™ and a transient heat load of ~20 MW -m™ are released; third, resistance to damage from
neutron radiation with energy 14.1 MeV, embrittlement from hydrogen (H) isotope (deuterium (D) and triti-
um (T))/helium (He) and gas swelling.

Along with other energy sources, nuclear fusion is seen as the most promising alternative to fossil fuels
for a future carbon-free energy system. ITER, currently the largest fusion device under construction, is ex-
pected to provide a high thermal output of ~150 MW [6]. However, the extreme conditions created during
ITER operation pose significant challenges for the plasma facing materials (PFM) in the divertor of the fu-
sion device; e.g., high heat flux deposition and particle bombardment. In the background of nuclear fusion
reactor devices such as ITER and DEMO, tungsten (W) is considered as a potential and one of the most
promising candidate PFM materials for plasma facing components (PFC) due to its high melting point, good
thermal conductivity, low sputtering yield and low hydrogen solubility [7-8].

Helium atoms, which have low solubility in metals, can lead to undesirable changes in material proper-
ties, such as the formation of nanopores and bubbles [9, 12-13], blisters, etc. Experiments to determine the
influence of helium performed in reactor experiments are very challenging due to the requirement for pro-
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longed material irradiation. However, for a quick assessment of the influence of helium (hydrogen, deuteri-
um) on material properties, valuable information is provided by simulation experiments on plasma generator
stands, where atoms of the plasma-forming gas are introduced into the material through bombardment by
helium ions in accelerators. In recent years, a series of experiments have been conducted on such linear
simulation setups (NAGDIS-II, JULE-PSI, PISCES-A, LENTA, etc.), which have allowed important conclu-
sions to be drawn about the nature of defects and the embrittlement and erosion mechanisms.

In the divertor, the tungsten material will face not only extreme heat fluxes but also high fluxes of low-
energy particles such as deuterium, tritium, and helium. In many studies, it has been observed that exposure
to helium plasma can induce the formation of nanobubbles under the tungsten surface [10, 11]. Their for-
mation is due to the diffusion and clustering of helium atoms in the tungsten matrix [12], and the subsequent
size of the nanobubbles increases as the temperature of tungsten increases during exposure [13, 14]. He at-
oms diffuse so rapidly and are deposited into He bubbles, causing embrittlement and curing problems in W.
The rapid accumulation of He atoms also leads to microstructure evolution such as nucleation of He bubbles
and subsequent formation of nano- and microscale “fluff” on the W surface at elevated temperatures, which
significantly reduces the W properties themselves and affects the stability of the core plasma [15]. In the
bulk of plasma facing components, He atoms can be formed by tritium decay and as a product of nuclear re-
actions induced by neutron irradiation. Due to the high defect binding energy, a high concentration of He can
be rapidly achieved in the subsurface of PFC. This can sharply change the surface morphology and affect the
erosion rate and the transfer of hydrogen isotopes into the bulk of PFC [16, 17].

Simulation facilities are very effective tools for testing candidate fusion reactor materials, to fill up the
database on various aspects of plasma-surface interaction. Interest in modeling the interaction of plasma with
fusion reactor material on simulation benches with gas-discharge plasma generators arose in the early eight-
ies of the last century. With the help of ion-beam facilities, basic understanding of the elementary processes
occurring under the action of ions on the surface of a solid body, such as sputtering of the material, capture
and reflection of particles from it, has already been obtained. When the full-scale tokamak-reactor ITER is
launched, where all damaging factors will be fully combined, one should expect the manifestation of new
synergetic phenomena and effects, the study of which can rely to a large extent on the database and physical
models developed in simulation experiments. At present, the Kazakhstan Materials Testing Tokamak with
materials is used to test parameter measurement techniques in plasma interaction studies, and a plasma-beam
facility was developed at the National Nuclear Center of the Republic of Kazakhstan in cooperation with for-
eign scientists to test Tokamak KTM diagnostic equipment. This plasma beam installation PBI-1 is located
in the laboratory “Testing of materials under fusion reactor conditions”. With the use of this unit earlier au-
thors [18-20] carried out works on the study of plasma interaction with stainless steel, tantalum, beryllium,
tungsten and molybdenum samples, where systematized results of the effect of hydrogen and deuterium
plasma on the microstructure, morphology and erosion of the surface of tungsten and molybdenum were ob-
tained [21, 22]. The results showed that the degree of surface erosion increases with increasing target tem-
perature and ion energy. It was found that during irradiation of tungsten and molybdenum with hydrogen
plasma the main relief-forming mechanism is surface sputtering and erosion is characterized by thermal etch-
ing of the surface. After irradiation with hydrogen plasma, small cracks are observed on the samples, and the
size and number of cracks increase with increasing temperature. It is revealed that after irradiation the struc-
ture of tungsten is more fragmented and characterized by a more developed defect substructure. The reason
for the appearance of these structural disorders seems to be mechanical stresses in the tungsten lattice caused by
implanted ions. Based on the obtained results, an in-depth study of the fine structure of plasma-irradiated tung-
sten is proposed, and the relationship between dislocation structure and erosion processes in tungsten is also
established. In this regard, the aim of the present work is to investigate the changes in the fine structure of the
surface of tungsten irradiated with low-temperature helium plasma on a newly developed small-size linear
divertor plasma simulator.

Materials and methods

To test materials for plasma impact, a small-size linear plasma simulator KAZ-PSI was developed and
assembled in PlasmaScience LLP (Republic of Kazakhstan, Ust-Kamenogorsk), which allows simulating the
operation of thermonuclear facilities, in particular Tokamak KTM. The developed linear plasma simulator
KAZ-PSI is universal and allows testing of materials under conditions of complex influence on them both
plasma flow and powerful thermal load created with the help of electron beam.
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The main elements of the plasma unit are an electron beam gun (EBG), a plasma-beam discharge
chamber, a vacuum interaction chamber, a cooling target device, and an electromagnetic system consisting of
electromagnetic coils [8]. The electron beam gun consists of a heated thermoemissive cylindrical cathode
made of LaBs and a holed anode. The cathode is heated by resistive method and a 50 kW DC power supply
is used for heating. The electron beam gun is cooling by compressed air flow.

The operating principle of the KAZ-PSI plasma SLS unit is as follows: the electron gun forms an elec-
tron beam of axially symmetric character, the gun cathode is heated by electron bombardment from the heat-
er filament, which helps to adjust the gun power. The vacuum drop between the gun and the discharge
chamber is realized by autonomous pumping of the gun. The plasma cord is formed in the discharge chamber
by the interaction of the electron beam with the working gas (helium). In the discharge chamber, the elec-
tromagnetic system (a system of coils), which creates a longitudinal magnetic field, focuses the electron and
plasma beams. By changing the value of electric current flowing through the electromagnetic coils, it is pos-
sible to manipulate the value of magnetic field strength in the plasma beam discharge chamber, thus control-
ling the beam diameter. The plasma discharge hits a sample of the material under test, which is placed on a
target device in the interaction chamber. General view (Fig. 1a) and schematic (1b) images of the setup are
shown in Figure 1 a—b, where the main components of the small-size linear simulator (SLS) are indicated:
electron gun, vacuum sensor, electromagnetic coils, Langmuir probe, interaction chamber, target cooling,
negative potential, residual gas analyzer, turbomolecular pump, forevacuum pump, personal computer for
controlling the KAZ-PSI plasma SLS.
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Figure 1. General view and schematic representation of KAZ-PSI plasma SLS and its main parts

Experiments in the KAZ-PSI plasma SLS were carried out in plasma-beam discharge regimes according
to the previously worked out technological regimes. The samples were irradiated with helium plasma with
ion energy of 1.5-2.5 keV for 3 hours, with the primary beam power of 250 W, the average value of total ion
current at the target was 200-300 mA and the total ion current saturation had a value in the range of 4-8 mA.
The regimes were varied according to the negative potential on the target: Regime 1 500 V, Regime 2
—1000 V and Regime 3 —1500 V. During irradiation, the pressure in the chamber was ~1.8x10 Torr. Helium
of special purity was used as the working gas.

In the present work, tungsten of 99.95 % purity was chosen as the research materials. Blanks of samples
for research in the form of a cylinder with a diameter of 6.3 mm were made from tungsten rods. Cutting of
samples was performed on a cooled cutting machine model DTQ-5 using a diamond disk with a thickness of
0.3 mm. The specimen is not subjected to thermal stress. After cutting, the specimen cuts were ground to a
depth of 0.5 mm. The specimens were polished before irradiation.

Optical metallography was used to study the structure of the materials under study [7]. For metallo-
graphic analysis we used an optical light microscope “ALTAMI-MET-1M” of the Research Center “Surface
Engineering and Tribology” of Sarsen Amanzholov East-Kazakhstan University and PlasmaScience LLP.
The samples for research were prepared according to the standard technique, including mechanical grinding
and mechanical polishing. Polishing was carried out on a grinding disk covered with felt, pre-washed and
soaked in water for 1-2 hr. Chemical etching in a solution containing 50 % hydrofluoric acid and 50 % nitric
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acid was used to reveal the microstructure of tungsten. To study the fine structure of the surface layer, a
Philips CM30 transmission electron microscope at an accelerating voltage of 125-300 kV with an energy-
dispersive micro (nano) analysis system was used [10]. The studies were carried out by diffraction electron
microscopy of thin foils at an accelerating voltage of 125 kV. The working magnification in the microscope
column was chosen from 10000 to 80000 magnification. Roughness was measured using the Confocal 3D
profilometer Leica DCM8 SR.

Results and discussion

Figure 2 shows the microstructure of the tungsten surface before (Fig. 2a) and after helium plasma irra-
diation (Fig. 2b) at a potential difference of —1000 V. It is possible to observe the surface change as a relief
development with defective structure as a result of inhomogeneous helium saturation of the surface. The re-
sulting relief consists of chaotically arranged ledges and pits of various shapes with an average size of
(100-600) nm, and pores (0.1-1.5) um with visible areas of flaking and sputtering, which is most likely as-
sociated with different erosion coefficients.

Figure 2. Tungsten surface microstructure before and after irradiation

The surface roughness of tungsten samples before and after helium plasma irradiation was evaluated us-
ing a precision tester with a diamond probe. Figure 3 a—b presents the forms and profiles of surface rough-
ness along with the distribution graph of the mean arithmetic deviation of the profile across the tungsten sur-
face before and after (—1000V) helium plasma irradiation. From Figure 3b, it is shown that the roughness of
the surface increases by approximately 2 times after irradiation. The increase in roughness is attributed to the
sputtering of the surface by helium ions, as well as the formation of blisters. According to microstructural
analysis of the tungsten surface after helium plasma irradiation, defects in the form of etching pits are ob-
served, which are confirmed by the results of roughness assessment and the conclusions of the authors
[23, 24]. 1t is worth noting that in this process, the primary role in changing the relief is played by the sput-
tering of the surface by helium ions, achieved by transferring kinetic energy to the surface W atom through a
cascade of successive collisions between W atoms.
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Figure 3. Tungsten surface roughness results before (a) and after (b) helium plasma irradiation

On the transmission electron microscope the fine structure of the surface (10-20 um) of tungsten after
irradiation with helium plasma was analyzed. Thus, Figure 4 shows the electron image of the fine structure
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of tungsten, before and after irradiation with helium plasma. It is evident from the figure that under helium
plasma irradiation a developed relief with dislocation structure is observed as a result of inhomogeneous
etching of the surface, which is markedly different from the structure of the initial state of tungsten (Fig. 4a).
The morphological component of the structure of samples after helium modification as in the initial state is
tungsten, but after irradiation tungsten have defective structure (Fig. 4b).

Figure 4. Electron microscopic images of the fine structure of the tungsten surface before (a)
and after helium plasma irradiation (b)

When varying the negative potential on the target at -500V/-1000V/-1500V, the formation of disloca-
tion with chaotic (Fig. 5 b) and cellular structure (Fig. 5 a, ¢) of tungsten with average grain size (1-25) um
is observed. Figure 5 shows micrographs of fine structure of tungsten surface samples irradiated by helium
plasma at different target potentials (a) -500 V, (b) —1000 V, (c) —1500 V. According to the analysis of mi-
crophotographs of irradiated samples, it is established that in tungsten material there are intrinsic stress
fields (o) due to deformation of grains, which are localized on the grain body (Fig. 5 d), grain boundaries and
joints (Fig. 5 e), ledges on intergrain boundaries (Fig. 5 f).

S pm

Figure 5. Micrographs of fine structure of tungsten samples irradiated by helium plasma at different target potentials

Also on electron-microscopic images Fig. 5 d—f it is possible to see how the internal stress fields lead to
the appearance of bending extrinsic contours (denoted by the letter K) by which it is possible to determine
the nature of deformation of local areas of the tungsten sample. From the available theoretical literature, it is
known that the deformation is distinguished locally into elastic and plastic, mixed, as well as three types of
deformation of the crystal lattice — bending, torsion and mixed type (). According to the method described
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in [25-27], the extinction contours can be determined by the mutual orientation of the vector of the acting
reflection and the extinction line, and the value of internal stresses by the elastic and plastic components of
deformation. The tensor quantities were applied to the calculation as follows.

The internal bending-torsion stresses of the crystal lattice are determined as follows:

G = O11-plast O12-elasy
011 = O11-plast O11-elas) (1)
012 = O12-plast O12-elas,

Where 611.pias, G11-elas N0 G12.pias, O12-elas are tensors of internal bending and torsion stresses respectively [27].

Plastic and elastic components of internal stress amplitude in bending and torsion:

O11-plas— U (b Xll—plas)llza Cit-elas = M T Y11-¢las;

G12-plas— K (b X12-,plas)1/21 G12-elas = M T Y12-elas, (2)
where p is the elasticity modulus, b is the Burgers vector, t is the foil thickness, x:, and y;, are the compo-
nents of the curvature-torsion amplitude tensor of the crystal lattice [27].

Thus, according to calculations, the values of stress ¢ belong in the range of 0-850 MPa and
1100-1980 MPa and they are localized over a larger area inside the tungsten grain. Thus, the average value
of internal stress across the grain was calculated and was equal to 1560 MPa, with the tungsten strength limit
of 500-1400 MPa according to the reference book. Also the components of the tensor of internal stresses of
the elastic component of deformation were calculated, they are on average on the grain are equal to: bending
stress o1, = 620 MPa and torsion o1, = 1470 MPa of the crystal lattice; the average values of the components
of the tensor of internal stresses of the plastic component of deformation on the grain are equal to: bending
stress ¢;; = 350 MPa and torsion o, = 480 MPa of the crystal lattice. The total values of the components of
elastic and plastic strains across the grain differ from each other by approximately 2.5 times.

Figure 6 shows electron microscopic images of the fine structure of tungsten in the initial state (a —
light-field image, b — microdiffraction pattern, ¢ — its indexed scheme) and after irradiation (d — light-
field image, e — microdiffraction pattern, f — indexed scheme) where there are embedding reflections in the
form of carbide. According to microdiffraction studies, grain boundary etching is observed, the internal
structure of tungsten and carbide grains are clearly expressed. Grain boundaries are clearly revealed, inside
the grains there is already well enough expressed modified substructure and defective microstructure.

Figure 6. Electron microscopic images of the fine structure of tungsten and their microdiffraction patterns

Thus, modification of tungsten with helium leads to defectively that apparently approaches the defec-
tively of matrix grain boundaries. The possibility of formation of such substructure of grains at helium plas-
ma irradiation is provided by the increased energy state of the surface and subsurface layers exposed
throughout the irradiation and neutral atoms of low-temperature plasma. Tungsten carbide particles, which
were apparently a residual product inside the chamber, can be located in different morphological components
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of the matrix. In fact, carbide can localize at matrix grain boundaries and in the grain body, as in (Fig. 5 d).
According to the studies, carbide was not bound to the boundaries but is a product of matrix delamination in
o-WC or B-WC. These localizations are mostly related to crystal structure defects [28].

Conclusions

Thus, summarizing the above results we can draw the following main conclusions of this paper:

—the simulation stand of the small-size linear plasma simulator KAZ-PSI with a plasma-beam unit
opens the possibility to test and justify the choice of candidate fusion reactor materials under different oper-
ating conditions, as well as significantly expands the available results on various aspects of plasma-surface
interaction and helps to reliably harmonize computational models and work out diagnostic methodologies
under sufficiently well-programmed conditions;

— conducted preliminary experiments to investigate changes in the structure of tungsten under helium
plasma irradiation, showed that after irradiation on the surface is formed relief with defective structure, con-
sisting of chaotically located ledges and pits of various shapes with an average size of (100-600) nm, and
pores with sizes (0.1-1.5) um with visible areas of flaking and sputtering;

— it is found that by varying the negative potential on the target by —-500 V/-1000 V/-1500 V, the for-
mation of dislocation with chaotic and cellular structure of tungsten with an average grain size of (1-25) um
was observed;

— determined that the values of internal stress o lie in the range 0-850 MPa and 1100-1980 MPa;

— it is revealed that the total values of elastic and plastic components of deformations across the tung-
sten grain differ from each other approximately 2.5 times;

— it is found that modification of tungsten with helium leads to defectively, which is apparently close to
the defectively of the grain boundaries of the matrix, not leading to the destruction of the material.
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JLT. Cymob6aeBa, b.K. Paxanunos, E. HalimankymapyJisl,
M.b. basnaunosa, H. Mykranosa, H.E. bepaumypartos

TemeHTeMIIepaTypaJibl reJIdil IJIa3MAaCbIMEH CIyJIe/IeHIeH
BOJIb()paM OeTiHiH KYpPbLILIMBIHBIH 63TepPYiH 3epTTey

TepMosIIPONBIK KOHABIPFBI JKaFAaiibIHIAFbl €H MAaHbBI3/Ibl aCMeKTUIepAiH Oipi Mia3MaHbIH MaTepUasIbIH
OeriMeH opekerTecyl. Makanajga Teuii IIa3MackIMEeH CoyleNeHy Ke3iHjeri Boab(pam OeTiHiH KypBUIBIMBIH
O3repTy/l 3epTTeyNIiH alIbIH-ajla HOTIDKENepl KenrTipinreH. ['enmit skyMbIC ras3bl peTiHze NaigaTaHbUIFaH
IUIa3MaJIbIK-CAyJIeTiK KOHABIPFBICHI 0ap IarblH KeseMai chiBBIKTHK Kas-IICH cumynstops! o3ipieHsai skoHe
KypacThIpbuLibl. CBHI3BIKTBIK IUIa3MalblK MMHTATOPABIH HEri3ri aneMeHTTepi LaBg KaToaThI 31€KTpOHABI
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CoyJIeNiK 3eHOIpeK, IUla3MallblK COYJIETiK pa3ps] Kamepachl, e3apa OpEKeTTeCY KaMepachl, HBICAHAJIBIK
KYPBUIFbl JKOHE 3JIEKTPOMATHUTTIK KaTyLIKalaplaH TYPaThiH 3JEKTPOMArHUTTIK kyie. CoyieneHy KesiHne
yarinepain 6eringe optama menmepi (100-600) aM xone keyek emmuemaepi (0,1-1,5) MkM, KaOBIPIIBIKTaHY
MEH TO3aHIAHYAbIH KOpiHeTiH jkepiepi Oap, op Typil MiiHAEri perci3 OpHAlacKaH JIeHecTep MeH
IIYHKBIPJIApJaH TYPATHIH aKayilbl KYpBUIGIMBEI Oap penbed maiima OonaThHEI aHBIKTANIIBL. HplcaHara Tepic
noternuan -500B/-1000B/-1500B e3repren ke3xe opramra TyHipnrik Menmiepi (1-25) MxM GonaTelH perci3
JKOHE YSIIBIKTHL BOJBb(PaM KYPBUIBIMBI Oap IUCIOKAIMIapAbIH Taiina Oomysl Oalikanmamgsl; Boibdpam
TYHipiuiri 6oiibiHIIa qedopMaIMsSIHBIH CePiMII JKOHE TUIACTHKABIK KOMIOHEHTTEPIiHIH JKUBIHTHIK MOHIEPi
Oip-OipiHeH m1aMaMmeH 2,5 ece epeKIeNeHeTiH aHBIKTaabl.

Kinm ce30ep: Bonbbpam, renuii mia3Macel, KYpbUIBIMBL, OSTTiH MOTU(DUKAIMACKL, )KYKA KYPHUIBIMHBIH CAH/IBIK
mapaMeTpiepi, mia3MajbIK reHepaTop, OerTi.

JL.T". Cymro6aeBa, b.K. Paxangunos, E. Haiimankymapysisi,
M.b. basuaurosa, H. Mykranosa, H.E. bepaimypaTos

HcciaenoBanue nu3MeHEHUs1 CTPYKTYPbI IOBEPXHOCTH BOJIb(ppama,
00JIy4eHHOT'0 HU3KOTEMIIePaTyPHOIl reJIMeBOM IJ1a3MOM

OnHMM M3 BaXKHBIX aCIEKTOB SBIAETCS B3aMMOMACHCTBHE ILIA3MbI C TIOBEPXHOCTBIO MaTepHala, 0OCOOEHHO B
YCJIOBHSIX TEPMOSIICPHOH YCTaHOBKH. B cTaThbe IpecTaBieHb! IpeIBapUTEIbHBIC Pe3yIIbTaThl HCCIIEIOBAHUS
MOAN(HKAIMY CTPYKTYPHI IIOBEPXHOCTH BoJb()pama 1mpu o0IydeHHH TelleBol 1a3Mol. beut pazpaboran u
CMOHTHPOBaH MajiorabaputHslil uHeiHb cumyisitop KA3-IICH ¢ mna3MeHHO-IIy9KOBOH YCTaHOBKOM, e
B KayecTBe pabodero rasa UCIoiab30oBaics renuid. OCHOBHBIMH 3JIEMEHTaMH JIMHEHHOTO IIa3MEHHOTO MHUTa-
TOpa SIBISTFOTCSI 3JEKTPOHHO-ITyYKOBasl MyMIKa ¢ KatogoM u3 LaB6, kamepa maa3MeHHO-IIy4KOBOTO pa3psiia,
KaMmepa B3aHMOAEHCTBHSA, MUIICHHOE YCTPOMCTBO M 3JIEKTPOMAarHUTHAsI CHCTEMa, COCTOSINAsT U3 AIIEKTpOMar-
HUTHBIX Karyniek. OOHapyXeHo, YTo MpH OOIy4eHHH Ha MOBEPXHOCTH 00pas3noB oOpasyeTcs peibed c me-
(heKTHOI CTPYKTYpPOii, COCTOAIIEH M3 XaOTUYHO PACIOJIOKEHHBIX BBICTYIOB M SMOK Pa3IMYHON (OPMEBI CO
cpenanM pasmepoMm (100-600) am u pazmepamu nop (0,1-1,5) MKM ¢ BUAUMBIMU y4acTKaMH IIETYIICHUS 1
HaIlbUICHHS. Y CTaHOBJICHO, YTO TPH HM3MEHEHHWH OTPHLATENHHOTO IOTeHIHMata Ha mumeHn Ha —500 B/-
1000 B/~1500 B nabromaercst 06pa3oBaHue AUCIOKANNI ¢ XaOTUYECKOM M STUEHUCTOM CTPYKTYpOii Bosibdpa-
Ma CO cpelHUM pa3mepoM 3epHa (1-25) MKM; BBIABIEHO, YTO CyMMapHbIe 3HAUYEHUS YNPYrol U IIacTU4e-
CKO¥ COCTaBIIIONINX Ae(hOPMAIKH O 3epHY BOIb(pamMa OTIMIAIOTCS APYT OT Apyra IpUMEpHO B 2,5 pasa.

Kniouesvie cnosa: BonbGpam, TenueBas 1iasMa, CTpyKTypa, MOAU(UKAINS MTOBEPXHOCTH, KOJIMIECTBEHHBIE
HapaMeTphl TOHKOH CTPYKTYpBHI, TNIa3MEHHBII TeHepaTop, IIOBEPXHOCTb.
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