MiHicTepcTBO OCBITH | HAYKH YKpaiHH
BinHnubkuii Aep:kaBHUH NexaroriyHuii yHiBepcurter iMmeni Muxaiiia Kouoonncbkoro
IncTuryT Pisuku HaniBnposigHukis imM. B.€. Jlamkaprosa HAH Ykpainn
®dizuko-TexHiyHMIl iHcTUTYT HU3bKUX TemnepaTtyp imM. b.1. Bepkina HAH Ykpainu
IncruryT Metanodizuku im. I'.B. KypaiomoBa HAH Ykpainu
Mexaniko-MamuHoOyAiBHM iIHcTUTYT HanioHaibHOr0 TeXHIYHOr0 YHiBepcuTeTy Y KpaiHu
"KuiBcbknii nosnirexniynuii incrutyr iMeHi Irops Cikopebkoro'
HauionaabHuii nexaroriunmii yniepcurer iMmeni MLII. IparomanoBa
BinHunbknii HAIOHAJBLHUI TEXHIYHNH YHiBepCHTET
IncTuryT HaaTBepaux matepianiB HAH Ykpainu im. B.M. Bakyas
Beabubkuii nep:;kapHuil yHiBepcuTeT iM. AJsieky Pycco
Kapakaanakcbkuii nep:;xaBHuii yHiBepcurteT iM. bepnaxa

®iznuHuil pakyJabTeT BAKHHCHKOI0 Jep:;KaBHOI0 YHIBepCHTETY

IncruryT dizuku matepianiB Yecbkoi Axkaaemii Hayk

Ministry of Education and Science of Ukraine
Vinnytsia Mykhailo Kotsiubynskyi State Pedagogical University (Vinnytsia, Ukraine)
V. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine (Kyiv, Ukraine)
B. Verkin Institute for Low Temperature Physics and Engineering, NAS of Ukraine (Kharkiv,
Ukraine)

G. Kurdjumov Institute of Metal Physics, NAS of Ukraine (Kyiv, Ukraine)
Institute of Mechanical Engineering National Technical University of Ukraine
"Igor Sikorsky Kyiv Polytechnic Institute”(Kyiv, Ukraine)

National Pedagogical Dragomanov University(Kyiv, Ukraine)

Vinnytsia National Technical University (Vinnytsia, Ukraine)

V.Bakul Institute for Superhard Materials, NAS of Ukraine (Kyiv, Ukraine)
Alecu Russo Balti State University (Balti, Moldova)

Berdakh Karakalpak State University (Nukus, Uzbekistan)

Physical department, Baku State University (Baku, Azerbaijan)

Institute of Physics of Materials, Czech Academy of Sciences (Brno, Czech Republic)

MATEPIAJIU
VIl MDKHAPOJTHOI HAYKOBO-TIPAKTUYHOI KOH®PEHIIIT

CTPYKTYPHA PEJIAKCALIA Y TBEPJAUX TIJIAX
MATERIALS of

VII INTERNATIONAL SCIENTIFIC - PRACTICAL CONFERENCE
STRUCTURAL RELAXATION IN SOLIDS

25 - 27 mpasns, 2021 pix, Binnuysa, Yxpaina
May 25 - 27, 2021 Vinnytsia, Ukraine

Bigunig — 2021


http://kpi.ua/en
http://kpi.ua/en

VJIK [669.017+620.1+620.22](06)
C-87

CtpykTypHa penakcaiiis y TBepaux Tinax: marepianu VIl MixaapogHoi HayKOBO-TIPaKTHYHOL
koHpepeHii [25-27 TpaBus 2021 p., Binmnuns] / pex. : €. . Benrep, II. II. [Tanb-Basb,
O. B. Mo3srosuii. — Bigaunga: TOB «TBOPHy, 2021. — 118 c.

PekoMeH10BaHO 70 JPYKY BUCHOK panor0 BiHHUILKOTO JEP)KaBHOTO IEAArOTiYHOTO YHIBEPCUTETY IMEHI
Muxaiinma KomroOnHcskoro (mpotokosn Bix 19 tpasas 2021 poxy Ne 13)

Penakuiiina xoJeris:

Bobup M. L. - n.1.H, npodecop (Kuis, Ykpaina) Ocranosetp A. — nokTop ¢inocodii (bpuo, Uecbka

Bougeuka O. O. — n.1.H., c.H.c. (KuiB, Ykpaina) Pecny6mika)

Benrep €.®. - unen-xop. HAH Vkpainu, n.¢.-m.H., Ilans-Bans I1. I1.- 1.¢.-m.H. (XapkiB, Ykpaina)
mpocecop (Kuis, Ykpaina) Homomstauyk C.B., k.¢.-M.H., mouenT (Biraums, Ykpaina)

Ixadapos T. [I.- umen-kop. HAH Asep6Gaiimxana, Ilomingyk JL.K. - n.1.H, mpodecop (Binnuis, Ykpaina)
o.¢.-M.H., mpod. (AzepOaitmxan) Ciukap T. I'.- x.¢.-M.H., nouent, (Kuis, Ykpaina)

Hymenxo B. I1. - x.1.H. (Bignums, Ykpaina) Coxouenko B L. - 1.¢.-m.H. (XapkiB, Ykpaina)

3abonotHuii B. @.- n.1.H., npodecop (Binanus, Ykpaina)  Taraes M. b.- a.1.H., mpodecop, (Hykye, Y3bekucran)

Iemainos K. A, - nd.-mH., npodecop (Hykye, Tarapenko B. A.- n.¢.-m.H., unen.-kop. HAH VYkpainn
VY306ekucraH) (Kuis, Ykpaina)

Kacisaerko B.X.- n.¢.-M.H., mpodecop, Yipaina TiroB B.A.- n.1.H., mpodecop (KuiB, Ykpaina)

Maroxutok JI.€.- k.T.H., c.H.c. (KuiB, Ykpaina) Yepuu JI.B.- x.¢.-M.H., nouenT (Barepno, Kanaza)

Mensanuyk O.B. - n.¢.-M.H., mpodecop, Ykpaina [Maparos B.A.- a.x.H, k.1.H. (benpuu, Pecrrybmika

Moszroawuii O. B. - x.1.1., nouenT (Binauig, Ykpaina) MonnoBa)

Hanuk B.JI.- 1.¢.-M.H, npodecop (XapkiB, YkpaiHa) Myt M. L.- Akagemix HAITH Ykpaiuu, n.¢.-M.H.,

npodecop (Kui, Ykpaina)

Editorial board:

M. Bobur Kyiv (Ukrainge) P. Pal-Val Kharkiv (Ukraine)

O. Bochechka  Kyiv (Ukraine)

L. Chernysh Waterlo (Canada)
V. Dumenko  Vinnytsia (Ukraine)
T. Dzhafarov ~ Baku (Azerbaijan)
K. Ismailov Nukus (Uzbekistan)
V. Kasiyanenko Vinnytsia (Ukraine)
L. Matohnyuk  Kyiv (Ukraine)

O. Melnychuk  Nizhyn (Ukraine)
0. Mozghovyi  Vinnytsia (Ukraine)
V. Natsik Kharkiv (Ukraine)
A. Ostapovec Brno (Czech Republic)

S. Podoljanchuk Kyiv (Ukraine)
L. PolishchukVinnytsia(Ukraine)

T. Sichkar Kyiv (Ukraine)

V. Sharagov Balti (Moldova)

M. Shut Kyiv (Ukraine)

V. Sokolenko  Kharkiv (Ukraine)
M. Tagaev Nukus (Uzbekistan)
V. Tatarenko Kyiv (Ukraine)

V. Titov Kyiv (Ukraine)

E. Venger Kyiv (Ukraine)

V. Zabolotnyj Vinnytsia (Ukraine)

Binnosiganeuuii 3a Bunyck  O.B.Mo3srosuit
Komm’torepna Bepctka  B.I1. lymenko

ISBN 978-966-949-540-2 © Asropu crareit 2021



1. PenakcariifHi sBUIIa y MeTaJax i croiaBax
Relaxation phenomena in metals and alloys

CEKIIIS 1. PEJACKAIIVHI SIBUIIA Y METAJIAX I CILTABAX

THERMOACTIVATED DISLOCATION MOTION IN PURE Mag:
DATA OF THE LOW-TEMPERATURE ACOUSTIC EXPERIMENT

P.P. Pal-Val'*, O.M. Vatazhuk', A.A. Ostapovets?, L. Kral?, J. Pinc®
'B.Verkin Institute for Low-Temperature Physics & Engineering, National Academy of Sciences of
Ukraine, Kharkov, Ukraine
?Institute of Physics of Materials, Czech Academy of Sciences, Brno, Czech Republic
3Institute of Physics, Czech Academy of Sciences, Prague, Czech Republic
*palval@ilt.kharkov.ua

Abstract. In the temperature range 51 - 310 K, the temperature and amplitude dependences
of the acoustic properties of fine-grained commercial grade magnesium polycrystals subjected to
severe plastic deformation have been studied. It is shown that the data of studies of low-
temperature acoustic properties testify in favor of the "frictional” model of amplitude-dependent
internal friction caused by the thermally activated motion of dislocation segments in magnesium.

Keywords: acoustic spectroscopy, dislocation dynamics, low temperatures, plastic
deformation, magnesium.

It is well known that the mobility of dislocations in crystals at low and moderately low
temperatures is largely determined by the processes of thermally activated overcoming by
dislocations potential barriers of different nature, in particular, local pinning centers (impurity
atoms, vacancies, precipitates) and periodical Peierls potentials of the 1st and 2nd order [1].
Experimental study of the thermoactivated dislocation motion is therefore one of the most important
tasks of strength and plasticity physics. Of particular interest, these studies are due to the possibility
of changing the mechanisms that control the dislocation movement, especially in the low
temperaturerange. Studying the parameters of dislocation motion via the experiments on the
individual dislocation mobility, active loading the crystals, creep, stress relaxation do not provide
sufficient accuracy to identify the fine details of the interaction between dislocations and pinning
centers due to possible irreversible changes in the dislocation structure of samples. Acoustic
spectroscopy methods, on the contrary, make it possible to study the same processes in a wide range
of temperatures and stresses more precisely and in a non-destructive manner.

In this work, acoustical properties of two sets of pure Mg (99.95%) samples were investigated
both in amplitude independent and amplitude dependent ranges. The samples of the first type were
rolled at room temperature up to 20% of total plastic deformation value. The samples of the second
type were obtained by the warm extrusion at 300°C with extrusion ratio 10:1 and deformation rate 5
mm/s. The structures of samples were characterized by EBSD technique using the Tescan LYRA 3
XMU FEG/SEMXFIB electron microscope equipped with EBSD detector Nordlys Nano by Oxford
Instruments. Rolled samples were characterized by the extremely inhomogeneous distribution of
grain sizes. Along with a large number of small grains (~ 10 um or less), the samples contained a
significant number of large grains (~ 200 um or more), which, besides, were elongated along the
rolling direction with the ratio of longitudinal and transverse dimensions up to 3:1.The extruded
samples had a finer-grained structure with a more uniform distribution of grain sizes and a higher
degree of their equiaxiality. Average grain sizes in rolled and extruded samples were 49 umand 15
um, respectively. The samples have had strong crystallographic textures that can be characterized
by the basal planes aligned with the rolling or extrusion directions.

Investigations of the acoustic properties of Mg in the frequency range 50 - 350 kHz were
performed by the two-component composite vibrator technique. Longitudinal standing waves were
excited in the samples by piezoelectric quartz transducers [2]. Measurements of the logarithmic
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decrement ¢ and the dynamic Young's modulus E were carried out at the resonant frequencies of the
composite vibrators. Measurements were made in the temperature range 50.5 - 310 K.

The amplitude dependences of the logarithmic decrement (&) (without background
absorption) and of the relative change of the dynamic Young's modulus (AE/E)u(&) measured at
different temperatures in the extruded Mg samples are shown in Fig.l. When increasing
temperature from 50.5 K to 250 K, the critical amplitude &, of the amplitude dependences onset
decreases monotonically. After that, g, stopped or even shifted towards higher amplitudes, i.e., a
non-monotonic changes in &(T) are observed. Qualitatively, the same behavior of &¢(T) is
observed for the rolled samples, but the anomalous changes are observed near 180 K as opposed to
250 K for extruded samples.

The most probable reason for the

5L o 7 250K dependence of the logarithmic decrement and

| (@) 300K | the dynamic elastic modulus on & is the

4+ 200K 4 nonlinear effects associated with the motion of
=l Ma 99 95 ﬁ%ﬁ dislocations t_hrough Ioc_al potentia_l barr_ie_rs
«w 3r g 95 85K 1 created by point defects in crystals (interstitial
B Ll extruded 65K 1 and substitutional impurities and their clusters,
~ i 50.5K7 intrinsic interstitial atoms, vacancies, etc.).

Analysis of the obtained results shows that at
low enough temperatures the experimental data
may be described within the Indenbom-
Chernov theory of the thermally activated
dislocation hysteresis [3]. The agreement of the
theory with experiment made it possible to
determine the main quantitative characteristics
of the process of overcoming pinning centers
by dislocations: activation energy, energy of
the binding of dislocations with pinning
centers, activation volumes. The data obtained
3 250 K 7 at temperatures higher than 250 K for the
(b) 300 K 1 extruded samples and 180 K for the rolled
4l v vnnd sgmples may  confirm change  of  the
10° 107 10° 10° 10" microscopic mechanism that governs the
g, dislocation motion in the deformed magnesium

. at these temperatures.

Fig. 1.

At present, the complete microscopic picture and the corresponding theoretical description of
nonlinear dislocation acoustic effects are still far from completion, despite the efforts of a large
number of researchers and the seeming simplicity of the phenomenon. In the initial approximation,
verification of the adequacy of one or another theory of amplitude-dependent dislocation losses and
changes in the elastic modulus can be carried out by comparing the functional form of the measured
amplitude dependences with the dependences du(&) given by these theories. An analysis of the
dependences dy(&o) obtained in this work shows that they are best described by power functions.

In Fig. 2 results for extruded samples are presented in double logarithmic coordinates. It is
seen that the experimental points fit fairly well into straight lines corresponding to the dependences
In(dy) ~ nin(&). The amplitude dependences of the corresponding module defect behave in a similar
way. The similar behavior of the dependences & (&) and AE/E (&) was also recorded in the rolled
samples. It should be noted that in some cases the linearization of the experimental curves in the
coordinates In(oy) ~ n In(&) was not successful. In the rolled samples, the deviation from linearity
was observed at high vibration amplitudes practically in the entire investigated temperature range.
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In extruded samples, nonlinear behavior was revealed at temperatures above 250 K (see curves 250
K and 300 K in Fig. 2). Thus in the indicated ranges of amplitudes and temperatures, the
dependences o4(&) and AE/E(&) are not power functions of the deformation amplitude.

10 ————— —
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< ' 85 K ]
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0.01 e -
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Fig. 2.

There exist two generalized models of dislocation hysteresis, which lead to the amplitude
dependence of internal friction. The first is the string model of Granato and Liicke [4], according to
which a dislocation overcomes the same series of point defects during each half-period of
oscillations. Following Asano [5], theories based on this model are called "breakaway" theories. In
other theories of dislocation hysteresis, the phenomenologically introduced force of "dry" friction
was used as an obstacle to the motion of a dislocation. These theories are called "friction” theories.
They are based on the assumption that a dislocation overcomes not one, but many rows of point
defects, as well as long-range internal stresses. Both types of theories predict not only an increase in
damping with increasing amplitude, but also a decrease in elastic modulus. Proportionality between
the amplitude-dependent decrement and the amplitude-dependent elastic modulus defect has been
observed experimentally for a large number of different single crystals and polycrystals. The ratio
of the amplitude-dependent part of the decrement to the corresponding value of the modulus defect
r = ou/(AE/E)y is another parameter that makes it possible to draw certain conclusions regarding the
adequacy of a particular theory to real dislocation processes in the amplitude-dependent region of
sound absorption. It was shown that the value of r can be evidence in favor of one or another
mechanism of dislocation hysteresis. A detailed analysis of the available experimental and
theoretical results with respect to the value of r is given in [6].

Table below shows the values of nand r obtained in this work for both series of samples.

Rolled samples Extruded samples
T, K n n
e J@EB [ [(EE)

50.5 - - - 1.84 1.59 1.37
65 - - - 1.68 1.62 1.29
85 1.52 1.22 1.11 1.82 1.44 1.68
110 - - - 1.83 151 1.44
140 1.66 1.20 1.15 1.92 1.45 1.65
200 1.62 1.16 1.17 1.77 1.43 1.55
250 1.37 1.09 1.27 1.74 1.57 1.68
300 0.83 1.39 1.45 1.50 1.72 1.88
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It was shown in [6] that in the case of power-law dependences of the amplitude-dependent
part of the decrement and the corresponding defect of the modulus on the amplitude, their ratio r
should be a function of only the exponent n. In our case, for rolled samples we have n = 1.22, and
for extruded samples, n = 1.56. The mean 7 values obtained from the experiment (¥= 1.54 for rolled
samples and ¥ = 1.76 for extruded ones) are in good agreement with calculated in the framework of
"frictional™ model [6] values r = 1.52 (for rolled samples) and r= 1.75 (for extruded samples). Such
agreement between experimental data and theory may testify in favor of a generalized frictional
model [5,6].The mechanism of thermally activated overcoming by dislocations the potential Peierls
relief of the 1st and 2nd order can be considered as a possible mechanism of dislocation hysteresis
friction.

On the other hand, the behavior of the amplitude dependences of the logarithmic decrement
and the modulus defect in the studied range of temperatures and vibration amplitudes does not
contradict the conclusions of theory [3]: when changing the temperature, the amplitude
dependences in semilogarithmic coordinates shift almost parallel to themselves. Further studies are
required to make the final choice between the "breakaway" and "frictional” theories of acoustic
dislocation hysteresis.

In the amplitude independent region, the temperature dependences of the dynamic Young's
modulus were measured. In samples of both sets, with an increase in temperature in the range 51 -
310 K, the dynamic Young's modulus monotonically decreased by a total value of ~ 10%, and its
temperature dependence E(T) did not have any noticeable deviations from the regularities that can
be described on the basis of classical concepts of the effect of thermal motion on the elastic
properties of crystals [7]. It should be noted that the Young's modulus in the extruded samples in
the entire investigated temperature range was almost 5% higher than in the rolled samples. The
observed quasi-static increase in Young's modulus by 5% as a result of extrusion may be due to a
change in the parameters of the grain structure of the samples, in particular, due to the formation of
a deformation texture [8]. Dynamic effects associated, for example, with thermally activated
dynamic relaxation of defect structure elements [1,9] in the temperature range studied in deformed
magnesium polycrystals were not detected.
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AHHOTAaUMA. B ob6nacmu memnepamyp 51 — 310 K u3yuenvi memnepamypnvie u
AMNAUMYOHbIE 3A6UCUMOCU AKYCMUYECKUX CEOUCME MEIKO3EPHUCIbIX NONUKPUCMALIO08 MACHUSL
MEXHUYECKOU YUCOmbl, NOOBEPSHYMBIX UHMEHCUBHOU naacmuueckol oegopmayuu. Ilokasano,
Umo OaHHble UCCIe008aHUL HUSKOMEMNEePAMYPHBIX AKYCIUYECKUX CBOUCME CEUOeMeNbCmEyIon 6
noavsy "gpuxkyuonnou" moodenu amnaumyoHo 3a8UCUMO20 6HYMPEHHe20 MpeHUs, 00)Cl08IeHHO20
MepMOAKMUBUPOBAHHBIM OBUNCEHUEM OUCTIOKAYUOHHBIX CE2MEHMOE 8 MACHUU.

KuroueBblie ci10Ba: akycTuyecKasl CIEKTPOCKONUS, JMHAMUKA JUCIIOKALNN, HU3KHE
TeMIIepaTyphbl, IIacTuueckas aedopmanus, MarHuu.

ON THE DYNAMICS OF TWINNING IN MAGNESIUM MICROPILLARS

Kristian Mathis'", Michal Knapek'?, Filip Siska®, Petr Harcuba', David Ugi’, Péter Dusén
Ispz’movity4, Istvain Groma®
'Charles University, Faculty of Mathematics and Physics, Department of Physics of Materials, Ke Karlovu
5,12116 Prague 2 , Czech Republic
Nuclear Physics Institute of the Czech Academy of Sciences, Husinec — Rez 130, 25068 Rez, Czech
Republic
%Institute of Physics of Materials of the Czech Academy of Sciences, CEITEC-IPM, Zizkova 22, 61600
Brno, Czech Republic
*Lorand E6tvos University, Department of Materials Physics, Pazmany Péter sétany 1/a., 1117 Budapest,
Hungary
* mathis@met.mff.cuni.cz

Abstract. A rare blend of combination of in-situ scanning electron microcopy (SEM) and
acoustic emission (AE) technique has been employed for study the deformation behavior of Mg
micropillars. The combination of these two techniques enables to study the underlying physical
processes with exceptional spatiotemporal resolution. It is shown that the stress drops on the
deformation curves caused by size-effect are in perfect correlation with the acoustic emission
events. The internal dynamics of the twinning is discussed in detail using statistical analysis of the
AE data and processing of SEM images.

Keywords: magnesium; micropillar; compression; acoustic emission; twinning; finite
element modeling; scanning electron microscopy.

PO JJUHAMIKY JABIMHUKYBAHHSA B MIKPOIILIJIAPAX MATHIFO

AHoranis. PinkicHe moemgHaHHs IN-SitU crocTepekeHb 3a JIOMOMOIO METOJIB CKaHYKHYOl
enexTponHoi Mikpockomii (SEM) ta akyctuunoi emicii (AE) Oyno 3acTtocoBaHe 1jisi BUBUCHHS
nedopmaniitHoi nmoBeninku Mg Mmikpomniiapis. [loeqHaHHA IHMX TBOX METOIB J03BOJISIE€ BUBYATU
OCHOBHI (D13U4HI NPOLIECH 3 BUHATKOBOIO IPOCTOPOBO-YaCOBOIO PO3JILIILHOIO 31aTHICTIO. [lokaszaHo,
10 Iepenaay HamnpyXeHb Ha KpUBHUX Jedopmalii, COpUYMHEH] PO3MIpHUM €(EeKTOM, MOBHICTIO
BIIMOBIIAIOTh TMOMAISIM aKyCTU4YHOI emicii. BHyTpimmHsS auHamMika ABIMHUKYBaHHS J1€TaJbHO
OOTrOBOPIOETHCA 13 BUKOPUCTAHHSAM CTAaTHCTUYHOro aHanizy gaHux AE Ta o0poOku 300paskeHb
SEM.

KurouoBi cjoBa: Marhiif; mikpomiiap; CTUCHEHHS;, aKyCTHYHA €MICis; JBIHHUKYBAaHHS;
METO]l CKIHUEHUX €JIEMEHTIB; CKaHyl04a eJIEKTPOHHA MIKPOCKOIIIsI.

ON THE MECHANISM OF TWINNING IN BODY-CENTERED CUBIC METALS

J*. Holzer,., R. Groger, Z.Chlup, T. Kruml
Institute of Physics of Materials and CEITEC IPM, Czech Academy of Sciences Zizkova 22, 61600
Brno, Czech Republic
*holzer@ipm.cz
Keywords: BCC metals, twinning, simulation, experiment
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The plastic deformation of most body-centered cubic (bcc) metals is governed by the motion
of 1/2(111) screw dislocations whose cores are spread on three {110} planes in the zone of the slip
direction. These materials exhibit strong tension-compression asymmetry, which was originally
attributed to the twinning-antitwinning asymmetry of the critical resolved shear stress (CRSS)
acting in the maximum resolved shear stress plane (MRSSP). A number of experiments, atomistic
simulations and density functional theory studies carried out in the past show that the CRSS is the
smaller when shearing the nearest {112} plane in the twinning sense, whereas it is higher when
shearing this plane in the antitwinning sense. Here, the terms twinning and antitwinning sense refer
to two opposite directions of the applied shear parallel to the <111> direction. Besides dislocation
glide, some bcc metals, in particular under dynamical conditions, undergo deformation twinning on
{112} planes in <111> directions. According to the model of (Sleeswyk&Helle, 1963), this may
take place by dissociation of 1/2<111> dislocations to three fractional 1/6<111> dislocations
located on three adjacent {112} planes. It is commonly argued that this twin is formed by shearing
the parent (ideal) crystal in the twinning sense in the {112} plane parallel to the <111> direction,
whereas the opposite <-1-1-1> shear arguably does not lead to a twinned structure.

The objective of this talk is to demonstrate that this line of reasoning is not correct and, in
some bcc metals, twins can be formed on both {112} planes, sheared in the twinning as well as
antitwinning sense. We first summarize the experimental observations of twinning in bcc metals
with a particular emphasis on the metals, where misoriented lamellae were observed also on the
{112} planes sheared in the antitwinning sense. These observations are reconciled using the
Nudged Elastic Band calculations utilizing the recently constructed Bond Order Potentials for all
bcc metals, which give the profiles of the energy barrier to uniformly shear the ideal crystal.
Traversing these barriers in the twinning and in the antitwinning sense provide estimates of the
critical stresses to nucleate the stable three-layer stacking fault representing a twin. The ratio of the
critical shear stress in the antitwinning sense to the twinning sense is the lowest for VB metals,
higher for VIB metals and very high for a-Fe. These predictions agree well with the electron back-
scatter diffraction studies of V (Groger et al., 2018), Nb(Boucher & Christian, 1972; Grogeret al.,
2019) and Cr(Holzer et al., 2021), which show the presence of thin misoriented lamellae parallel to
the traces of {112} planes sheared in the antitwinning sense. They also explain the presence of
similar domains in nanoscale W made by Wang et al. (Wang et al., 2020). However, unlike their
conclusions, we argue that the observed lamella constitute regular twins albeit on {112} planes
sheared in the antitwinning sense. Similar studies on o-Fe (Aonoet al., 1981, Holzer et al. in
progress) do not show the presence of these lamella, which is again reconciled by large relative
critical stress to shear the crystal in the antitwinning sense.
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TWIN BOUNDARIES IN BCC METALS AND THEIR INTERACTION WITH
CRYSTAL DISLOCATIONS

N. Kvashin’, A. Serra, N. Anento
Universitat Politécnica de Catalunya, 08034, Barcelona, Spain
nikolai.kvashin@upc.edu

Abstract. Twins play an important role in metals with bcc structure, as their nucleation
allows accommodation of plastic deformation in the system. The two modes in bcc structures are
(112) and its conjugate (332). There is a mechanism of nucleation a (112) twin at a (332) grain
boundary (GB) with the core at the site of the reaction with a crystal dislocation. When reacting
with the (112) coherent boundary of the twin, crystal dislocations are transformed into GB defects
that facilitate the motion of the GB interface leading to growth or shrinkage of a twin. The
dislocations can be also transmitted through or reflected from the twin boundary, which allows
efficient accommodation of plastic deformation.

Keywords: Grain boundary - dislocation interaction, Twinning, Dislocation pileup, Grain
boundary migration.

The mechanical properties of structural materials, which are naturally polycrystalline, is
defined by a number of physical processes that take place at different time and space scales. On
several of those processes, bulk dislocations and grain boundaries play a relevant role. The plastic
deformation in these materials, namely metals, is mainly due to the mobility of dislocations,
therefore the interaction of these defects with other preexisting defects like GBs is a key factor to
explain the evolution of the properties over the time.

It has been experimentally observed that degradation in the mechanical properties of Ferritic-
Martensitic steels in service is connected with the formation of slip-bands, regions free of defect
where dislocation glide occurs. Propagation of slip-bands through grain boundaries increases
material heterogeneity, leading to premature failure and detrimental loss of ductility. There are
many possible types of GBs and the behavior of one specific GB interacting with dislocations
cannot be anticipated and consequently must be analyzed individually. This is the main goal of this
work: to study interaction between several GBs and crystal dislocations in order to analyze the
reactions that take place. Macroscopically, these reactions are classified as absorption, transmission
or reflection of dislocations.

The sustainability and capacity of macroscopic deformation by polycrystalline metals and
metallic alloys is controlled by the propagation of dislocation-mediated slip through grains. The
interaction results in the transformation of the crystal dislocation into GB dislocations. The {332}
tilt GB absorbs the crystal dislocations, neither the transmission nor reflection of dislocations was
observed. The reaction product at the GB is determined by the crystallography of the GB and the
features of the crystal dislocations involved, specifically, the orientation of the Burgers vector (Bv)
and the glide plane of the dislocation. In general, the decomposition results in the formation of a
sessile GB dislocation (GBD) with a riser that facets the GB and several elementary disconnections
that glide away.

Pristine {332}<110> GBs move conservatively under a shear stress by the creation and glide
of disconnections. If the GB interacts with crystal dislocations, there is a creation of GBDs. The
behaviors of GBDs under shear stress depends on the orientation of the Burgers vector and sense of
shear stress. There are two possible scenarios: a) the GBD moves together with the GB in a
compensated climb, then plastic deformation is accommodated by shear-coupled GB migration; b)
the GBD is sessile because it cannot undergo a compensated climb when interacting with the
disconnections. If so, the sessile GBD is the nucleus of a {112} twin. The nucleation of the twin is
produced by the pileup of disconnections at both sides of the GBD. Then, plastic deformation is
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accommodated by the combination of the motion of the {332} GB and the growth of {112} twins
inside the grain.

Tilt {112} GBs in bcc metals also perform shear-coupled grain boundary migration by the
creation and glide of disconnections. Disconnection dipoles may be created at the pristine GB at
high stresses or may be generated at the core of a GB dislocation that acts as a source of
disconnections. We describe the mechanism that allows the source of disconnections to move
conservatively with the GB. The GBD is created, for instance, during the absorption of a crystal
dislocation by the {112} grain boundary. The presence of these grain boundary dislocations
facilitates the conservative displacement of both, the pristine and the vicinal GBs. The creation of
disconnections is the key for the absorption of edge and screw dislocations by the GB and the drag
of mixed dislocations by the GB during its migration. These conservative processes are efficient
ways to accommodate plastic deformation by the growth and shrink of {112} twins, and shear-
coupled motion of the {112} GB and its vicinal GBs.

In order to have other reactions between the twin boundary (TB) and dislocations we must
allow interaction between the disconnections and the formed GBD. For this it is necessary for
disconnection pair to be created at some distance from the GBD, so that there should appear another
stress concentrator besides the GBD. We can achieve it by launching a pileup of crystal dislocations
at the GB. This leads to other possible reactions aside from GB migration.

If the second dislocation is close enough to the GBD, its stress fields affects the interface
allowing creation of dipoles on it. Under the stress field of the second dislocation of the pileup, a
dipole of disconnections is created at the GB near the GBD. Then, two reactions are possible,
depending at which side of the GBD the dipole is created. If the dipole is created on the left of the
GBD, then the GB together with the dislocation moves down by one plane. Thus, there is migration
of the GB. If the dipole is created on the right side of the GBD, then the disconnection that
approaches the GBD is stepping the interface down, and the outcome of the reaction is the crystal
dislocation of the opposite grain. The dislocation has changed the orientation of the Bv and it can
glide in the lower crystal, i.e., the dislocation has been transmitted to the lower crystal. The other
disconnection has glided away along the GB and the second dislocation of the pileup encounters a
‘clean’ GB and it is absorbed like it was the first dislocation.

There is a possibility of reflection, but in order to have such reaction two disconnection must
be absorbed by the GBD at the same time, or the second one before re-emission of the first
absorbed. Such reaction is not really likely, because it needs very high local stress concentration. In
other words, the conditions for the reflection reaction are: the following dislocation is really close to
the GBD and there is no room to accommodate emitted disconnections. If the conditions are met,
there is formed a crystal edge dislocation of the initial grain with the Bv of <001> type. This
dislocation is detached from the interface and glide into the same grain.
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GRAIN BOUNDARY PLASTIC MECHANISMS IN POLYCRYSTALS - FOCUS ON
SHEAR COUPLED GRAIN BOUNDARY MIGRATION
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The Hall-Petch (HP) relationship establishes the proportional dependency of a metal’s
strength with the inverse of its grain size. This phenomenological law is usually well explained by
the dislocation model, until the grain size becomes too small. In nanometer-scaled grains, usually
devoid of dislocations the plastic models based on pile ups become unapplicable. On the contrary,
the deviation from linearity of the HP law at the nm scale is explained by plastic mechanisms
thatare directly related to the grains boundaries.

Previous studies have reported and simulated several plastic deformation mechanisms such as
grain rotation, grain sliding and shear-migration coupling [1] (Figure 1). Established models have
also been proposed to predict shear-migration coupling [2], [5]. However, they have not yet been
proven experimentally in polycrystals.

Dislocation activity

Shear-grain boundary migration
Deformation twinning

Sliding

Grain rotation and coalescence

DB WN -

Figure 1: Schematic of various plastic
mechanisms that can occur in polycrystals
(from [1])

This study focuses on shear-migration coupling, which is a rather new topic in the field of
plasticity [2], [3], [4]. To carry it out we use polycrystals of Aluminum, Copper and Nickel, with
utrafine grains. We aim to find experimental evidence of such mechanism and characterize it in
order to correlate it with initial grain misorientation, habit plane, straining rate, chemical
distribution, etc.

Transmission Electron Microscopy (TEM) analyses are combined with Automated Crystalline
Orientation Mapping (ACOM-ASTAR) and in-situ straining experiments at room and high
temperatures. Shear-coupled grain boundary migration has been successfully quantified several
times with Digital Image Correlation and compared to existing simulations [2].

AFM experiments coupled with EBSD are also carried-out in order to identify grain
boundaries and quantify the migration perpendicular to the surface of the samples.
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THE MIGRATION OF {1126} TWIN BOUNDARY IN Mg: AN ATOMISTIC STUDY
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The understanding of deformation twinning in hexagonal close-packed metals can be
important due to its substantial impact on mechanical properties. Mg relies heavily on twinning to
accommodate deformation due to an insufficient number of active slip systems. The deformation
twinning in magnesium is a complex phenomenon and is not still completely understood.An
understanding of the atomic processes associated with twin growth is still lacking. The most

common twinning modein hcp metals takes place in {1126} planes [1] and this mode
accommodates tensile deformation along with [0001] direction in Mg metals, some less common
twinning modes such as {1122} and {1126} also observed in pure magnesium [2].

In this article, we highlight the atomic-level studyof {1126} twin boundary which is observed

in rolledmagnesium (Mg) by TEM. The mechanism of migration of {1126} twin boundary was

studied by molecular dynamics (MD) simulations using of embedded atom method (EAM) potential
implemented in LAMMPS. The performed simulations provide insights into the understanding of
twin growthunder applied stress. Besides this, we demonstrate the formation of asymmetrical facets

in {1126} twin boundary.
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INTERACTION OF MIGRATING TWIN BOUNDARIES WITH OBSTACLES IN
MAGNESIUM
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Interaction of migrating{1012}twin boundary with obstacles was analyzed by atomistic and
finite elements computer simulations of magnesium. Two types of obstacles were considered: one is
non-shearable inclusion and another one is void (Fig.1) inside bulk material. It is shown that both
types of obstacles inhibit twin growth and increased stress is necessary to engulf the obstacle in
both cases. However, increase of critical resolved shear stress is higher for passage of twin
boundary through raw of voids than for interaction with non-shearable inclusion.

Fig. 1. Interaction of migrating twin boundary with void: (A) initial configuration; (B)
migration of pre-existed disconnection along the boundary; (C) the boundary is blocked in the void,;
(D) nucleation of disconnection dipoles in the boundary and subsequent absorption of
disconnections by void surface; (E) formation and migration of basal-prismatic interfaces; (F)
detachment of the boundary from cavity with formation of two basal stacking faults. Projection of
figure is in [1210] direction. The atoms in the boundary are colored in white and atoms in stacking
faults are colored in green.
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PO OCOBJIMBOCTI PEJAKCALI MEXAHIYHUX HAIIPY)KEHb B _
YACTKOBO AYKCETUYHHX MATEPIAJIAX V IIPOLECI iX INIACTHYHOT
JE®OPMAIIIT
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AHoTauisi. B pooomi npedcmasneni pesyibmamiu OOCAIONCEHHS 0COONUBOCMEN NOBEOIHKU
Odeghekmis y HaACMKOB0-AYKCEMUYHUX KPUCMALAX Y 36UYAUHOMY [ AYKCEMUYHOMY CMAHAX, |
NOKA3aHO, WO 68 YMOBAX eHepeemUYHOi abo opienmayiuHoi 3a00poHU HA iX pYyX V KPpUCMANIYHIl
Ipamyi O0esKi 3 HUX MAaKi AK OUCTOKAYIUHI KIHKU, OOMIWKU 8 OUCIOKAYIUHUX ammocgepax 3
BUCOKOI0 UMOBIPHICIIO MOJICYMb NEPEMIUAMUCh IPAMKOIO WIISIXOM KO2EPEHMHO20 NPOHUKHEHHS!
uepe3 nomeHyiaibHi 6ap epu.

Kaw4oBi c1oBa: 4YacTKOBI ayKCETHKH, TYHEIIOBAaHHS JUCIIOKAI[IMHUX KiHKIB, KBaHTOBA
audy3isg JOMIIIOK B AMCIOKALiHIN aTtMocdepi.

31aTHICTh AyKCETHKIB aHOMAaJbHO JAe(OpMyBaTHUCh, HETUIIOBO pearyBaTH Ha IMPHUKIAJCHE
30BHIIIHE MEXaHIYHE IOJie, 3HAMIIa 32 OCTaHHI KUIbKA JECATKIB POKIB LTy HU3KY MPAaKTHIHHX
3aCTOCYBaHb B PI3HUX Tally3sIX €KOHOMIKH, BIHCHKOBOI TEXHIKH, PaKeTOOYIyBaHHS, MEIUIMHU,
noOyTy. YHIKalbHI BJIACTHBOCTI IIMX MaTepiajiB — BIJHOCHO «HEIaBHE» HaJa0aHHS JIIOACTBA.
[ToyaTtok iX IHTEHCHMBHOTO BUKOPHCTAaHHS 1 BUBUeHHS mnpunanae Ha 90-i pokn XX cromitrs. 3a
OCTaHHI TPU MAECATUPIYYS BAAJIOCH HAKONUTH YHMAJI0 TEOPETHYHOTO 1 EKCIEePUMEHTAIBHOTO
MaTepiay Mmpo BIACTHBOCTI ayKCETHKIB, OCOOIMBOCTI 1X MOBEIIHKK B PI3HUX CHJIOBHUX MMOJIsiX [1-6].
Ile cTocyeTbcsi MOTIMEPHHUX, KOMMO3MIIMHUX, a TaKOXX KPHUCTATIYHMX AyKCETHKIB, OJHAK MPO
0COOJIMBICTD TIOBE/IIHKU IE(EKTIB y TAKUX PEUOBHHAX BIJIOMO HE Tak yxke i 6arato [7 — 9].

B Toil ke yac mIMpOKE BUKOPHUCTAHHS AyKCETMYHUX MaTepialiB y CY4aCHHUX HOBITHIX
TEXHOJIOTIIX ~ BHMAarae JOCKOHAJIBHOTO PO3YMIHHA  MEXaHi3MIB IX MEXaHiuHOl Jedopmarii,
0COOJIMBO THX, IO MPOTIKAIOTh B EKCTPEMallbHUX YMOBaX OOMEXEHOi penakcaiii MeXaHIYHHX
HampyXeHb Ta iX HaKONMHMYEHHS B Marepianax. MexaHi3mu nedopmariii pealbHUX ayKCETHUKIB Ha
CHOTOJIHI JaJIeKO HE BHBUYEHI, 0COOJIMBO 32 YMOB, KOJIM Ha pyX JIe(eKTiB, uepes sIKUuil peaizyeTbes
ix mactTuvHa nedopmartis, HaKJIaalThCs 3a00poHH (eHepreTHyHi a0 opieHTaliiHI) [8].

JlocmiJKeHHsI, TpPOBEACHI Yy I[bOMY HAampsMKy, I[OKa3ajid, II0 TOBeAiHKa Je(eKTiB
KpUCTaJIIYHOT OYJIOBH B ayKCETHUKAX BIAPIZHAETHCS BiJ 1X MOBEAIHKM Y 3BUYAHUX KpucTanax [7,9].
Tak, HampuKiIag, B ayKCeTMYHOMY 1HMIT AuciokamiiiHi atMocgepu Ha 10-15% pospimxenimi, a
MOJIsI HAIPY>KEHb HABKOJIO KpalWOBHX JMCIOKAIiN y 4 pa3u cnabmn, HiX y 3BuuaitHoMy In. Ile
JI03BOJISIE MPUITYCKAaTH, II0 B yMOBAaX 3HAYHMX MEXaHIYHHUX HAIpPYKEHb 1 eHepreTuyHoi abdo
OpIEHTAIITHOT HEMOXKITUBOCTI 1X pyXy B I'paTIli Taki AeeKTH 3MOXKYTh MEPEMIIIATHCh KOTEPEHTHO,
TOOTO HUISIXOM TyHeNtoBaHHs [10].
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Tax B [10] Oyno moka3zaHo, IO B MarepiajiaX, B SKUX pyX JeQeKTiB 0OMexyBaBCs
CHEepPreTHYHO (HANpUKIa, Ui auciokaiii B Al mpu kpioreHHHMX Temmeparypax — BHCOKUMHU
Oap’epamu Ilaiteprica) moxiuBuii i Oap’epHUl pyX (TYHEITIOBAaHHS) TEOMETPUYHHUX MEPETHHIB HA
IUCIIOKAIISAX, SKAH JIO3BOJHMB aBTOPY IMOSICHUTH aHOMAJbHY IUIACTHYHICTh QIIOMIHIIO TIpU
KPIOT€HHUX TeMIepaTypax.

Jlig Toro, o0 miATBEpAUTH TOCTOBIPHICTh TAKOTO MPHUITYIIEHHS HEOOX1/IHO OLIHUTH CTYIIHb
«KBAHTOBOCTI» ayKCETHYHOTO KpHCTala, po3paxyBaBIIM Mapamerp Je bypa nias 4yacTWHOK, 11O
PYXarThCS:

{E} g
Lo (2) @
BEJIMYMHA SIKOTO POCTE 13 3MEHILIECHHSIM MAacH YaCTHMHOK M1, 110 YTBOPIOIOTH CUCTEMY, Ta €HEeprii iX
B3aemonii E. MmoBipHicTh W mmix 6ap’epHOro MPOHMKHEHHS YAaCTMHOK MAacol M depes
MOTEHITIaTbHUHN Oap’ep pocTe 31 30UIblIeHHsIM L 3a eKCIIOHEHIIaJbHUM 3aKOHOM:
W~ exp (—%:] (2)

Ha croronHi BioMo He Tak yxe 1 6araTto iCTHHHO KBAaHTOBHX KPUCTAJIIB, B SIKUX peali3yeThCs
MeXaHi3M migbap’epHoi audysii aromis. [0 HMX HaJeXaThb KpHMCTanu reniro ;He (L~0,4), iioro
isotomy 3He (L~0,5); wmonekynspHoro Boanro H;(L~0,3); neony Ne (L~0,1).

OpnHak i B 3BUYafHUX KpHUCTaJax 3a MEBHUX KPUTUYHUX OOCTABHH: MiJ J1€I0 HANPYXECHb Ha
MEXKI MIITHOCTI ITpU 0OMekeHHI TU(]y31iHOT aKTUBHOCTI aTOMiB a00 MpH OpieHTaIiiTHIi 3a00pOHi Ha
ix pyx (BHCOKI eHepreTHyHi O0ap’e€pu) TOUKOBI Je(EeKTH, a TAKOXK MepernHy Ha nuciokanisx (kinks)
MOXXYTb PyXaTHCh K Ae(PEKTOHH, IIUIIXOM TyHetoBaHHs [10].

Mertoto i€l po6oTu Oys0 OIIHUTH CTYIiHb «KBAaHTOBOCTI» TaKHX J€()EKTHUX MiJACHCTEM SIK
JUCJIOKAIlIHI KIHKH, aTOMH JOMIIIOK B JHCIOKAIIMHUX aTMocdepax B YaCTKOBO-ayKCETHUYHUX
MaTepianax, A BUSBICHHS MOKIIMBIX MEXaHI3MiB peJaKcailii MeXaHiYHUX Halpy>KeHb B HUX.

Jl1sl JOCSITHEHHSI TOCTABJICHOT METH:

A) BU3HAYMIIM €HEPTeTHYHI XapaKTePUCTUKN OCHOBHUX THUIIB JIe()EKTIB y KPHCTANAX, sKi
BIJINIOBIAIOTh 3a peflakcallilo MeXaHIYHUX HarpyxeHb. Ouinmim eHeprii 6ap’epis Ilaiiepica
(Peierls potential) mist kpaiioBuX AMCIOKAIliH Y YaCTKOBO-ayKCETHUHUX OepwTii, 1HIi1, oi-TiOKCHI

KpEMHiI0, €HEPrii 3B’ 3Ky aTOMIB JIOMIIIOK 3 TUCIOKAIISIMH

E.= i 0 zz 3

B2

ae L2, = 0 qust MiXKBY30JIbHHX aTOMIB — HA/UTHIIIKOBHI 00’ €M, SIKHI CTBOPIOE aTOM JIOMIIIIKH B
KPHUCTaJIUHIN rpaTili pe4OBUHU PO3YMHHUKA, T.. — KOMIIOHEHT TE€H30pa MEXaHIYHUX HAINpYXKEHb,

10 BUHUKAIOTH MOOIN3Y KPaioBOi AUCIIOKAITI].
Ghb w(3xT 4"

Tex = — 2m(1—v) (24523 (4)
__ Gb yix"—")

Tyy = 2 (1—v) (x4 )0 (4)

Oz = V(T T+ J}'}'j (6)

[lpu 3Hauenni koedimienta ITyaccona mis Be B paiioni 300K v = 0,03, mone HanpyxeHb
HAaBKOJIO KpailoBOi auciokalii (4u ii KoMmoHeHTa) Oyzie Mayio BiIPpI3HATHCH BiJl HANPYKCHHS IS
I'BHHTOBOI JUCIIOKALIii:

o =yt [_}-u:ax“ﬂ-’*:' ;.-u:x“—f‘}}: e (}-u:x“—}-“}) )

= Twm(-vd N @PH) 0 @) m(1-v) \(x2+5%)*

[TincraBuBmm (6) B (7) OIIHWIM €HEPTiI0 B3a€EMOJIIi aToMa KapOOHY 3 KpallOBOIO
nuciokaniero y Be: E,. = 1.4 10723 M,

b) po3paxyBanu IBUIKOCTI pyXy IUX A€(PEKTIB y 3BUUAHHUX Ta AyKCETUUHUX HAIMPSIMKaxX y
4aCTKOBO-ayKCETUYHUX KpHUCTalax 1Hi10, OepHIIito, 1IOKCULy KPEMHIIO;

B) ouinnnu mapamerpu ae bypa L i1 fimoBipHicTs W Ti1 6ap’€pHOTO MPOHUKHEHHS IUX
nedeKTiB Yyepe3 MOTeHIaIbHI 0ap’epH.

Tax, st aToMiB KapOOHY B TUCIIOKAIIIHIN aTMOcdepi B kpucTanax Be.
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R 6.62-10 % Tmc
a,/mEzy 3.584-107%m,/12-1,67-107%7-1,4-10 728

Lo

= 0,349. (8)

Sk 6aunmo, mapametp ae bypa Bkazye Ha 3HaUHY WMOBIPHICTh BMUKaHHS KBAaHTOBO1 qudy3ii
aTOMIiB KapOOHY, SIKi 3HAXOJSIThCS TOOJM3Y MAHCIOKAIlid y KPUCTATIYHUX TIpaTax OepuiIiio.
OtpumaHi pe3yinbTaTH J103BOJSIOTH MOSICHUTH MEXaHI3M paHille OTPUMAaHUX OCHMJISLIN Ha YaCOBUX
3aJIeKHOCTSX MOMTMHAHHA NpYKHOI eHeprii @~ (t) i £ (£)~G, £ (puc.1).

0 5 10 15 20
50 . T T — 1,964

40 1,962

Q10
f.s?

1,960
30+

1,958

t, min
Puc. 1. Kinetnuni sanesxnocti @77 (2) (1) i f*(£)~G,; (2) MTK Be niciis TepMOUMKITIOBAHHSA
B mianasoni 20-400°C i mukiiuboi xedopmanii nmpu 260°C 3 aMIUITY1010 BiZHOCHOT
nedopmarii 10° (5xB)

TynemoBaHHS aTOMiB KapOOHY B AMCIOKALiHHIM aTMocdepi MPUBOAUTE 10 €PEKTy PO3IMHUTTS
aTMocdepu, sike YTPYAHIOE PyX AUCIOKAIlil BUBOASYUM 1i 3 MPOLIECY MOTIMHAHHSA MPYKHOI eHeprii,
aJie TIpu oMYy He 3akpirutroe ii. Tomy Oyapb sike HacTyIHE 301IBIICHHST MEXaHIYHUX HATPYKESHb
3HOBY IPUBOJIUTH 10 IPUCKOPEHHS JAUCIIOKALI] Ta 3pOCTaHHS PIBHS MOMIMHAHHSA. Takuil mpouec
BiJOYBaTUMETHCS IOTIOKM aTOMH KapOOHY Ha JIOKaJi3yloThCs B rparii Be.

TakuMm unHOM, B po0OOTI MOKa3aHO, 110 MepEeruHy Ha AUcIoKallisx B In, Be, a-5i0, 3
BHCOKOIO HMOBIPHICTIO MOKYTh TIEPEMIIIATHCh KOTEPEHTHO, SKIIO 1HIIII MEXaHi3MH iX pyxy OyIyTb
€HEepreTU4HO abo opieHTaliitHO 3a010K0BaHi. KpiM TOro, KBAHTOBUMHU BIIACTUBOCTSAMHU MOXKYTb
BOJIOAITH JTOMIIIKH 3 TUCIOKALIMHUX aTMoc(ep, 30KpeMa JOMIIIKK KapOOHY B I0JI1 HAIIPY>KEHb
HaBKOJIO Juciokarlii B Be.
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ON PECULIARITIES OF MECHANICAL STRESS RELAXATION IN PARTIALLY
AUXETIC MATERIALS IN THE PROCESS OF THEIR PLASTIC DEFORMATION
M.D. Raransky, A. V. Oliinych-Lysyuk, R.Yu Tashchuk, O. Yu.Tashchuk
Yuri Fedkovich Chernivtsi National University, Chernivtsi, Kotsyubynskoho, 2, Ukraine,
tashchuk.roman@chnu.edu.ua

Abstract. The paper presents the results of the study of the behavior of defects in partially
auxetic crystals in normal and auxetic states, and shows that under conditions of energy or
orientation prohibition on their movement in the crystal lattice, some of them such as dislocation
kinks, impurities in dislocation atmospheres with high probability can move through the lattice by
coherent penetration through potential barriers.

Keywords: partial auxetics, tunneling of dislocation kinks, quantum diffusion of impurities in
the dislocation atmosphere.

BIIVIUB TEPMOUUKJIIOBAHHS HA CYBCTPYKTYPY CILJIABIB Al-Cu TA Al-Cu-Zn

A. L. Bimok', B. B. Illupokos’, O. B. Mosrosuii', M. B. JIucuii®
'BiHHUIBKHIT 1epXKABHUI e arorianmii yaisepcuteT iMeni Muxaiina Kowrobumucskoro, Ykpaina
Binnuis, Byn. Octposbkoro, 32, anbilyk57@gmail.com
®Ykpaincbka AkageMis apykapctsa, Yipaina, JIbBiB
3BiHHI/IubKlzlﬁ HAI[lOHAJILHUH TeXHIYHUI yHIBEpCcUTET, YKpaina, BiHauis

AHoTauif. B pobomi npedcmasneni pezynrbmamu 00C1i0NHCEHb BNAUBY MEPMOYUKIIOBAHHS HA
MeXaHism nONicoHI3ayii 6 KOHCMPYKYIUHUX MAMepianax Ha OCHO8I antOMIHIFO.

KurouoBi cioBa: TepMOIMKIIOBAHHS, CYOCTpyKTypa, AuchnepciiiHa dasa, gucioKallii,
BHYTPIIIHE TEPTSI.

TepmonukmoBanns (TLIO) sk 1 nuHamiyHe cTapiHHS €(QEKTUBHO BIJIMBAE HA PO3BUTOK
CyOCTPYKTYpH 1 pO311aj] TBEPIOTO PO3UUHY.

JlocipKeHHsT 3aKOHOMIPHOCTEH 3MIHU CTPYKTYPH 1 BIACTUBOCTEN cTapirounx cruiaBi Al-Cu
1 Al-Cu-Zn npu BucokotemmneparypHiii TLHHO (BTLO) y piBHOBaXHOMY 1 Hampy»XeHOMY CTaHaxX
(IT3H) mpoBoamIKCh HA YCTAHOBIII THIY OOCPHEHOTO KPYTHJILHOTO MasTHUKA mpu dactoTi 1 I'm.
BTLO npoBoausnocs B inTepBaii remnepatyp (495-520) K. IIIBuakicTh HarpiBaHHS 1 OXOJIOIKEHHS
ButpuMyBajack Ha piBHI (30-40) K/c. Benmnumna HampykeHHs Ha 3pa3oK MiJ 4Yac 0OOpoOKH

cranosuia 0,2 Og 2. MikpoTsepaicTs BuMiptoBanu Ha npunafi [IMT-3. Ximiunuii cKiaja Criasis:
cmas 1 - Al-4%Cu; crnas 2 - Al-4%Cu -4%2Zn.
BB pomimok Ha mpornecu ¢opmyBaHHS 1 cralimizamii CTpYKTypH BigOHMBaeThCs 3a
XapaKTepoM MOBOKEeHHA Henpyx)Hux edekrtiB A, B, C [1, 2], mo MaioTh penakcauiiHy Opupoay i
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3B'A3aHi 3 B3a€MOJIEIO 1 IEPEPO3MOUIOM JTUCIOKALH 1 TOUKOBUX J1e(heKTiB y mporeci GopMyBaHHS
1 cTabumi3alii B MaTepiali MOJIrOHATBHOI CTPYKTYPH.

Enepris aktuBanii mporiecis, 110 0OyMOBIIOIOThH iXHIN mposiB BiamoBigHo piHi 1,30 1,38 i
1,45 eB. CryniHp iXHBOrO MpPOSBY BHU3HAYAETHCSA PEKUMOM TepMiuHOiI 00poOku. Bubip momimox
MiIi 1 IMHKY BUKJIMKaHUH Tieto oOctaBuHOMO, 1m0 cuctemMu Al-Cu i Al- CU -Zn BimHOCSTBCS 11O
CIUIaBIB, IO JUCHEPCIHHO-TBEPAIIOTh. OTXKE CTBOPIOIOTHCA MEPEIyMOBU JUISl TMOAAIBIINX
JOCTIIKEHb MOJIMBOCTEH 3aKpilJIeHHS UCIOKAlIMHOT CTPYKTYpH HE TINbKH OKPEMHUMU
JOMIIIKAMHA YW aTOMaMH, iX CKYMYCHHSIMH, ajieé 1 JUCIIEPCHUMHU BHUIUICHHSAMHU. MOXKIHMBOCTI
CTIOJIy4EHHS JABOX PI3HHMX HAINPSIMKIB JOCSATHEHHS 3MIIIHEHOTO CTaHy 3a JIOMOMOTOI0 CTBOPEHHS
CYOCTPYKTYpH 1 BUIIJICHb TUCIIEPCHOT (ha3u MOBUHHI MOCTY>KATH HOBUM TEPCTICKTUBHUM E€TarlOM
oJlep>KaHHSI BUCOKOMIITHOT'O CTaHy MaTepiaiiB.

BrnnuB aromiB Mmial Ha XxapakTep mnposiBy HenpyxkHux edextis A, B, C B mporueci
¢dopmyBaHHs 1 crabimizamii cyocTpyKTypu npuBeneHuid Ha pucyHky 1 mns cmaBy Al-4%Cu. [lo
TEPMOLIMKIIIOBAHHS Ha KPUBIH Q'1=f(T) BUSBIIIETHCS. HEBEJIUKUIN 3€pHOTpPaHUYHBIN edekT npu 623-
633 K i nomimkoBuil 3epHOrpaHUMYHUM MiK O6sm3bko 673-693 K (puc.l. a, kpua 1). Bxe oaun
TepMOIUKI (puc.la; KpuBa 2) CTBOPIOE MIABUIIEHY KOHIIEHTpAIliI0 1e(PEKTIB KpUCTaIIdYHOI OYI0BH,
a HarpiBaHHA IIbOTO 3pa3ka i HaBaHTaXEHHSAM OOYMOBIIIOE€ IXHIH MEpepo3NnoAil 1 MposB
cyoctpykrypHux edektiB: A nipu 493 K, B npu 553 K i C npu 598 K. Kpim Toro, 3'aBisieTbcs TiK
npu 453 K, axuii 3B'13yeThecs 3 pekpucTaiizauieto 3pazka. [IposB cydbcTpykrypHux edexrax A i B
TOBOPUTH TIPO IHTCHCHUBHUW TIPOIIEC TMOJITOHI3allli B HaBaHTAXEHOMY CTaHI BHACJIJIOK
NePepO3NOALTY AUCIOKAll B CTIHKY 1 qudy3ii 1ajJeKuX TOUKOBUX Je(eKTiB y cTiHkax. [Ipu npomy
3epHOTPAHUYHUN €PEeKT 30UTBITYETHCS 1 3MIIMYETHCS Yy 01K HU3BKUX TEMIIEpPATyp, IO TOBOPUTH PO
sapiGHioBannss sepua npu TLO B II3H. 3 amamisy Q'=f(T) BumimBae, mo 3alIexKHICTH
cyoctpykTypyHux edektiB Bia kiabkocti BTIIO HocuTh ocummsmiiHuii xapaktep (puc. 1, 0).
[epion nux npoueciB micas BTHO 6e3 naBanTaxkenus ckianae 30 nuknis; a micns BTHO B [13H
nporec 3MiHA €(DEeKTIB 3MEHIIYEThCA B 2 pa3u. Sk BuAHO 3 puc. 1, 6 BeJIMUYMHU CyOTrpaHUIHHUX
edexTiB 31 30UIBIICHHAM KUIBKOCTI TEPMOLMKIIB OCIHJIIOIOTh 13 3aTyXaruol aMIUTTYIOH0.
Crabimizartis cyorpanndaux edexTiB nmpoxoauTs micis 60 TIO.

Pe3yibTaTd BIUIMBY aTOMIB LUHKY (cIuia 2) Ha 3amexsicts Q=f(T) micas BTLO B II3H
npuBeneHi Ha pucyHky 2. Kpim cybcrpykrypaux edekrie A(513 K), B(553 K) i C (603 K)
crioctepiratotees miku npu 353 K, 393 K, 453 K, 633 K, 693-703 K (puc. 2a). Ixae BceGiune
JOCTIKEHHSI 1 TMOPIBHSAHHS 3 JITEPaTyYpHUMHU JaHUMHU JAAlOTh MiACTaBy NPUITYCKaTH, IO BOHU
3B'A3aHi 3 TakuMH mporecamu, edextu sskux npu 353 K i 393 K 3B's3ani 3 pozunHeHHsM 30H [T
edext mpu 453 K, oOymoBieHuil pekpucrtanizauiero 3paska; edekru mpu 633 K 1 693-703 K €
3epHOTPAHUYHUH 1 TOMIIIKOBHIA 36pHOTPAHMYHUHN BIATIOBITHO.

Q=10 g

’ | A
s A A
m Ju”u@u A AT
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Puc.1. Xapaktep 3MiHU cyOcTpyKTypHUX edekTi uisi craBy 1 mpu BTIHHO B I13H: a) 1 -0
THO; 2 -1THO;0) 1 - edexrt A, 2 - edekr B, 3 - edexr C.

JlocnmimkeHHs TMOKazand, Mo B Mipy ¢GopMyBaHHS CYOCTPYKTypU M OCioaHHS Ha
JUCIIOKALIMHUX CTIHKaX OKPEMHX aTOMIB JOMIIIKM iXHIX CKym4eHb 4M (pa30BUX BUJIICHb
cyOCTpyKTypa e(eKTHBHO OJIOKYETHCS, CTa€ CIAOKIIIOW 1 penakcamiiiHi e()eKTH BUSBISIOTHCS
cna6kime (puc. 2a, kpuBa 2). 301IbIICHHS YHCIIa TEPMOIUKIIIB 710 5 (puc. 2a, kpuBa 3) 00yMOBITIO€
KpiM pizkoro 30ubnieHHs nika C Takox (popMyBaHHS Mika B Ha miciii monepeHbOro Neperuxy.

Gl gt Q1
- 100 AN I s
N Y RS
ool 1€ oo ﬂun 0., AN A
: I /
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Puc.2. Xapaktep 3MiHU CyOCTpYKTypHUX edekTiB 1uia cruiaBy 2 npu BTLHO B [I3H: a) 1 -0
TIHO, 2 -1 THO, 3 - 5 THO; 6) 1 - edekrt A, 2 - edekr B, 3 - epexr C

Amnariz remnepatyphoi 3anexsocti BT crmasiB Al-Cu -Zn nokasye, mio sik i B crutaBax Al-Cu
3aJICKHICTh CYOCTPYKTYpHBIX €(EeKTiB HOCHTb OCHWIALIHHUN XapakTtep (puc. 20). Ilepion
ocummsnii cknagae 15 THO. Xapakrep noBomxeHHs epekTiB A (kpuBa 1) 1 B (kpuBa 2) mpakTH4HO
MOBTOPIOIOTH OJIMH 0HOTO. CIIiJ] 3a3HaYUTH aHOMAJIBHUI XapakTep moBopkeHHs egexTy C (kpuBa
3). Tak nepion ¥oro ocuwiswii BigoOpaxae mnepioau 3MiH MEepUIMX JIBOX e(eKTiB, aje XapakTep
HOro MOBOKEHHS IIJIKOM NPOTHIICKHUNA. 3MeHIIeHHs edekTiB A 1 B 3B's3yeTbcs 3 ocigaHHAM
JOMIIIIKOBUX aTOMIB Ha JUCIIOKAIIMHUX CTIHKAX, Ki CTaOUI3YIOTh CYOCTPYKTYpY.

[lpr 1pbOMYy BHYTPILIHI JMCIIOKAIl CTAIOTh OUIBII PYXJUBUMH W €(EKTHBHO PO3CIIOIOTH

npykHy eHeprito. Lle 1 cynpoBoxye 30imbieHHs nika C. 30UIbIICHHS NIIIBHOCTI JUCIOKAIT TIPH
BTLO crpusie nepeTBOPEHHIO MAJOKYTOBUX IPAHUIb Y OUIBIIKYTOBI IpaHuIli 3epeH. BinOyBaeThes
YaCTKOBE JPOOJICHHS 3epHa, PO 10 TOBOPUTH 30UTbIIeHHS miKka mpu 635 K.
HactynHe 3011bIIEHHS KUTBKOCTI TEPMOLMKIIIB BHKJIMKA€ HAarpOMaDKEHHS NEQEeKTIB y HOBHX
3epHaX 1 TMOYMHAETHCS (OPMYBAHHS HOBOI OIIBII TOHKOI CyOCTpykTypu. HasiBHICTH moOpe
PO3BHHYTOI CHCTEMH CYOTpaHMIlb CTBOPIOE YMOBHM Ui BUAUICHHS YaCTUHH JOMIIIOK TI0
cyorpanursiM. [Ipu nbOMy KUTBKICTh JOMIIIOK HAa BHCOKOKYTOBHX TPAHUIAX 3MEHIIYETHCS, IO
MIPUBOJIUTE JI0 3MEHIIEHHS JOMIIIKOBOTO 36pHOTPaHUYHOrO Mika mpu 693-703 K.

[Ipo xapakrtep cTpykTypHHX 3MiH 1 1i eBomrorii mpu BTLIO cBimuuTh 3MiHa TapaMeTpiB
JAHMCIIOKAIIHOT CTPYKTYpH (Tad. 1)

HlinpHICT, AWCTOKAIi p, MOBKHHY JTUCIOKAlIMHOTO cermMeHtra Ly Bu3Hauamu 3
EKCIIEPUMEHTAIBHUX JAHUX aMIUTITYHOT 3aJIe)KHOCTI BHYyTpimHboro Tepts. Tak nmpu BTLO B I13H
MaKCHMaJIbHE 3HAYCHHS IIITPHOCTI AUCIIOKAIIIT p 1 MiHIMAJIbHE 3HAYCHHS BETUYUHU Ly TOCATaEThCS
B nporteci nepumx 15-25 TIO a npu BTLO 6e3 HaBaHTa)eHHs - mpoTsarom 35-45 TI[O (tabu. 1).

[onanpine HapomryBaHHS TEPMOIMKIIIB BEJE 0 3MEHIICHHS BEIHMYMHH P 1 HE3HAYHOMY
30inpiienHto Ly, mpu BTIHO 6e3 HaBaHTa)XeHHS

JHoxazom 3minaenHs crasiB pu THO 1 THO B I13H € 3miHa Apyroi KpUTHYHOT aMILTITYIH
nedopmanii Y. 2, TAHIeHCa KyTa Haxumiy (OoHY amiuiTygHoi 3anexHocti BT tgf, rycrunu
aucnokauiit p i mikporsepaocti H,( Ta6m. 1)
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Tabmums 1.
XapakTep 3MiHU TTapaMeTPiB CyOCTPYKTYpHU 1 MIKPOTBEPIOCTI aylfoMiHI€BUX criaBiB micis TIHO
KinpkicTh 1UKITIB

CraB Tepmo- Buwmipsaa
00pobka | BemuumHa™* 0 5 20 25 50 60
1 6,0 8,2 9,6 12,0 14,2 14,0
2 0,7 0,7 0,39 0,23 0,30 0,10
Al-4%Cu | TLIO 3 1940 2805 |3824 387,2 256,3 203,3
1 4,0 6,2 115 6,1 8,9 8,7
2 0,9 1,5 1,33 0,96 0,9 19
Al- THO 4 2,1 10,2 10,2 6,2 91 11,1
4%Cu- 5 4,9 2,9 2,9 3,9 2,9 2,9
4%2Zn

*1 - .2, x10™; 2 - tgO; 3 - H,, MITa; 4 - p, x10™ M 5 - Ly, x10° m.

Takum uynnom TLO B HampykeHOMy CTaHi 3a0e3leuye NMPUCKOPEHHS JIOCSATHEHHS OLIbI
3MIIIHEHOTO CTaHy 1 pO3IIMPEHHsS 1HTepBaly 30€pekeHHs MIJABUIICHUX eKCIUTyaTaliiHUX
XapaKTepHCTHK Matepiaiy (Tadmn.1).

CrninpHa Jis NIJBUIIEHOI TEMIEPATypH 1 MOJIB HAIMPYT CHpUS€E MEPepo3noaAlty IedeKTiB 1
(dbopMyBaHHIO TOHKOI, OLJbII PIBHOBAXHOI, a 3HAUUTh cTaOUIbHOI cyOcTpykTypu. Bapiaris
napamerpamu  BTIIO B II3H BigkpuBae MmIUPOKI MOXIMBOCTI KEpyBaHHsS IpoliecaMu
CTPYKTYpOYTBOPEHHS 1 OTPUMAaHHS HEOOXIAHUX €KCILTyaTalliHUX XapaKTepUCTUK MaTepiaiy.

Jlireparypa
1. JIucuit M. B. @opmyBaHHs 3MIIHIOIOUO] CYOCTPYKTYpHU B KOMIIO3ULIMHUX MaTepiajax Ha
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2. Karbivskii O.F. Impact of thermocycling on aluminum alloy polygonal structure/ O.F.
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EFFECT OF THERMOCYCLING ON THE SUBSTRUCTURE OF Al - Cu AND Al - Cu -
Zn ALLOYS

A. 1. Biliuk}, V. V. Shirokov?, O. V. Mozghovyi', M. V. Lisiy®
Vinnytsia Mykhailo Kotsyubynskiy State Pedagogical University, Vinnytsia, mavimfto@gmail.com
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Abstract. The paper presents the results of research on the effect of thermal cycling on the
mechanism of polygonization in structural materials based on aluminum.
Keywords: thermal cycling , substructure, dispersion phase, dislocations, internal friction.
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HUMU MEXAHIYHOI EHEPI'TI
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InenTudikamiro mapamMeTpiB MOMIKOPKYBAHOCTI MOXKHA TPAKTyBaTH TpPbOMa HaIlpsIMaMU:
MOIIKO/PKYBaHICTh BU3HAYAETHCS MIJISTXOM aHAJI3y CTaHy maTepialy 3a 0e3mocepeHbOI0 3MIHOO
XapaKTepUCTHK MaTepiaidy Ha MIKpOpiBHI (BUHHUKHEHHS, TOUIMPEHHSM Ta 00’ €THAaHHIM MIKpOIIOp,
MIKPOTPILIUH, TOIIO); IMpPEACTAaBICHHS MapaMmMeTpy MOUIKOJUKEHHS K  MaKpOCKOIIYHE
BiJJOOpa)KEHHSAM BIUTUBY MIKpOIIOIIKO/)KEHb Ha 3arajlbHUI CTaH MaTtepiajly; BU3HAYEHHS Ha OCHOBI
OCHOBHHX TOJIO’KEHb TEPMOJIMHAMIKY HE3BOPOTHUX MPOIIECIB, BUKOPUCTAHHS SKUX A€ MOKIIUBICTh
BU3HAYNUTH 3AJEKHICTh MIXK ITapaMEeTPOM IOIIKOIKYBAHOCTI Ta HANPYXEHHAMHU 1 JedopMallisiMy,
SIK1 BUHUKAIOTh Y TiMl.

[pyxxHo-T1acTuuHe e(OpMyBaHHS MaTepialy CYNPOBODKYETHCS IOCTIMHUM pOCTOM Ta
00’€IHaHHAM PO3CISIHMX MO 00’€My BCHOI'O Tila MIKPOTPIIIMH Ta IMOP, II0 BUKIUKAE 3HWKEHHS
¢bi3MKO-MEXaHIYHUX BIACTUBOCTEH Marepiady, BHUHUKHEHHS MAaKpOTPIIIMHU Ta MOJajblIe
pyiinyBaHHs koHcTpykuii. JI. M. Kaganos Ta 0. M. PaGoTHOB 3anmponoHyBaiyu nmapamerp, KU
OyJi0 BU3HA4YeHO K napaMmeTrp noukokyBaHocTi D. Jns #ioro BU3Ha4YeHHs BpaxyBajHCh 3MiHU
IJIOMII TOTIEPEYHOI0 Tepepi3y MiA M€ MPOoIeciB mepepo3noauty mikpoaedekTiB. [lpu mpomy
BBOJIUTHCSI TOHATTS €(EKTUBHOI IUIOHI mepepidy, TOOTO Tiel IJIOmIl, siKa po3paxoBaHa 0e3
ypaxyBaHHS MIKpOJI€(EKTIB.

. F
[TapameTp HOIIKOKYBAaHOCTI BU3HAYA€Thed 3a Gopmynoro: D =1 - ne F, — 3aranbHa
o

mioma mepepisy, F — edexTHBHA IUTOmA Mepepily, MO Ge3MoCepeNHE0 HEeCe HABAHTAKEHHS,
3MEHIIIeHa NOpiBHAHO 3 F; Ha cymapHy miouly MikpoJaedekTiB. BukopHcTaHHS HaBeIeHOIro
croco0y BuMarae 0e€3MOCepelHbOr0 aHalli3y MIKPOCTPYKTYpPH, HANpUKIAJ, 3a JOIOMOIOH0
BUTOTOBJICHHS HUTi(iB.

VY pob6orax A.A. Inprommna, B.B. HoBoxunosa, M. 1. bobups neranbHo oOIpyHTOBaHO
HEOOXIJHICTh PO3IJIAAY MIKPOIOIIKOMKEHh KOHCTPYKLIHHMX MaTepiajiB MpH BUCOKHUX PIBHIX
eKCIUTyaTalllifHOr0 Ta TEXHOJIOTIYHOTO HaBaHTaXeHb. Y TIpollecl eKCIUTyaTalii Ba)JIMBUM €
BCTaHOBJICHHS 3aJIMIIIKOBOTO PECYpPCY, IO 3aJ€KUTh BiJ] JOCTOBIPHOCTI MOJIEJTi TIOIIKO/PKYBAHOCTI..

bepyun 1o yBaru Toil ¢akr, 1o 6e3nocepeHe BU3HaUeHHs €(DEKTUBHOI IO TONEPEYHOTO
nepepi3y € CKIaJHOI0, 3 TOUKU 30py IHXKEHEpHOi peaiizallii, 3agauero, y OuIbIIocTi podiT OyIo
3aMporoOHOBAHO BU3HAYaTH PIBEHb MOTOYHOI'O MOILIKO/KEHHS MaTepiaiay 3a JOMOMOIrOI0 3MIHU
BEJIMYMHU HOTO0 MaKpOXapaKTEPHCTHUK, SKa MA€ Miclle y BUMAJKY Jlii 30BHIIIHIX CHJIOBUX (haKTOPIB.
byB BBeneHui nmapaMeTp MOUIKOJKEHHS SIK BIIHOIIEHHS MOJYJIIB MPY>KHOCTI NMPU PO3BAHTAXKEHHI1

. E . .
JI0 1X MOYaTKOBOIO 3HAUEHHA: [} = 1 —E—, Aac Eo — BUX1AHC 3HAYUCHHA MOAYJISA IPYKHOCTI, E —
o

MOTOYHE 3HAYEHHSI MOAYJISl IPY>KHOCTI NPU PO3BAHTAXKEHHI.

BukopucTaHHs TBEpUKEHHS PO BIUIMB MOIIKOJKYBAHOCTI Ha MEXaHI4HI BJIACTHUBOCTI
MaTepianiB MapaMeTp MOLIKOKYBAaHOCTI NPOIOHYETHCS BU3HAYAaTH 3 TOYKH 30py €(PEKTHBHUX
NPYKHUX XapaKTepUCTHK MaTepiaiy: MOTOYHI 3Ha4eHHs KoedinieHTa [Tyaccona, Moayns 3cyBy Ta
00’€eMHOT0 MOZYJIS 1 1X BUX1JHI BEIMYUHH Y Hele(popMOBaHOMY CTaHi.

3a HaAsABHOCTI MPOIECY ,,PO3IMYIIYBAaHHS Marepialy MiJ 4ac HOro MpyX)HO-TUIACTUIHOTO
nepopMyBaHHS apaMEeTPOM MOUIKOKYBAHOCTI MOX€ BUCTYIHUTH 3MiHA CYIUIBHOCTI CepeloBUILA
MaTepiairy, ToOOTO BU3HAUEHHS 3MiHU 00’ €My 3a JOIIOMOTOI0 METOAY T'i/IpOCTaTUYHOIO 3Ba)KyBaHHS.
OxpeMuM MiAX00M 1110710 1AeHTU(IKALT MapaMeTpy MOMIKOPKEHHS € eJIeKTPOAKYCTUYHHNA METO/,
BUMIPIOBAHHS €JIEKTPUYHOTO MOTEHITIANy, 3MiHA EJIEKTPUYHOTO OTIOPY MaTepialy.

Jlisi CTBOpEHHs C€Moco0y KOHTPOJIIO TOMIKO/PKYBAHOCTI, L0 HE BHUMAarae BUIIyYEHHS 3
KOHCTPYKIIi 3pa3ka /1 BUIpoOyBaHb, pO3BUTKY HA0yBalOTh HEPYHHIBHI METO/IH.

3a J0MOMOroK MIKpPOTBEPAOCTI MOXKHA BH3HAUaTH CTYIiHb MOIIKO/PKEHHS MaTtepiaiy, aie
JUIIE CTaH TOBEPXHEBOI'O Iapy Marepiany Oe3 BpaxyBaHHsS TMIPOIECIB, IO BiJOyBalOTHCS
BCEPE/IMHI.

Jnst iHKEeHEpHUX PO3paxyHKIB MpPOIEC HAKOMWYCHHS MOUIKO/HKEHb 3PYYHO IPEICTABUTH Y
BUTJISII QHATITUYHOI (DYHKIIIT, IKY po3riisiHyTo Ty podoTtax M. I Bobups [1]. V 3aransHOMY BHTIISAL
ii MOXXHa 3amucaTtd SK CKIAQgHy 3ajJeXHICTh BiJ OaraTh0X MapaMeTpiB TEPMOCHIOBOTO
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HABAaHTA)KEHHS Ta MEXaHIYHUX XapaKTepUCTHK Matepiany: dD = F(z,N,T..),ne & —
IHTeHCUBHICTH Jedopmartii, N — KUIbKICTb IIUKJIIB HaBaHTaXeHHs, T — TeMnepaTypa TOoLIO.

TakuM 4YHHOM, MPEACTABICHHS IMapaMeTpy IMOIIKOIKYBAaHOCTI MaTepially Mij dYac #oro
NPY>KHO-TUTACTUYHOTO  Ae(pOpMyBaHHS, CBITYUTH MpPO  BIJCYTHICTb OJHO3HAYHOTO YiTKO
OKPECJIEHOTO TIIXOAy IIOAO0 WOTr0 BU3HAYCHHS. MOJIIMBICTP BHKOPUCTAHHS TOTO YH 1HIIOTO
HiAXOMy 1100 BH3HAUEHHS LIbOTO MapaMeTpy MOBHMHHA OyTH OOIpyHTOBaHa Oe€3MOCEpEeIHbO VIS
KOHKPETHOT'O BUIY HABAaHTAKEHHSI, BUXOSUN 3 IPUHHITHX TINOTE3 Ta MPHITYIICHb.

PeanpHi KOHCTpYyKIIi 1 iXHI JeTami 3a3HAIOTh BIUIMBY 30BHIMNIHIX 1 BHYTPINIHIX (DaKTOPiB.
30BHIIHA i MOXK€ BUKIIMKATH KOJIMBaHHS MaTepiany, 3 sIKOTO BHUTOTOBJICHA JeTanb. PeanbHi
KOJIMBAHHS TIJT € 3aBXK/H 3aTyXal0YMMH, TaK SIK BiZIOyBa€ThCsl HE3BOPOTHE PO3CIFOBaHHS MEXaHIYHOT
eHeprii. BHyTpimiHi 3MiHK y MaTepiali BUKJIUKAIOTh CTPYKTYPHI IEPETBOPEHHS PI3HUX BHIIB, 110 B
CBOIO Yepry 3MiHIO€ apaMeTpu BUIBHUX 3aTyXalOUUX KOJIMBaHb. B3sBIIM 3a OCHOBY TeoOpilo, sika
MOSICHIOE MEXaHI3MHU PO3CIIOBAaHHS MEXaHIYHOI €Heprii MOXHA 3ayBaXKHUTH, IO MPY>KHO-TIJIACTUYHE
negopmyBaHHs Oy/e 3MIHIOBATH NapaMeTPH BIJIbBHUX 3aTyXalOUMX KOJWBAHb, SIKi OYAYyTh CIIYKUTH
IHIUKAaTOpaMHu BIUIMBY THX YH 1HIIUX MEXaHI3MIB Ha IMPOIEC PO3CIIOBaHHS MEXaHIYHOI €Heprii y
MaTepiai.

ExcrniepuMeHTanbHI JOCTIDKEHHS OIMeTany altoMiHIA-CTadb BUSBWIM BIUIMB BEIUYHHH
MIOTIEPETHROTO TOIIKO/KEHHS MaTepiajly Ha PO3CIIOBaHHS HUM MEXaHIYHOI €Heprii: 3MiHHUBCS
XapakTep XOo[y 1 BUJI KPUBUX BIIBHUX 3aTyXalOUMX KOJUBAHb Y 3BYKOBOMY [1ara3oHi; 3MiHIOETHCS
IIBUJKICTh 3aTyXaHHA 1 4YacToTa KOJIMBaHb. Ha mpencTaBlIeHWX YaCTOTHUX XapaKTePHCTUKA
MPOSBIISAIOTHCS TAPMOHIKH, 1110 BiANOBIIAl0TH IEBHUM €KCIUTyaTalliifHUM BIACTUBOCTSIM MaTepiaiy.

ExcniepuMeHTanbHe JOCHITKEHHS BIUTMBY 30BHIIIHBOI JAedopmariii Ha BUIBHI 3aTyxarodi
KOJIMBAHHS BUSBUJIO, IO KUIBKICTH MOIIKO/KEHb 3MIHIOE BEIWYHMHY PO3CIIOBaHHS MEXaHIYHOI
eHeprii B 6iMerari. 30UTbIIEHHS MONIKOKYBAHOCTI MaTepialy BUKIHKAE PO3CIIOBaHHSI MEXaHIYHOT
eHeprii B Aiana3oni yactoT A0 14 k['n. [Ipu npoMy croctepiraeTbes 3MilEHHS! HU3bKOYACTOTHUX 1
BHCOKOYAaCTOTHUX TAPMOHIK B CTOPOHY MEHIIINX YacCTOT.

Ha mowaTky muKiIIOBaHHS YacTOTa TapMOHIKM B palioHI HU3BKUX 4YacTOT Oynma 620 I'm.
30ibIIeHHST KITBKOCTI JeOopMaiiHUX [UKIIIB BUKJIUKAIO 3MIIEHHS B CTOPOHY MEHIINX YacTOT 1
MOSsIBY HU3bKOYACTOTHOI rapMoHiku B paiioni 600 I'm. micas 65 nukiiB BoHa ctanoBuTh 410 ', a
nepes pydHyBaHHSM 3pa3ka dactota Bxke ctaHoBUTh 260 I'ir 1 200 'y, KinbKicTh MOIMIKOMKEHD Y
Mpoleci HUKIIOBaHHS 301IbITyeThCs. TOMy J1aHa rapMOHiKa BIAKIIMKAETHCS HAa Ti CTPYKTYPHI 3MiHU
B MaTepialil, sIKi 1 BUKJIMKae AeQopMalliiiHuii BIJIUB.

3MEHIIEHHS YaCTOTH MOSIBU T'APMOHIK CIIOCTepiraeTbes Takox ais aunsHku Big 1000 ' no
2000I'a. Y cepenHiil 4aCTHHI CIIEKTPY YaCTOTAa TAPMOHIK 3MIHIOETBCS Majo. J[Jis mepimx UKIIiB B
niana3oni yactoT Big 8 kI qoll k[’ rapmoniku BimcyTHi. [[is BUCOKMX 4acTOT (hOHOBA KpHBa
PO3MIIIYETHCS TOPU3OHTAIIBHO 1 TAPMOHIKH MPOSIBISIOTHCS, K MPpaBmiio, B aiana3zoni Big 11000 I'a
no 11700 T'u. ¥V pemri nmiamazoniB Big 5 k[ go 14 k[ rapMoHIKM MPOSIBISIOTHCS PIAKO.
AmMIutiTya TAKMX TAPMOHIK HEBEJIMKA.

3anponoHOBaHO MapaMeTp MOIIKOKEHHS MaTepialy BU3Ha4yaTu 3a ¢popmynoro D = 1 — fi,
o

ne fo — BuXimHe 3HAYEHHS YACTOTH TAPMOHIKHM 3 HAWMEHINOK BEJINYMHOK YacTOTH, f — MOTOYHE
3HA4YeHHS 4YaCTOTU TapMOHIKH.

VY namomy BunMaaky rapMoHika Mae yactotry 620 I'y Ha moyatky nuxiioBanss 1 260 ', 200
I'y mepen caMuM pyHHYBaHHSM.

[lincTaBuBIIM JaH1, MOXKEMO OTPUMATH YMCIIOBE 3HAYEHHS MOLIKOIKYBaHOCTI.

Jns 80 nedopmariiiHuX HMKIIIB 4acTOTa HU3bKOYACTOTHUX TapMOHIK CTaHOBUTH 615 I'm 1
260 ', Toni D = 1 — == =1- 0,4228=58,06%.
st 40 rukitiB yactotu ctaHoBWM 615 T'ip1 560 ' ¥V npoMy BUNaAKy MOIIKOIKYBAaHICTh

Gyne D =1 —=>=9,68%
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[MomkoxyBaHicTh  OiMeTanmy 13 30UIblIeHHA  JeOopMalidHUX  IUKIIB  3pOCTAE
eKkcrnoHeHmanbHo (puc. 1). Ha mouaTky HMKIIOBaHHS TMOIIKOKYBaHICTh He3HauHa. [licms 10
[UKJIIB BOHA IMOYMHAE 3pocTaTH, a micas 50 nukiiB pizko Hae Bropy. Ha 86 mmkii 3pa3ox

3pyHHYBABCA.
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KinpkicTe nedopmariiHux muKiIiB

Puc. 1. 3mina momkoKyBaHOCTI OIMeTany adrOMIHIN-CTaIb TIPH Pi3HIN KITBKOCTI ITUKJIIIB
foro nedopmyBaHHS

Amnamizyroun KpHBI BUIPHMX 3aTyXalOUuWX KOJIMBAaHb 1 3MiHY IOIIKO/XKYBAaHOCTI CIIiJ
BIZIMITUTH, IO 32 3MIHOIO X0y IMX KPUBHUX MO’KHA BCTAHOBHUTH MOYATKH 3HAYHUX ITOIIKO/DKEHb 1
HABITh OIIIHUTH iX BEIIMYUHY.

Jlitepatypa
1. bobup M. I. KonTunyasibHa MeXaHiKa MMOIIKO/KYBAHOCT] y 3aJjauax MaJOLHUKIOBOI BTOMHU
/ M. 1. boGup, II. O. Xanimon, B. B. KoBanb. // «HaykoBi HOTaTKn» Mi’KBY31BCbKUH 30ipHHMK. —
2006. — Ne25. - C. 16-21.

ESTIMATION OF DAMAGE OF METALS BY THE VALUE OF MECHANICAL
ENERGY SCATTERING BY THEM

0. V. Mozghovyi', V. A. Titov?, A. V. Titov?
innytsia Mykhailo Kotsyubynskiy State Pedagogical University, Vinnytsia, mavimfto@gmail.com
%Institute of Mechanical Engineering, NTU of Ukraine “I. Sikorsky KPI”, Kyiv

Abstract. It is proposed to determine the parameter of metal damage according to the
frequency characteristics of free damped oscillations.
Keywords: Damage, free oscillations, scattering of mechanical.
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AHoTauis. /lpusedeno pesynibmamu 6niu8y HU3bKOEHepeeMUUHUX I0HI8 2eito 3 eHepzieto 250
eB na nosepxnio manmanosoi gponveu npu memnepamypi 300 °C, winonocmi ionnozo cmpymy 1,5
mA/em® ma excnosuyii 11 200un. Bcmanosneno, wo NnoGepxXHs ONPOMIHEHUX 3PA3Ki8 3HAYHO
3MIHUNACA 68 NOPIGHANHI 3 UXIOHOI0 cmpykmyporo. Cnocmepieacmovcs po3snuieHHs 06poOII08aAH020
mamepiany, wo npu3eo0ums 00 3MiHU CMPYKMYPU 1020 NOBEPXHI.

KuarouoBi ciioBa: TanTan, i0HU refiro, CTPyKTypa OBEPXH.

[HTEpec o mociipKeHb BIUTMBY 10HHOTO MOTOKY HAa 3MiHY CTPYKTYPH MOBEPXHI TYTOIUIABKHX
MeTalliB  OOyMOBIIEHHMH MOJIIMBICTIO CTBOPIOBATH Ha IOBEpPXHI OOpOOIIOBAaHMX MaTepiajiB
PO3BUHEHI TIOPUCTI MIKpO- Ta HAHOCTPYKTYypu. Taki MaTepiaau XapaKTepU3YIOThCS HOBHMH
¢bi3MYHUMHU Ta XIMIYHUMH BJIACTUBOCTAMHU. Tomy (hopMyBaHHIO Ha MOBEPXHI MaTepiajiB MIKpo- 1
HAHOPO3MIPHUX CTPYKTYyp TP ONPOMIHCHHI 10HAMHU WPHIUBIETbCS 3HAYHA YyBara sK B
byHIaMEHTaNbHUX JOCTI/PKEHHSX 3aKOHOMIPHOCTEW 1 MeXaHI3MIB B3a€MOJil 10HIB IUIa3MH 3
MOBEPXHEIO, TaK 1 B MPUKJIATHIX 3a7a4aX CTBOPCHHS MMOBEPXOHb 13 337]aHOI0 CTPYKTYPOIO IMOBEPXHI
[1].

VY poOoTi mpuBeAEHO pe3yabTaTH JOCHIKEHb BIUITMBY HU3bKOCHEPTETUYHHMX 10HIB Tejlil0 Ha
MOBEPXHIO TAHTAJIOBOI MIAKIAAKK Ta (opMyBaHHS 1 PO3BHHYTOI CTpyKTypu. OOpoOka 3pa3kiB
tantany (Ta) momero 10x10 MM? i TOBIIMHOM 60 MKM 3 IT1aJCHBKOIO MOBEPXHEIO MPOBOAMIIAC Y
IUIa3MOBOMY peakTopi (1OHHOMY JpKepesi) IUIaHapHOi TreoMeTpii 3 MarHiTHUM I0JieM, IO
OpPIEHTOBAHO MapajieIbHO TOBEPXHI €JIEKTPOIiB. PeakTop CKIIafaeThesl 13 MPSIMOKYTHOTO KOPITYCY
JIoBXUHOIO 465 MM Ta BucoTo0 80 MM, BUTOTOBJICHOTO 3 HEMAarHiTHOI Hep)kKaBirouoi craii
12X18HI10T. lonHu#t moTik reHepyeTbes mpu po3psai B remii (He) Mk akTHBHUM 1 3a3eMJIEHUM
enekTponamu (miamerpamu 150 1 110 MM) BHCOKOYACTOTHOIO Hampyrow yactoror 13,56 MIm.
Hanyck poGodoro rasy B po3psiiHUNA IPOCTIP KaMepH 3/A1HMCHIOETbCA Yepe3 CUCTEMY HAITYCKy rasy
(TpH He3aNeKHHUX KaHAJIH), apajeabHO 10 OBEPXHI €JIEKTPOIiB, IO A€ MOKIMBICTH KPIM T'ei0
BBOJIUTH iHIII ra3u B po3psaHy cuctemy [2,3].

OnpoMiHEHHS TPOTOHAMHU TPOBOAMIIOCA TPU CTPYMi BHCOKOYACTOTHOTO po3psiay 6 A,
Hanpy3i HeratuBHoro 3mimieHHs 250 B [2]. Excno3unist cranoBuia 11 roauH mpu TemmepaTypi
nomatkoBoro Harpisy 300 °C. PoGoumit TucKk B po3psadii kamepi cranosuB 0,13 Top,
HAMpPYXEHICTh MArHIiTHOTO MOJIS - 2,5 X 10* A/m, cepenHs eHepris 1oHiB remito - 250 eB, a ryctuna

: 2
ioHHOTO CTpyMy - 1,5 MA/cMm”.
S1eKTPOHHOe n3o6paxkeHue 3 20kv coi

SneKTpoHHOe n3o6paxkeHune 4 20kv nognoxka

Cnexp 14

1 i s \\
.Cnemp 15 _Cﬂﬁ,KTp 11 ,}

-\ Criextp 'lk

Cnekrp 18

| — |

S 6)
a)

Puc. 1. CEM-MmikpodoTorpadis noBepxHi TaHTally 70 00poOkH (a) 1 miciist 00pooku (0)
Telli€BOIO MIa3MOI0

[Ticnss 0OpoOKHM i0HAMHM TEJII0 MPOBEICHO aHajli3 TAHTAJIOBHX 3Pa3KiB 3 BUKOPHUCTAHHSIM
CKaHYBaJILHOTO eJIeKTpoHHOrO Mikpockona (CEM) Ta peHTreHIBCHKOTO CIEKTPAIBHOTO aHaji3y
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(PCA). Pesynbrat qociijkeHb MOBEPXHI TaHTAJIOBUX 3paskKiB, oTpuMaHi 3a gornomororo CEM
(puc. 1), maroTh 3MOry CTBEpAKYBaTH, 110 B1AOYBAa€TbCA 3MiHA CTPYKTYpHU MOBEPXHEBOTO ILApY.
IToBepxHss Ta HaOyma xBuienofioHoi mopucroi crpykTypu. IIpoBeaenuit PCA enemMeHTHOro
CKJIaJly TMOBEpPXHI ONPOMIHEHUX 3pa3KiB BMSIBUB KpiM TaHTaly BYyIUIelb 1 KHCEHb (Tabm. 1).
BusiBieHuii BMICT KHCHIO Ha PEHTTEHIBCBKUX CIEKTpaX MOXHA IMOSCHUTH HAsSBHICTIO IUIIBKU
neHraokcuay Tantany (TazOs). [IpuBHECeHHST TOMIIIKK BYTJIEIIO, HaliMOBipHiIIe, BiOyBamocs 3a
paxyHOK napiB Macna augy3iiiHoro Hacoca, 110 MalOTh IIUPOKUIM Mac-crieKTp y AianazoHi Mac 30-
150 a.o.m.

Tabmums 1. XiMiuHUNA €JEeMEHTHHM CKJIaJ MOBEPXHI TAaHTAJIOBHX 3pa3KiB IMICIS 10HHOTO
OINPOMIHEHHS JUIsl PI3HUX 00JacTel Ha MOBEpXHi (HOPMOBaHI Macu, B aTOMHUX%).

‘HOMep CIEKTPY H C H @) H Ta H Cyma ‘

(Crextp 9 | 17.84 || 410 | 7805 | 10000 |

(Crexrp 10 | 2530 | 283 | 718 | 10000 |

Criextp 11 | 16,79 || 413 || 79.08 | 10000 |
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INVESTIGATION OF THE LOW-ENERGY HELIUM IONS INTERACTION WITH THE
SURFACE OF TANTALUM FOIL
V. V. Hladkovskyi', O. V. Hladkovska®, E. G. Kostin', A. F. Nedybaliuk? B. P. Polozov',
O. A. Fedorovich*
YInstitute for Nuclear Research of the National Academy of Sciences of Ukraine, Kyiv, Ukraine
2Vinnytsia National Technical University, Vinnytsia, Ukraine

Abstract. The results of researches of the low-energy helium ions influence with an energy
of 250 eV with the surface of tantalum foil at the temperature of 300 °C, and an ionic current
density of 1.5 mA/cm?® with an exposure of 11 hours are presented. It was found that the surface of
the irradiated samples changed significantly in comparison with the original structure. There is
sputtering of the processed material, which leads to a change in the structure of its surface.

Keywords: tantalum, helium ions, surface structure.
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2. Penakcauiiini npomecy y MaTepianax 3i ckiiaaHo0 MOP(OIOTieio: KOMIIO3UTH, IOIMePH, BHCOKOCHTPOMIHI CIUIABH, HAHOCTPYKTYPHi i aMopdui MaTepianu
Relaxation processes in materials with complex morphology: composites, polymers, high-entropy alloys, nanostructured and amorphous materials
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ANALYTICAL MODELS OF THERMAL AND ELECTRICAL CONDUCTIVITIES OF
RANDOM COMPOSITES

A. V. Goncharenko and E. F.Venger
V.E. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine,
03028 Kyiv, Nauky ave., 41, Ukraine, avg@isp.kiev.ua

Abstract. Analytical models describing both thermal and electrical properties of composite
materials have gained widespread acceptance among experimentalists because of their convenience
and ease of use, whereas the numerical techniques are often time and memory consuming.
However, analytical models are usually simplified and based on intuitive assumptions, which are
not always rigorously justified. Hence, great caution should be exercised when dealing with such
models. Here, we highlight some of the most promising and popular analytical approaches, discuss
their advantages and disadvantages, restrictions and the areas of applicability. As we show, the
Sihvola self-consistent model provides the best fit of experimental data for random composites with
high conductivity ratio.

Keywords: mixing rules, effective thermal conductivity, effective electrical conductivity,
percolation threshold

Introduction. Various kinds of composite materials, especially polymer-matrix composites
reinforced with metal and dielectric particles, have extensive application in industry and
engineering. For example, low-cost polymer-based composites with low dielectric constant,
lightweight and excellent adhesive properties are of interest as electronic packaging materials. In
this connection, improving the thermal conductivity of such materials remains one of the main
challenges. Controlling the effective electrical conductivity is one of the key issues for many
applications, including the wireless and telecom industries, as well as electrochemical energy
conversion and storage devices, such as batteries and super-capacitors. It should be also noted that
due to mathematical similarity of underlying equations, other material parameters of composite
materials, such as, e.g., effective dielectric constant or diffusivity, under certain conditions, can be
described in a similar manner.

There are purely numerical approaches for the modeling random media, such as, e.g., the
finite element, finite-difference time-domain and multipole expansion techniques. They are,
however, efficient for heterogeneous materials with relatively simple geometry, but become
inappropriate or too computationally intensive when dealing with complicated microgeometries,
such as aggregate or hierarchical multiscale ones. The numerical techniques are especially
inconvenient to use when one needs to solve the inverse problem, i.e., to find the material and/or
microstructural parameters of composites possessing desired thermal or electrical properties. It is
obvious that the simple analytical models have a lot of advantages, remain in demand, and could be
useful if they are properly used.

Background. No less than 50 analytical models or the so-called mixing rules can be found in
the literature. The consideration of all the models is beyond the scope of this report. Instead, we
could classify them into three basic groups: models, involving n-particle correlation functions, the
models, based on spectral density function formalism, and phenomenological models. First two
groups are rather general, but in turn, they rely on some geometry-dependent functions, which are
known in particular cases only. We focus on the models with geometry-dependent parameters. In
particular, our consideration will be given to the following 5 models.
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(1) The model by Felderhof and Grechko [1,2]. This is a dipole approximation for a randomly
distributed well-separated uniform spheres which takes into account pair multipole interaction
between particles. In fact, it can be considered as an extension of the well-known Maxwell-Garnett
approximation, which includes higher-order corrections.

(2) The hypergeometric model [3]. Like to the previous model, this is an extension of the
Maxwell-Garnett mixing rule. It can be obtained by substitution of the spectral density function in
the form of the one-parameter beta-distribution into the Bergman-Milton spectral representation.
This model allows one to take into account nonsphericity of the particle-inclusions and their shape
distribution.

(3) The generalized Bruggeman, or Kirkpatrick model [4]. This model is an extension of the
well-known symmetrical Bruggeman mixing rule to random resistor networks. Instead of fixed
dimensionality d, as in the classical Bruggeman approximation, it introduces the geometry-
dependent coordination number z (the number of bonds, connected to the same site). As a result,
this allows one to get the geometry-dependent percolation threshold f.=2/z. A slightly different
approach was also used to interpret the optical transmittance of semicontinuous metal-dielectric
films, making use of the film fractal dimension which, in turn, depends on the percolation
correlation length [5].

(4) The self-consistent Sihvola model [6]. The model, originally suggested by Sihvola and
Kong for the effective permittivity of assemblies of spheroidal particles and later analyzed by
Sihvola for spheres, is a generalization of the Maxwell-Garnett theory. In contrast to the classical
Maxwell-Garnett mixing rule, each particle here is considered to be immersed in a medium with the
so-called “apparent” permittivity e;=e1+v(ee-61), Where &1 and & are the matrix and effective
permittivities, respectively. According to this model, the percolation threshold is f.=1/(3v+1).

(5) The Lewis-Nielsen model [7]. Lewis and Nielsen dealt with modeling mechanical
properties (elastic moduli) of a crosslinked polymer reinforced with spherical particles. Later, in a
slightly different form, this model was used for the effective thermal and electrical conductivities.
Its feature consists in introducing the maximum packing fraction of the inclusions fyax > fc, which,
obviously, depends on their shape, as well as on the shape- and size-distributions.

Analytical model predictions vs experiment. A large body of experimental data on both the
thermal and electrical conductivity of various composites is available in the literature. To proceed,
we operate on the premise that the measurements of the effective conductivity of highly
concentrated dispersions with high conductivity ratio could furnish the heaviest test for the above
models. As an example, we consider the effective electrical conductivity kes of fluidized beds of
impenetrable highly-conducting spheres (ion-exchange resin beads) measured by Turner [8]. This
experiment allowed one to realize both the high conductivity ratio (14400) and the broad interval of
inclusion volume fractions f (0.32 - 0.54). In addition, the percolation threshold for such dispersion
is close to its maximum packing fraction.

The comparison of the above model predictions and Turner’s data [8] is given in Fig.1. It
should be noted that all the models, except for the first one, are one-parameter models. The model
parameters are chosen in such a way to provide the best fitting.

As it can be seen, the Felderhof-Grechko, generalized Bruggeman-Kirkpatrick and Lewis-
Nielsen models underestimate the effective electrical conductivity. In addition, the first one predicts
no percolation threshold. Thus, under the condition of the high conductivity ratio they can be
applicable only when f<<1. The hypergeometric model also predicts no percolation threshold, but it
describes the experimental data with fair accuracy up to f < 0.48. Among others, the self-consistent
Sihvola model looks the best. It means that its underlying concept of the “apparent” permittivity is
workable, at least for random composites with impenetrable spherical inclusions.
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Fig.1. The effective electrical conductivity ke vs inclusion volume fraction f at the phase
conductivity ratio ko/k;=14400: analytical model predictions and experiment.

In conclusion, a few words should be said about the difference between the effective thermal
and electrical conductivities of composite materials. Although both quantities are formally
described by similar equations, it is necessary to keep in mind the following points. (i) While the
ratio of electrical conductivities of composite phases can be as high as10* or higher, it is not so for
the ratio of their thermal conductivities (in this case, such high ratio as 10° is usually hardly
attainable). As a consequence, the percolation threshold is not usually clearly defined in
corresponding measurements. (ii) Caution must be exercised in the interpretation of the thermal
conductivity measurements, since convection of heat can be much more important than the heat
conduction.
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KOMIIO3UTIB
A. B. I'onuapenko, €. ®@. Benrep

28



2. Penakcauiiini npomecy y MaTepianax 3i ckiiaaHo0 MOP(OIOTieio: KOMIIO3UTH, IOIMePH, BHCOKOCHTPOMIHI CIUIABH, HAHOCTPYKTYPHi i aMopdui MaTepianu
Relaxation processes in materials with complex morphology: composites, polymers, high-entropy alloys, nanostructured and amorphous materials

AHoOTAUifA. AHanimuuni MmoOeni, WO 3ACMOCOBYIOMbCA 0N ONUCAHHA Menio- ma
e1eKmponNpoGIOHOCMI  KOMNO3ZUMHUX — Mamepianie,  Habyiu  WUpoKo20  GHCUMKY  cepeo
eKCNePUMEHMAMOopIis 3a80KU iX 3PYUHOCMI MA J1e2KOCMI Y KOPUCMYBAHHI, HA 8IOMIHY 810 YUCIOBUX
Memoois, Wo Yacmo € 3ampamHuMy 3 MIPKY8AHb GUMPAM KOMN IOMEPHO20 4acy ma nam smi.
Oouax, ananimuuyni mooeni € 3a36Udall CHPOWEHUMU | OCHOBAHUMU HA OESAKUX [HMYIMUGHUX
NPUNYWeEHHAX, WO He 3a8xCOU € HAYK08o o0bzpynmoganumu. Tomy ix 6UKOpUCmaHHsA Sumacae
senuxoi obepescnocmi. YV yitl 00nosioi mMu 8UCBIMAOEMO OesaKi 3 HAUbiibw 6acamoodiyaouux i
NONYNAPHUX AHATIMUYHUX NIOX00I8, 002080PIOEMO iX nepesazu i HeOONIKU, 0OMeHCeHHs ma 001acmi
3acmocoenocmi. Ak mu noxazyemo, camoyseooxcena moodenv Cixeonu 3abe3neuye HAUKpaugy
NPUSOHKY eKCNEePUMEeHMANbHUX OAHUX Yy 6UNAOKY CMOXACMUYHUX KOMNO3UMI8 3 B6eNUKUM
BIOHOWEHHSM BIACHUX NPOBIOHOCMEl (as.

KarouoBi ciaoBa: 3akoHm cymimedl, e(eKTHBHAa  TEIUIONPOBIAHICT, e(hEeKTUBHA
€JICKTPOIPOBITHICTD, ITOPIT MPOTIKAHHS

INFLUENCE OF THE TOPOLOGICAL AND INTERMOLECULAR FACTORS ON
RELAXATION PROPERTIES OF ED-22 BASED POLYMERS

* M. I. Shut, T. G. Sichkar, M. O. Rokytskyi, H. V. Rokytska
National Pedagogical Dragomanov University, Kyiv, Ukraine, 9 Pyrogova St., *kzf@ukr.net

Abstract. Relaxation processes were studied in a specially synthesised linear epoxy polymer
obtained on the basis of oligomer ED-22 and azaleas acid. The relaxation transitions observed in
the linear polymer with the methods of mechanical and structural relaxation were compared to the
relaxation transitions in the highly cross-linked polymer with the base of ED-22 plasticized with
methyl tetrahydrophthalate anhydride. Small scale transitions connected with different
intermolecular forms are characterised with practically the same temperature transitions and
corresponding relaxation constants both for the cross-linked polymer and the linear one. A
substantial difference between relaxation transitions is observed for a-transition (glass transition)
and partially for A-transitions connected with the disintegration of microvolume physical nodes of
the molecular lattice. These differences are connected with two factors: the topological one
(chemical lattice) and the intermolecular one (the density of the cross-linked polymer is high than
that of the linear one). The chemical processes of relaxation, connected with the disconnection of
weak chemical C - C and C - O bonds are characterised with a somewhat higher activation
energies for the cross-linked polymer.

Keywords: polymer, relaxation, glass transition.

In several publications [1, 2] we analysed the relaxation properties of epoxy polymers
obtained on the basis of epoxy lacquer base oligomer UP - 643 and the epoxy-diane one ED - 16
plasticized with differ anhydrides. These polymers were marked with the high level of cross-
linking. To clarify the question what influence the cross-linking makes upon the relaxation
propertied of an epoxy polymer it is important to compare the properties of the linear polymer with
those of the cross-linked one. With this aim the study of relaxation transitions in a specially
synthesised linear epoxy polymer was performed.

Before we pass over to the description of the experimental result and discussion it is necessary
to point out that the epoxy resins can get plasticized in the process of heating without a plasticizer.
Such a self-plasticization leads to attaining a thin lattice of chemical bonds. As during the
experiments we deal with high temperature the process of self-plasticization is possible. Hence, the
term “linear epoxy polymer” is somewhat conventional as in reality we deal, with a low cross -
linked system which is justified by the experimental data on temperature dependencies of the inner
friction ratio.
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To obtain a linear epoxy polymer the reaction of polycondensation of the epoxy dianous
oligomer ED - 22 with azelaic acid (COOH),(CH); was performed. The molecular mass of the
linear polymer is M = 6.4-10%. The standard glass transition temperature for the polymer is
T =26 °C. The investigation of relaxation transitions was done with the methods of mechanical and
structural relaxation. To observe all possible relaxation transitions the spectra of inner friction on a
wide temperature scale (—180 to 350 °C) at different frequencies have been obtained with the
method of dynamic relaxation spectrometry.

The spectra of inner friction have been obtained using the horizontal torsion pendulum and
the vertical reverse torsion pendulum described in [3, 4]. The experimental results indicate that a
great number of maximums both of high and low intensity is observed. To release low-intensity
relaxation transitions observed, in small temperature intervals the results were justified with the
reproducibility at repeated changes. To study the relaxation transitions with the method of structural
relaxation one of the thermophysical methods have been used the dynamic method of changing heat
capacity [5] within the temperature range —160 'C to 200 °C at a temperature scanning speed of
W = 2.5 K/min. The precision of measuring of heat capacity was 0.02 kJ/kg-K.

For comparison the data for the cross-linked polymer with ED - 22 oligomer base plasticized
with methyl tetrahydrophtalate anhydride. It follows from the experimental data that all small scale
Y, B, w and m transitions are characterised for the linear and cross-linked polymer practically with
the some transition temperatures and activation energies. This is explained with the fact that kinetic
units of small-scale processes are much less than internode chain in a cross-linked polymer. Thus,
the molecular mass of the lattice chain of the cross-linked polymer is about M = 400 while the
biggest fragment of a kinetic unit, i.e. a crankshaft group has the molecular mass M = 74 and linear
parameters are one order lower than the internode chain.

A substantial difference between a linear and a cross-linked polymer is observed for o-
relaxation as well as for «-relaxation (splitting of a-process is characteristic of many polymers)
[6, 7]. The main cause of the splitting is connected, with the existence of two (or more) structures of
different origin in amorphous polymer component.

Comparing the relaxation properties of the linear and the highly cross-linked polymers one
could draw a conclusion that both polymers are characterised by a large number of relaxation
transition. Part of them pertains to intermolecular low - scale physical and chemical processes of
relaxation (4,  and S-transition groups), kinetic units which are by one - two orders lower than the
repeated areas of a polymer chain. The cross-linked structure practically doesn’t influence the
temperature of transitions and relaxation constants small - scale transitions and if it does than it does
very weakly which is explained by high intermolecular interaction in the highly cross-linked
polymer. Then in both polymers diagonal hydrogen and dipole bonds are present, the disintegration
of which with temperature rise causes intermolecular small - scale (x4 and 7) relaxation processes.

Transition from a linear to a cross-linked polymer strongly affects big-scale processes of
relaxation (a-process of glass transition and A-processes of relaxation connected with disintegration
of micro - volume physical nodes of lattice) and it changes the nature of relaxation mechanism and
activation energy U; and B; factor in the Boltzmann - Arrhenius equation for relaxation times [7].
These relaxation processes are characterised by multiplicity of transitions. For example, in the
cross-linked epoxy polymer three close (a-transitions are observed and in the linear one only two
transitions are, one of which is strongly demonstrated and, consequently, conditions glass transition
temperature (T, = 100 °C for the cross-linked polymer and T, = 26 °C for the linear one). In the
linear cross-linked polymer relaxation differs both by relaxation parameters (activation energies 79
kJ/mol and 140 kJ/mol) and molecular mechanism.

There are two reasons to the differences in temperatures and glass transition energies: 1)
structural (chemical lattice) and 2) physical (molecular interactions). Chemical lattice nodes and
increased density of the cross - linked polymer cause the decrease of molecular mobility and T rise.
The structural difference between the linear and cross-linked polymer causes differences in
molecular mechanisms of glass transition and in kinetic units (a segment in the first case and a

30



2. Penakcauiiini npomecy y MaTepianax 3i ckiiaaHo0 MOP(OIOTieio: KOMIIO3UTH, IOIMePH, BHCOKOCHTPOMIHI CIUIABH, HAHOCTPYKTYPHi i aMopdui MaTepianu
Relaxation processes in materials with complex morphology: composites, polymers, high-entropy alloys, nanostructured and amorphous materials

pulsating microvolume in the second case, comprising several internode chains of the chemical
lattice). B, factors also differ respectively (5-10 "> and 1.107"7).

Both in the linear and the cross - linked polymer three A-transitions are observed having
activation energy 65 kJ/mol and 96 kJ/mol respectively. B; factors also differ strongly in the linear
and the cross-linked polymer which is connected with small volumes of ordered microareas
(physical nodes) in the cross-linked polymer and big volumes of ordered microareas in a linear
polymer when chemical nodes of the lattice do not hamper segment associates formation.
Irrespectively of small sizes of microvolume physical nodes tin the cross-linked polymer the
activation energy of A-processes is higher than in the linear polymer.

This is explained by a more rigid structure of A-nodes and higher density of the cross-linked
polymer. There is one more peculiarity to A-transitions. Though the temperatures of their transitions
are significantly higher than temperatures of A-transitions, but activation energies are a bit less than
those of a-transitions both in the linear and the cross-linked polymer. It is connected with the fact
that the equation for transition temperatures calculation

T, =U, /2.3klg(C, /27vB,)
consists of two independent parameters U; and Bi. The decrease of U; lowers the transition
temperature T; but the increase of B; increases it. For A-transitions the prevailing influence has
greater values of B; compared with a-relaxation. That’s why their temperatures T, are high. A great
difference of B; factors for - and A-processes is explained by the fact that in a-relaxation we deal
with the mobility of a separate free segment of a polymer matrix and in a-relaxation we deal with
the mobility of a great number of bound segments being part of microvolumes of A-nodes.
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BIIJIMB TOMOJIOTTYHUX I MIZKMOJIEKYJISIPHUX ®AKTOPIB HA
PEJAKCAIIMHI BJACTUBOCTI IOJIIMEPIB HA OCHOBI EJI-22
M. L. Hlyr, T. I. Ciukap, M. O. Poxuubkuii, I'. B. Pokuubka
Hamionanenuii negaroriyauii ynisepcutet iMmeHi M. I1. [IparomanoBa, KuiB, Ykpaina

AHoTauisl. Buguanucs penaxcayitini npoyecu 6 CHeyiaibHO CUHME308aHOMY JIIHIUHOMY
eNnOKCUOHOMY NOJiMepi, OMPUMAHOMY HA OCHO8I onicomepy EJ[-22 ma azenainosoi xuciomu.
Penaxcayitini nepexoou, wo cnocmepicaromvcsi 6 JiHIUHOMY NOJIMEPI MemoOamu MexXaniuHoi ma
cmpykmypHoi  penaxcayii, 0ynu 3pieHAHI 3 PeNaKCayiuHUM nepexooamu 6 BUCOKOCULUMOMY
cimuacmomy nonaimepi Ha ocHosi EJ[-22, omeepocoenomy memun-mempaziopogpmaniesum
aneiopuoom. Mani nepexoou, noe’s3ami 3 PIZHUMU MINCMONEKYIAPHUMU GopMamu NOPIGHAHI 3
NPAKMUYHO —MUMU  JHC  MEMNepamypHumu nepexooamu i 6IONOBIOHUMU — PeNaKCayiuHUM
KOHCMAHmMamu 015 3uumo2o ma aiHitiHo2o nonimepy. Peanvhi 6iominHoCcmi Mmidic perakcayiiHum
nepexooamu Cnocmepiearomvcsi Os 0-nepexody (CKIy8amHs) i Yacmroso 0Jisi A-nepexoody, noe a3ami
30 3MEHUEeHHAM MIKpooO emy ¢hizuunux 8y3nie monexyiapuoi epamxu. Lli eiominnocmi noe’azami 3
080MA YUHHUKAMU: MONONO02IYHUM (XIMIYHA 2PAMKA) MA MIHCMONEKYTIAPHUM (2YCIMUHA CIMYaAcmo20
noaimepy euwe, Hixc mMaxkoeo Jic NiHiliH020). Ximiuni npoyecu penaxcayii, no6 a3aHi 3 po3pueom
cnabkux ximiunux 36’a3xie C - C ma C - O nos’sizani 3 dewo suwumu enepeismu akmusayii ons
cimuyacmoeo nouimepy.

Kurouogi cioBa: momimep, penakcaiisi, CKITyBaHHS.

RELAXATION PHENOMENA IN ETHYLENE VINYL ACETATE
UNDER UV RADIATION AND MECHANICAL LOAD

V. V. Kislyuk®, V. M. Shyvaniuk®, V. V. Trachevskij®, Yu. O. Polushkin®, S. O. Kotrechnko'
G.V.Kurdyumov Institute of Metal Physics, NAS of Ukraine, 36 Academician Vernadsky
Boulevard, UA-03142 Kyiv, Ukraine
’Technical Center, NAS of Ukraine, Pokrovs'ka St., 13, UA-04070, Kyiv, Ukraine
E-mail: viktor.kislyuk@gmail.com

Abstract. Ethylene vinyl acetate (EVA) films of 0.6 mm thickness cured at 135 °C for various
duration time are studied by "H NMR (nuclear magnetic resonance) and stress-strain tension testing
at 50, 15 and 1 mm/min deformation rates. The influence of the ultraviolet (UV) irradiation (4=365
nm) is observed on the NMR spectra, in particular, on the “quasi-liquid” component (narrow band
at 2 + 4 ppm shift), whereas mechanical testing at 50 mm/min reveals no correlation with neither
curing degree nor posttreatment in UV for half an hour. Meanwhile, the in situ irradiation under
mechanical load produces almost an instant response of the mechanical stress corresponding to the
softening of the material, which is an evidence of the synergetic nature of photo- thermo-
mechanical factors.

Keywords: ethylene vinyl acetate (EVA), photovoltaic encapsulant, stress and strain, nuclear
magnetic resonance (NMR).

Ethylene vinyl acetate is a copolymer of polyethylene (PE) and polyvinyl acetate (VA)
(Fig.1a) randomly copolymerized in various ratios depending on the expected application. In
particular, VA content for EVA used as an encapsulant for photovoltaic modules is 28 — 33 wt.%
[1] which corresponds to the proper properties of the EVA film (transparency in visible, elasticity,
adhesion, oxygen and moisture permeability). The possibility to control elasticity via vulcanization
(curing) process is of a particular importance since it allows one to adjust the mechanical behavior
to a specific objective. For this reason, EVA is demanded in various fields such as medicine (for
medical tools with flexible mobile pieces), shoe industry, production of cables (as dielectric
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insulating shell) etc. The result of the curing (annealing at elevated temperatures in presence of the
curing initiator added to the material prior to its rolling into a uniform film for further commercial
distribution) is the formation of the cross-linking (CL) (Fig.1b).

a) b) c)
H H
el 3
y c:) -
curing N ° :
\C/\ L i
T \c:o .
oo 4
e |

Fig.1. Ethylene vinyl acetate structure: a) chemical formula with PE (polyethylene
component) and VA (vinyl acetate component) containing Ac (acetate group); b) curing
process; ¢) schematic representation of the EVA morphology (reconstructed on the data
from [2,3]): nanocrystalline fragments surrounded by amorphous counterpart with
crosslinking (short “bridges”) produced via the curing process

However, the EVA is found to be not a perfect material [4] for the most of applications due
to degradation phenomena under operating conditions (in particular, weathering when it deals
with an outdoor application). In spite of this shortcoming, it still keeps its commercial attraction
due to some industrial and technological inertness, and it takes its niche as a basic material for
further improvements via including functional additives (nanoparticles, oxygen- and moisture
blocking fillers etc.) to the EVA matrix.

This copolymer has also many options for researchers as a model object to study
degradation phenomena under weathering factors. Thus, our report concerns some fundamental
aspects of the UV- and mechanical stress-induced transformations of the structure and
morphology in an amorphus-crystalline medium where the EVA can be attributed (Fig.1c).
Besides, the development of the appropriate techniques for the rating of the EVA-based findings
is up to date objective, and our report concerns some fresh view to this problem. Namely, we
propose rather rare combination of the experimental techniques including *H NMR (nuclear
magnetic resonance) and stress-strain tension testing. The former is used to monitor the electron
density whereas the latter allows us to observe direct consequence reflected in the modification of
the mechanical properties under UV and mechanical stress.

Fig. 2 demonstrates the NMR spectrum profiles for samples with different stage and type of
treatment: uncured film (as it is received from the manufacturer), the film cured for 16 min at 135
°C, and the same cured film after its exposal to the UV radiation at A=365 nm produced by the
powerful monochromatic LED source. The NMR spectra measured in the express mode (without
magic angle spinning) are broadened due to local dipole-dipole interaction, which is
characteristic for solids in general. There are clear features attributed each to a specific
component of the polymer material on the NMR spectra. The spectra are reduced to the same
integral intensity of the whole band. A; component in initial sample has 0.28 integral intensity
which points to the VA content. The component of the highest intensity (A;) is evidently
associated with PE. The curing process induces the additional feature — As narrow peak relating
to fragments with increased freedom for vibrational motion averaging the dipole-dipole widening.
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Thus, we attribute this peak to a “quasi-liquid” phase for the peripheral fragments of the
amorphous intercrystalline medium. UV radiation for 0.5 h destroys this narrow peak.

uncured ] 16 min cured
0,3 ] 0,3 16 min cured 1 034 after 0.5 h 4
UV treatment
= 5 .
“’_0,2- @ 0,2 g 0.2 4
= z .~
[4)] a =
= < =
0,1 0.1 — 0,14 4
0,0 0.0 0,0 e e N
8 8 8 6 4 2 0
8 [ppm] 5 [ppm] 5 [ppm]

Fig. 2. 'H NMR spectra of EVA films: a) as synthesized (uncured); b) after 16 min cure; c)
cured films after exposal to UV for 0.5 h. The spectra are convoluted with the componetns
attributed to: A; — pre-acetate C-H; A;, As— -CH,- in PE nanocrystaline phase; A4 — -CHj at
acetate or main chain end groups; As— “quasi-liquid” fragments in amourphus counterpart.

The NMR turned out to be more informative technique as compared to the stress and strain
diagrams which do not reflect these features and in fact demonstrate nearly the same dependences
for these three different samples, in particular. However, at closer consideration, the mechanical
properties macrolevel contain data on the microstructural morphology. The presence of these
viscous quasi-liquid phases is, likely, the reason of the specific behavior of the Poisson coefficient
(v) observed for these samples. Its value is dependent on the true strain (e1) in different ways
depending on the sample. This is monotonically increasing dependence of v(et) for some cases, but
it can be non-monotonous for another one. In addition, v can have values both lower and higher
than 0.5, which means that the deformation can take place both with increase and decrease of the
volume for these elastomeric samples. A brief explanation of this behavior considers the tensional
displacement either inducing formation of voids (volume increase) or similar to the process of
unwinding the tangle (volume decrease). The void overlap generation is evidenced as regular
parallel traces observable in microscope (Fig.3). These traces are formed as the void overlaps while
tensional elongation of the sample.

Fig.3. Microphotography of a sample before (a) and after (b) the deformation. The scale bars
are at 0.01 mm distance
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One more specific feature of the relaxation in these materials is reveal at simultaneous
impacts of the mechanical tension and UV radiation. The UV beam produces decrease of the
mechanical stress (Fig.4) with the following behavior: i) the time constant of the stress response is
much shorter than the £ (£ is the strain rate); ii) the recover takes place almost with the same time
constant; iii) the response amplitude is proportional to the light intensity. Such a behavior
demonstrates the synergetic nature of degradation inducing factors.

Lighto HohtOFF

N )
- | intensity

Light OFF I 1/10 intensity

Light ON,
continuous

Flickering

Displacement, mm

0 200 400
Fig.4. Results of the mechanical stress-strain tensional testing at various conditions. Inset.
The form of the light pulses with two values of intensity | and 1/10.
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2Texuiunuii uentp HAH VYkpainu, Bynung [Tokposcrka 13, 04070 Kuis, Ykpaina
E-mail: viktor.kislyuk@gmail.com

Anoranis. [TniBku etunen Binin anerary (EBA) toBmumnoo 0.6 MM micis BynkaHizamii npu
temmepatypi 135 °C ympomoBx pi3HHX TpHBAJIOCTeH 0OPOOKH JOCTIMKYBAIH METOIOM 'H amP
(SIIepHOTO MAarHITHOTO PpE30HAaHCY) Ta BUOPOOOBYBaJIM HAa PO3TAT 3 PI3HUMH IIBUAKOCTIMHU
nedpopmarii 50, 15 ta 1 mm/xB. CrioctepiraBest BIUTMB OnpoMiHeHHs yabsrpadionerom (YD) ((4=365
nm) Ha SIMP criekTpu, 30KkpeMa Ha KOMIIOHEHT CIIEKTpY, KUl MOB’s3aHU 3 aMOppHOK0 («KBa3i-
PIAKOI0») CKJIQJOBOIO CIIBIOJIIMEPHOI IUTIBKM (BY3bKa CMyra B Jiamna3oHi XIMIYHOTO 3CyBY 2 + 4
ppM), TOM1 SIK, MEXaHIYHI BUMPOOYBaHHS Ha MBUAKOCTI Aedopmaiii 50 MM/XB. HEe BUSBHIN KOTHOL
Kopessilii Hi 31 CTyNEHIM BYJIKaHi3alll Hi 3 HAacCTymHOI 00poOKkor B Y® MpPOMEHSAX MPOTAroM
niBroguHu. Pa3oM 3 TMM, OpOMiHEHHS ILTIBKH IN SitU miJx 4ac MeXaHiYHOTO HABaHTAXEHHS OJpa3y
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Jla€ MalKe MUTTEBUN BIATYK MEXaHIYHOTO HAMPYKEHHsI, 1110 BiJMOBIIa€ riacTudikailii matepiany i
€ CBITYCHHSM CUHEPTeTHYHOI IPUPOAH (HOTO-TEpMO-MEXaHIYHUX (PAKTOPIB.

KarwuoBi caoBa: erwien Binin anerat (EBA), I1HKancymssHT COHSYHUX MOIYJIIB,
HanpyXeHHA-AepopMallis, siAepHuid MarHiTHUN pe3oHaHc (SIMP).

IHBEPCHUM E®EKT BJIU3bKOCTI B I'BPUJIHIN CTPYKTYPI 3
BUCOKOIO ITPO30PICTIO BAP’EPY

E. €. 3y6oB
" Incmumym memanogpizuxu in. I'.B. Kypoomosa HAH Yxpainu, 36, 6ynveap Axademixa
Bepunaocvroeo, 03142, Kuis, Yxpaina
Jloneyvkuu nayionanvuuil ynisepcumem imeni Bacuns Cmyca, 21, eyn.. 600-piuus, 21021, Binnuys,
Vkpaina, eezubov@ukr.net

AHorauisi. B pamkax niarpamMmHoro Metoay Teopii 30ypeHb y HaOJIMKeHHI €(pEKTUBHOTO TIOJIS
PO3IIISIHYTO BIUIMB TYHENBHOrO Oap’epy Ha CHOHTaHHY HAANpPOBIAHICTH B TIOpUAHIA CTPYKTYpi
CHOpPMaJIbHUH MeTal-HaAMpoBiTHUK». Po3paxoBani ¢yHKIii ['piHa BKa3ylOTh Ha CYTTEBE 3pOCTAHHS
SK MPOIECIB HEKOTEPEHTHOTO PO3CIIOBAHHS TYHEIIOIOUMX €JIEKTPOHIB, TaK 1 TEIIOBUX (DIyKTyawin
Ha TMapaMeTp MOPSAAKY MpU HAaOIMKEHHI 0 KPUTUYHOI MPO30pOoCTi Oap’epy, KOJIU B OCHOBHOMY
CTaHI 3HUKae HaampoBifHicTh. [lokasaHo, M0 TemmepaTypa HaANPOBITHOCTI Ma€ HEMOHOTOHHY
3QJICKHICTH B1J] MPO30POCTI 0ap’epy, a TaKOXK MPOBEACHO MOPIBHIHHS PE3Y/IHTATIB €KCIIEPUMEHTY 1
Teopii ans crpykrypu Al-Pb.

Kiro4oBi ci10Ba: HaNPOBIAHICTh, KPUTUYHA TEMIIEpaTypa, TiOpHIHA CTPYKTYpa, TYHEIbHUII
0ap’ep, KOTEPEHTHICTh

[Ipobnema cTPOroro KBAaHTOBOMEXAHIYHOTO aHAII3y SBHUINA HAANPOBITHOCTI 1 edekTy
OJIM3BKOCTI B TIOPUIHUX CTPYKTYpaxX «HOPMaJbHHUM MeTal-HaIIpOBIIHUK» AOTENEp HE BTpaTHiia
CBO€1 aKTyanpbHOCTI. 30Kpema, MOIIyK 1 peainisamis ¢epmioHiB MaiopaHa Ha OCHOBI BKa3aHOTO
e(eKTy B CHUCTEMI HAJIPOBIAHUKA 3 S-CUMETPI€I0 1 TOMOJOTIYHOTO 130JITOpa MalOTh BaKIUBE
3HA4YeHHs A (OPMYBaHHS KOT€PEHTHHUX KYOITHHX CTaHiB B MalOYTHIX KBAaHTOBHX KOMII FOT€pax
[1].

Crig BIAMITHTH, IO JUTSI aHATI3y BEJIMKOTO MACHBY €KCIIEPUMEHTATBHHUX JAHUX PO3POOJICHO
PI3HOMAaHITHI TEOPETHYHI METOJIH JTOCTIPKEHHSI CIIOCTEPEKYBAHUX SBHII B TIOPHIHUX CTPYKTYpax,
aKki 0a3yroTbcsi Ha BiJOMHX piBHAHHSAX [oppkoBa, Mak-Mimrana 1 iX KBa3iKIIACHYHUX
HaOmkeHHsX. He3Bakaroun Ha 0€3CYyMHIBHUI yCIiX TaKUX MiAXOMAIB 0 aHAJI3y IOCUTh CKIaJHHUX
KOOIIEpPaTUBHUX (DI3WYHHUX TMPOIECiB, BKa3aHi Teopii € IIHIMHMMH, [0 CYTTEBO YCKIIAIHIOE
JOCTIPKEHHSI PI3HOMAHITHUX KBAHTOBOMEXAHIYHHX OCOOJIMBOCTEH TeTEPOCTPYKTYp 3 IOCUTH
MIPO30pUMH Oap’epami.

Panime Hamu 0yno 3ampornoHOBaHO HAOMMKEHHS €()EeKTUBHOTO MOJS B paMKax JiarpaMHOTO
MeTOAy Teopii 30ypeHb ISl PIllIEHHS MUPOKOTO KOoJa 3a7a4 y (pi3uill KOHIEHCOBAHUX CEPEIOBHII
[2]. BusiBunoch, 1mo BXX€ B HYJbOBOMY HAOJM)KEHHI IO 3BOPOTHOMY €(EKTHMBHOMY pajaiycy
€JIEKTPOHHOI B3a€EMOJ1i MOXHa MOOYTyBaTH HEIIHIMHY Teopito e(exTy OIM3bKOCTI B TiOpUIHIN
CTPYKTYpl «HOPMAJIbHUHA METal-HAANPOBIIHUKY», B SIKI BIACYTHI ()EHOMEHOJIOTIUHI MapaMeTpH.
[Ipy bOMy MOKHA 3HEXTYBATH IPOCTOPOBOIO HEOJHOPITHICTIO TapameTpa MOPSJIKY, 10 3HAYHO
CHIpOIIYyE 3a/1ady 1 J03BOJIsIE BU3HAUUTH KPUTHUYHY TemnepaTypy 7c, CHOHTaHHY 1 IHAYKOBaHY
IIUIMHU  SIK  (YHKLII TIABKKM MIKPOCKOIMIYHUX TIapaMeTpiB ramiiabToHiaHa. B maniit poborti
BUBYAETHCSI BIUIMB €JIEKTPOHHOTO TYHENIOBaHHS Ha HAANPOBITHUK, TOOTO SBHILE 1HBEPCHOIO
e(dhexTy OIM3bKOCTI.
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PosrisiHeMO  MOBHHMIT  TamMinbTOHIaH TiOPUIHOI  CTPYKTypH  «HOPMAaJbHUH  MeTal-
HAAMPOBITHUKY» SK CyMy TpaauuiiHux ramingbroHianiB Teopii BKII i rasy depmionis 3
TYHEIIIOBAaHHSM y BUTJISAI1

H, = %{Tilcitrala +Tira|+acia} ) (1)

ne T, - KOOpIMHATHE NPEICTAaBICHHS TYHEIBHOTO MAaTPHUHOrO enemeHty, C.(C.)i a,(a,) -
ONEepaTOpy HAPOKEHHsS (3HUILEHHS) ENEKTPOHIB y By3lIl i 31 CHIHOM G A MeTany i
HAJIIIPOBIAHUKA, BiJIITOBITHO.

Bupas nns ¢yp'e-o6pa3sy minuHauMi QyHKUI A, Mae TpaguLiliHui BUMIIAL:

_ el.—ph
A, =dVi™<a, a,,>, ()
q
ne Vke_'d‘ph - MaTpUYHUH €JIIEMEHT eJNeKTPOH-(GOHOHHOTO 3B’S3Ky, a aHOMAJIBHHH KOPEJSTOp
<a,,8,,> BHU3HAYAETHCS qyepes BIJITIOBITHY IPUYUHHY ¢byHK11I0 I'pina

Z, (w)=—<Ta,,(r)a,,(0) >, 3a nomomoro CHiBBiIHOUIEHHS

<a,,a,, >= —ﬁZRes[z_;;, (0)(f (@) —1)]" ?3)

B ¢opmyni (3) cumBon Res|[...]; BimHocuThest 10 i-ro momocy bymukuii Z - (w), U =T -
temnepatypa 1 f(w) - o¢yHkuis po3nominy ®Pepmi mo yactoTi @. B pamkax HaOIMKEHHS

e(EKTHBHOTO TOJIs OTPUMAHO HACTYNHUA Bupas 1t Gynkuii I'pina 2, (@+i0) :
Ao | 5
[0+i6-&,~G,(0+i5) [[0+i6+& @, (0+ i5)]—‘Aqa

fe &, =&, fh- CHEpris eNEKTPOHA B HA/NPOBIAHUKY BIAHOCHO piBHs DepMi L4, a aHAIITHYHO

Z g o (@+i8) = ‘2 : 4)

npojoBxkeHHI (QYHKUIT ¢ (w+i8) 1 @,(w+i5) ONUCYIOTh BIUIUB HEKOT€PEHTHUX €JIEKTPOHHUX
30y/PKeHb MeTaly Ha HaANPOBITHUK. BiMOBiIHI BUpa3H I HUX MAlOTh BUTJISA:

@ (w) N|ét "
(%)
~ —

2 . 2 2. .
Muoxuuk 'y =|B| py(4) BusHauae mposopicts Gap’epy, qu‘ =|B["i me 3amexurs Bin

XBHJIbOBHX BEKTODIB, & o (1) € IIUIBHICTIO €NEKTPOHHMX CTaHiB Ha piBHI Pepmi B 06’ €Ml MeTaly

. + .o . .
VN. B 3araJibHOMy BUIIAAKY (I)YHKLIIH (4) Mae€ II0JICHU a)q‘g B KOMIIJICKCHIM IIJIOIMH1 4aCTOT @, 5IK1 €

pIIIEHHSAMH CaMOY3TOPKEHOTO PIBHSIHHS

2
+

a)qiaz—%iﬂFNsign(arg W) E || &~ | 2+In Z)ﬁ +%i7rFNsign(arg @) +‘Aqa‘2

(6)
pudomy @, =-ay,, . TakuM 4MHOM, CIIEKTp 30y/KEHb HaJIKOHICHCATHUX EIEKTPOHIB MOXKe OyTH

HEKOTEPEHTHUM, a BIATIOBIIHA peJlakcallis 3aJIeKUTh BijJl MPO30POCTI Oap’epa Ui TYHETIOIYHX
€JIEKTPOHIB.
Ha puc. 1 moka3aHni fiiicHi 1 yaBHI 4acTMHHM (Ha BCTaBIll) CAMOY3TOJKEHOTO PIllICHHS a)JC,

piBHsHHA (6) sk QyHKUii &, A crpykrypu Al-Sn 3 mapamerpamu [y = 6 eB 1 xoHcTaHTORO

37



2. Penakcauiiini npomecy y MaTepianax 3i ckiiaaHo0 MOP(OIOTieio: KOMIIO3UTH, IOIMePH, BHCOKOCHTPOMIHI CIUIABH, HAHOCTPYKTYPHi i aMopdui MaTepianu
Relaxation processes in materials with complex morphology: composites, polymers, high-entropy alloys, nanostructured and amorphous materials

eNeKTPOH-(pOHOHHOrO 3B’s13Ky A = 0.245 jus T'y = 2 1 3.495 K (kpurn4Ha nposopicts) npu
temnepatypax I° > Tc, KOJIM LIJIMHA ‘AqG‘HaHHPOBiI{HI/IKa Sn 3HuKae. 3 PUCYHKY BHJHO, ILO

CJ'IeKTPOHHI/II\/'I CIICKTP HUKYC TOYKHU 3JIaMy € HCKOI'CPpCHTHUM, IIPpU YOMY 31 3PpOCTAaHHAM FN CTyrIiHB

HEKOTE€PEHTHOCTI MiBUILY€ETHCS (JUB. BCTABKY).
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HaJNpPOBIAHUKA K (QYHKLII eHeprii eNeKTPOHIB &, BiAHOCHO piBHA Depmi juIs CTPYKTYpH

Al-Sn nipu BiICYyTHOCTI apameTpa MopsIKy

3 ypaxyBaHHsM (2) 1 (3) oTpuUMyeMO iHTErpaJibHE KOMIUIEKCHE PIBHSIHHS JUIsl CTIOHTAHHOI
LIJTUHA

Ay, zj 20, Bgo tanh dgq, @)

—p
ne wp- 4dactora Jleb6as. B maiimpocTimomy BuMNamky S-IiamHE Ag :|Ak0| 3 IMPOCTOPOBO

omHopinHOIO (hazoro piBHAHHA (7) A1 Ay Mae BUIIIAL

Al f 2 2y, B 27 |44 (8)

—-ap

Jliig BU3HaueHHs Tc B piBHSAHHI (§) mpumyckaemo AS =0.

Ha puc. 2a mokaszano (a3oBy nmiarpamy B koopauHaTax 1c - ['y ais ribpuaHoi ctpyktypu Al-
Pb mpu 3nauennax mapametpiB 11 = 9.9 eB, op =96 K i 4 = 0.39, sxy po3paxoBaHO YUCEIBHO i3
piBHsiHHA (8). Ha pucyHKY BU3Hau€HO CUMBOJIAMU JIITITHKHU, SIKi BIATOBIAAIOTH 00JACTSIM MadiHHA 1
3pocTtaHHs T¢ 13 poctoMm ['y. JlaHa 3anmexHICTh TAKOXK BH3HAYA€E TeMIIepaTypHi 00J1acTi iCHYBaHHS 1
BIJICYTHOCTI HaJMpoBinHOI (a3m, M0 BKa3zye Ha MOsIBY MOBTOPHOI (reentrant) HaAMPOBIAHOCTI, sSKa
criocTepiranacsi, 30kpeMa, B poooti [3]. Ha puc. 20 mokazaHO eKCHepUMEHTaIbHI BEIHYHUHU 1
(Toukwm) st canzBiua Al-Pb B 3anmexHOCTI BiJ TOBIIUHY Upp HAAMPOBiIHOT IUTiBKH Pb 3 dikcoBaHoIO
TOBIIMHOIO HOpMaibHOro Metany Al (Bukopuctano nani po6otu [4]). Teopermyna kpusa
po3paxoByBanack st koxkHoi ainssHku AB, BC 1 CD okpemo. JIJiss BCTAHOBJICHHSI CITiBBITHOIICHHS
Mk I'y 1 Odpp TepIa ToYKa KOXHOI AUISHKH JOPIBHIOBAaJa TEOPETHYHOMY 3HAUCHHIO Ha pHC. 2a.
BusiBuioch, 1mo kpama BiAIMOBIIHICTE TEOPil 1 €KCIEPUMEHTY NOCATAEThCS Ha nisHIl AB mpu
Iy =Sdy p(11,)B?, ne S — mnowa xourakry, d, ipo(4,) - TOBLMHA i eNEKTPOHHA WIIIBHICTH

C

CTaHIB g IUIiBKH Al, BigmoBigHO, a B?= d q_ TakuM 4YHHOM, Ma€MO FN :kAB/de
AIYPb
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Kag =3800A. Ha nminsaumi BC i CD, mo BiamoBizawooTh OinbIl TOHKIiH TwiiBmi Pb Kpalow €

. . ad
CKCIIOHCHII1aJIbHA 3aJIC)KHICTh FN = De Pb .
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Puc.2. a) Kputuuna temneparypa Tc HaampoBiIHOCTI K QyHKIIs O0ap’epHOi mpo3opocti 'y
s Ti0puaHoil cTpykTypu Al-Pb; 0) ekciepuMeHTalbHI 1aHl po6oTH [4] 1 TeoOpeTUYHA 3aJIeXKHICTh
Tc canasiva Al-Pb Bix ToBuuau dpy tutiBku Pb 3 dikcoBanoro TosimHOI0 4400 A rutiBku Al

Hesimomi konctantm D 1 « BH3Ha4anmuch 13 yMOBH TOTOXKHOCTI E€KCIIEPUMEHTAJIBHUX 1
TEOPETUYHHX 3HAUCHB | ABOX OJM3BKUX TOYOK, IO BiamoBigae mis aisiaku BC koedimienty D =
1563 K, a = 0.0041 A‘l, a mis CD sigmosigao 7.379 K 1 -0.0014 A, Ha ocnosi OTPUMaHUX
KOHCTaHT MOOYJAOBaHO TEOPETUYHI KpUBI Ha BIANOBIIHUX JUISIHKAaX puc. 20, ski go6pe
MOTOJKYIOTBCS 3 €KCIIEPUMEHTOM 32 BUHATKOM IPAaHUYHUX 00JacTel.

Otpumani pe3ynpTaTd BilOOpaKalOTh CYTTEBHH BIUIMB HEKOTEPEHTHHX EJIEKTPOHHHX
30y/)keHb, OOYMOBJIEHMX HAsBHICTIO TYyHEJNbHOTO Oap’epa, Ta TEIUIOBUX (QIyKTyalil Ha
(dhopMyBaHHS HAAPOBIIHOTO CTaHY MOOIM3Y KPUTHYHOI 1po30opocTi ['y.

JlocmiKeHHsT BUKOHAHO B paMKax MporpaMu (yHIaMEHTAIBHUX OCITiKeHh MiHicTepcTBa
oCBITH 1 HaykH Ykpainu, mpoekt Ne 0120U102059.
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INVERSE PROXIMITY EFFECT IN AHYBRID STRUCTURE WITH HIGH BARRIER
TRANSPARENCY
E. E. Zubov
G.V. Kurdyumov Institute for Metal Physics,
NASU, 03680, Kyiv, Ukraine, Acad. Vernadsky Boulevard 36;
Vasyl” Stus Donetsk National University,
21021, Vinnytsia, Ukraine,
str. 600-richya, 21

Abstract. In the framework of the diagram method of the perturbation theory, an effect of the
tunnel barrier on the spontaneous superconductivity in the hybrid structure "normal metal-
superconductor” is considered within the effective field approximation. The calculated Green's
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functions exhibit significant increase in the effects of both incoherent scattering of tunneling
electrons and thermal fluctuations on the order parameter when the critical transparency of the
barrier is approaching and superconductivity disappears in the ground state. It is shown that the
superconducting temperature has a nonmonotonic dependence on the barrier transparency,
experimental data for an Al-Pb structure is compared to theoretical predictions.

Keywords: superconductivity, critical temperature, hybrid structure, tunnel barrier, coherence

OOPMYBAHHSA NOJIKPUCTAJIB IIIJT YAC CIIIKAHHSA 3A BUCOKOI'O TUCKY
AJIMA3HUX ITOPOUIKIB, CHUHTE3OBAHUX B CUCTEMI Mg-Zn-C

O. O. boueuka, O. 1. Yepnienko, O. B. Kym, B. B. I'apamenxo
[acturyt HanTBepaux marepianis iM. B.M. bakyns HAH VYkpainu, Kuis, Byn. ABTo3aBojicbka, 2,
obochechka@gmail.com

AHoranis. OnucaHo crikaHHs MiJ J1€0 BUCOKOTO TUCKY aJIMa3HUX MOPOILKIB, CHHT€30BaHUX B
cuctemi Mg-Zn-C. TlokazaHo, 10 MO€AHAHHS B BHUXITHINA cywmimni A choikaHHS ApiOHOT Ta
KpynHO1 (pakiiii 103BOJIsE 3MEHIUUTH B 2,46 pa3u 3aJMIIKOBY HOPHUCTICTh B TMOPIBHSHHI 31
CIIKaHHSM 32 TaKOTO * THUCKY aJIMa3HUX MOPOIIKIB, CHHTE30BaHUX B CHCTEMax Ha OCHOBI METalliB
TpyIy 3aji3a, 1 Jocsarta TBepaocti nomikpuctana 50,7 I'Tla 3a HaBanTaxkeHHs Ha iHAeHTOp KHyna
9,8 H.

Kuio4oBi cjioBa: anMasHuil MOPOIIOK, BUCOKUN THUCK, CITIKAHHS, aJIMA3HHUH MOJIKPUCTA,
TBEPJICTh

BukopucTtanns Uil CiKaHHS aJIMa3HUX MOPOIIKiB, KPUCTAII30BaHUX B TPAJAULIHHUX POCTOBUX
CUCTeMaX Ha OCHOBI MeTalliB 1 CIUIaBIB 3 €JIEMEHTIB Tpylnu 3aii3a, OOMeXye piBEeHb
TEPMOCTAOUIBHOCTI OJIEp)KAHUX MOJIKPUCTANIB. BHUKOpHCTaHHS HeTpaaULIMHUX PO3YMHHUKIB
BYTJICIIO J103BOJISIE MIJBUIIMTU €(EKTHBHICTh OJIEpP>KaHHS Ta MOKPAIIWTH BJIACTUBOCTI MOPOUIKIB
anMasy [1]. B 1975 p. cniBpoGitHukamu IHM HAH VYkpainu OyB po3pobiieHuii crocid oaepskaHHs
(cuHTe3y) anmMasy 3 BUKOPUCTAaHHSIM K PO3YMHHUKA criiaBy MgZn [2].

Sk Oymo mokaszaHo B po6oTi [3], TepMOCTaOIIbHICTh aMa3HUX TMOPOIIKIB, KA XapaKTEPU3ye
3MiHY MOKa3HUKA MIIIHOCTI MiCJig HarpiBaHHA, Ul aJMa3HUX MOPOUIKIB, CHHTE30BaHUX B CUCTEMI
Mg—-Zn—-B—C 3pocrae Ha BChbOMY Jiana3oHi KOHLEHTpAIliil.

3a tucky 8 I'Tla ta temmeparypu 1700 °C B cucremi Mg-Zn —C Gymno 3xilicHeHO
nepeKkpucTaiizalio rpadgiTy B aama3 — CHHTE30BaHO ajMa3Hi mopomku. [licias cuHTe3y mpoBeaeHO
XIMIYHE OYHMIIEHHS NPOAYKTY CHHTE3y Ta 3IIHCHEHO 3a JOMOMOIO BIOPOCHUT Kiacu(iKaIlito
OJICPYKAHOT'0 aIMa3HOT'O MOPOUIKY 32 3€PHUCTOCTSIMH.

JlocnmipKeHHS TIOTJIMHAHHS eJIEKTPOMAarHiTHOTO BHIPOMIHIOBaHHA B 1H(pauepBOHIN 00JacTi
CHHTE30BaHHM aJIMa3HHUM TOPOIIKOM ITOKa3ajH, 0 B CIEKTPi HasBHUH mik 2820 em™ (puc. 1),
KWW BIATMOBIA€ IIEHTPaM IOTJIMHAHHS, YTBOPEHUM TIPHU 3aMIilIeHHI B TpaTili ajaMma3zy aToOMiB
BYTJIEIFO aTOMaMu 00py, TOOTO CHHTE30BaHHI TOPOIIOK ajiMa3y BiIHOCUThCs 10 Tty |Ib.

Koedinient mneperBopeHHs rpadity B anma3, SKMH € KIUJIbKICHOIO XapaKTepPHUCTUKOIO
IHTEHCUBHOCTI KpuCTamizanii anmasy, s jaociipkeHoi cucremu Mg—Zn-C cknanae 64 %, a
MakcHMallbHa KIUIBKICTh anmasHoro mopomky (6ins 50 %) Biamosimae 3epuuctocti 80/50. I3
3MEHILEHHS pPO3MIpY 3€peH 3MEHIIYETbCS KUIBKICTh MOHOKpPHCTANIB B OJHOMY 3€pHI Ta
3011bIIYEThCA KUIBKICTh MOHOKPUCTAJIIYHUX 3epeH. Tak 3epHa (pakuii < 40 MKM B OUIBLIOCTI €
MOHOKPHCTAJIAMH.
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" 1000 1500 2000 2500 3000 3500
o, cm”
Puc.1. Cnekrtp norauHaHHS iHQpPadepBOHOTO BUMTPOMIHIOBAHHS TOPOIIKOM ajMa3y

3epuauctocti 125/100, cuaTezoBanum B cuctemi Mg—Zn —C

Cknaa BUXITHUX aJIMa3HUX MOPOIIKIB IS CITIKaHHS MOJIIKPHUCTAIIB 3a po3MipaMu (pakiiii Ha
HaBeJIeHO B TaoI. 1.

Tabmuus 1. Ckitag BUXiTHUX aJIMa3HUX MMOPOIIKIB JJIsl CIIKaHHS MOJIKPHCTATIB

Ne Bwmict ¢paxkuiit, % (mac.)
< 40 MKM Ticis < 40 MKM Ticis 100/80 125/100 > 125 MM
CUTOBOI Ki1acudi- nopiOHEHHS
Karlii IpoayKTy dpaxkiit 80/50 ta
CHUHTE3Y 50/40
1 100,0 — — — —
2 — 100,0 — — —
3 60,0 — 25,0 11,1 3,9
4 — 60,0 25,0 11,1 3,9

VY Ttabnuui 2 HaBeJIeHO TYCTUHY Ta TBEPAICTb 3pa3KiB MOJIIKPUCTAIIB, CIIEUeHUX yIpoaoBx 20 ¢
3 JIOCHIJDKEHUX ajaMa3HuX mnopouikiB mijx aiero tucky 8 I'Tla 3a pizHux Temmepatyp. TBepaicTh
BU3HAYaJI METOJIOM 1HJCHTYBaHHS 3a HaBaHTaXeHHS Ha inaeHTop Kuyna 9,8 H.

Tabauusg 2. 'ycTHA Ta TBEPAICTh 3pa3KiB MOMIKPUCTAIIIB, CIIEYCHHX 3a PI3HUX TeMIIepaTyp 3
aJIMa3HMX MOPOIIKIB, CKJIAJl SKUX HaBEACHO B Ta0I. 1

Homep nopomky B | Temmeparypa 3 ‘
Tabu. 1. crikanns, °C ['ycruna, r/em” | Tsepaicts, [Tla

1 1840 3,44 47,6

1 2000 3,46 47.0

2 1840 3,40 31,2

2 1900 3,37 34,5

3 1750 3,44 467

3 1800 3,46 50,7

4 1700 3,38 375

4 1840 3,43 40,8
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Sk BugHO 3 TaAONMIN, TOJIKPUCTAT 3 HAHOUIBIIOW TYCTHHOK MAa€ HAWBHINY TBEPIiCTb.
3auIIKoBa MOPUCTICTh IILOTO TOJiKpUcTary ckiamae 1,3 %. TakuM 9yuHOM, TOJaBaHHS KPYITHOL
¢dpakmii 10 ApiOHOI BeAe M0 MOAAIBIIOTO IMABUINCHHS CTYNCHS YIIUTbHEHHS — CIIKAHHS CyMIiII
CHUHTE30BaHMX aJIMa3HUX MOpOmKiB — 3epHUcTicTIO 100/80 (40 %) Ta apiOHOIUCHIEPCHOTO 3
PO3MiIpOM ajIMa3HUX YaCTHHOK MeHIe 40 MKM, Ofiep:KaHOTo Kiacu(piKaIliero MPOayKTy CHHTE3Y, 32
temneparypu 1800 °C ta tucky 8 I'Tla no3Bossie 3MeHIIUTH B 2,46 pa3u 3aJIMIIKOBY MOPHUCTICTh B
MOPIBHSHHI 31 CHIKaHHAM 33 TaKOTO ) THUCKY aJMa3HHMX IMOPOIIKiB, CHHTE30BaHMX B CHCTEMax Ha
OCHOBI MeTajiB rpynu 3aii3a [4]. TBepaicTh OO MOJIKPUCTATY, BU3HAYCHA 32 HABAHTAKCHHS Ha
ingenrop Kuyna 9,8 H, cranoButs 50,7 I'Tla, mo ckmagae 67 % Big TBEpIOCTI MOHOKpHCTaa
npupoHoro anmasy tuiny la (rpass (100)) [5].

B uinomy, miiBUILIEHHS TBEPOCTI B1I0YBAE€THCA 32 PAXyHOK MOKPAILIEHHS CIIKaHHS alIMa3HUX
nopouikiB. [Ipo 1ie cBiTYHUTE 3aI€KHICTh TBEPOCTI OJEPKAHUX MOJTIKPUCTATIB BiJ CTYIICHS
VILITbHEHHS MOPOUIKY (B1AHOCHOI T'YCTUHU MOJIKpHUCTaly) (puc. 2).

50 4

45 -

40 4

35 . T T T T \
098 0,87 nDas 0,99

p. BITH. OfL.

Puc. 2. Kopensiis Mk TBEpAICTIO Ta BIIIHOCHOIO T'YCTHHOIO MOJIIKPUCTANIB, CIIEYEHUX 13
cyMillIel alMa3HUX MOPOIIKIB IPiIOHOT Ta KPYMHOI (hpakiii
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POLYCRYSTALS FORMATION DURING HIGH PRESSURE SINTERING OF
DIAMOND POWDERS SYNTHESIZED IN THE MG-ZN-C SYSTEM
0. 0. Bochechka, O. I. Chernienko, O. V. Kushch, V. V. Garashchenko
V. Bakul Institute for Superhard Materials of the National Academy of Sciences of Ukraine
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Abstract. Sintering under the action of high pressure of diamond powders synthesized in the
Mg — Zn — C system is described. It is shown that the combination in the initial mixture for sintering
of small and large fractions allows to reduce by 2.46 times the residual porosity compared to
sintering at the same pressure of diamond powders synthesized in systems based on iron group
metals, and to achieve polycrystal hardness of 50.7 GPa for the load on the Knoop indenter 9.8 N.

Keywords: diamond powder, high pressure, sintering, diamond polycrystal, hardness

CTAHOBJIEHHS TA PO3BUTOK METO/Y I TEXHOJIOT'TI YJIbTPA3BYKOBOI
YIAPHOI OBPOBKHA

I'.I. IIpoxonenko | .M. Mopaiwok
[nctutyt Metanodizuku im. I.B.KypatomoBa HAH Vkpainu, Kuis, Ykpaina

AHoTaniA. Posenanymo emanu po36UMKY HAYKOBO-MEXHIYHO20 HANPAMY, NOB3aH020 3
PO3p00KOIO Pi3UUHUX OCHOB8 | MEXHOI02II BUCOKOUACTOMHO20 YOAPHO20 HABAHMAICEHHS NOBEPXHI
Memanesux 6upobié 3a O00NOMO20I0 YIbMpaA3gyKosux iHcmpymenmie. (b62o8openi pizni cxemu
VIbMPA38YKOB020 HABAHMANCEHHS, NPUOAMHI 0151 00pOOIeHHs: demaneli ma/abo 36apHuUx 3’ €OHAHb
piznoi  gopmu — 6ezabpasuena piniwHa 006pobKa, YILMPA38YKO8a yoapHa  0bpodKa
(8ucoxouacmomna MexamiuHa NpoOKO6Ka), 0OpobKa memanesumu KyIbKamMu 6 YIbMpa3eyKoGOMY
cmaxaui. Buceimneni ocHosHi eghexmu, a came: 3HUICEHHS WOPCMKOCMI NOBEPXHI, IHMEHCUBHA
niacmuyna — Oepopmayiss.  NPUNOGEpXHesUX  wiapie, ix HAHOCMPYKMYpuzayis, 3MIYyHeHHs,
nepeposnooin 3aIUKOSUX HANPYICEHb Ma NIOBUWEHHS eKCHAYAMAayitiHux enacmugocmeii (onopy
KOpO3ii, 3HOULYBAHHIO MA 8MOMI).

Kuro4oBi ci10Ba: BUCOKOYAaCTOTHE yJapHE HaBaHTAXEHHs, yJAbTPa3ByKoBa ynapHa oOpoOKa,
0e3abpa3uBHa (QiHimTHA 00pOoOKa

Jlist ynpTpa3ByKOBHX KOJHMBaHb Ha METAIH B TBEPIOMY CTaHI 3 aMIUIITY/IOIO, BUIIE TEBHOT
KpUTUYHOI, BHBUanacs mie B 30-X pokax MuHyjnoro cropivus. Ilpore HalOimbIl iHTEHCHBHI
JOCJTI/DKEHHST B IIbOMY HampsiMi OyJiM po3mouati y MICIASBOEHHI pOKH. baraTbma IOCTITHHUKAMU
6yJI0 BCTAHOBIICHO, IO IHTCHCHBHICTB YIBTPa3ByKy MoHazx ~ 10 Br/MM? NpH3BOaHTE, HacaMITeper,
10 30UIbIIEHHS TYCTMHM JMCIIOKAallii 1 TOYKOBHX JAe(eKkTiB B MeTanax 1 cruiaBax. CTpyKTypHi
MIEPETBOPEHHS, a TAKOX NPUCKOPEHHS AM(Y31HHUX MPOLECIB MiJ €0 YyIbTPa3ByKy, Hagalu
MOXJIMBICT IUJIECTIPSIMOBAHOTO BIUTMBY Ha (Di3WKO-MEXaHIYHI BJIACTHBOCTI (DYHKIIIOHAJIBHHUX 1
KOHCTPYKLIHHUX MatrepianiB. bymo BCTaHOBIEHO, IO CyMicHa Jisi yJAbTPa3BYKy BHCOKOI
IHTEHCUBHOCTI 1 CTaTMYHHMX HABAaHTaXXEHb CTUCKY ab0 pO3TATY MPHU3BOJUTH 1O 3MEHIICHHS
HanpyxeHb npu aedopmanii metaniB. Tak, y 1955 poui bnaxa i JlanreHekkep BiaKpuin e(pexT
3HIKCHHS 3ycwiuis aedopmariii mpyu po3TsAryBaHHI KPUCTAIIB IMHKY 3 HAKJIAJACHHSIM YIbTPa3BYKy
[1]. Edexr bnaxa — JlanreHekkepa BiIKpUB NEPCHEKTHBH TNPAKTUYHOTO BHUKOPHUCTAHHS
YIBTPa3BYKYy B TEXHOJOTIYHUX IMpoIecax, CIPSIMOBAHUX Ha 3MiHY (GopMH MeTajieBUX BUPOOIB,
HATNpUKJIad, OpU BOJIOYIHHI ApOTy, BHUPOOHHMUTBI TpyO 1 T.m. Lle BIAKPUTTS BHUKIMKAJIO
IMpoKoMacIuTaOHl JIOCHIUKEHHST B PI3HMX KpaiHax CBITy, mepm 3a Bce, B Pocii, Ykpaini Ta
binopyci. bynu omny0nikoBaHi uMcieHHI cTaTTi Ta MoHorpadii [2-7], B SKMX OCHOBHa yBara
NpUILIATIAcsS BUBUCHHIO OCOOIMBOCTEN CTPYKTYPHUX 1 (Da30BUX MEPETBOPEHB NPH il YIbTPa3BYKY,
MUTAHHSAM TPUCKOpeHHS anu(y3ii, a TakoX CTAHOBJICHHIO HOBUX YIBTPa3BYKOBHUX TEXHOJIOTIH.
Pe3ynpTaTi 1110710 BIVIMBY YJIBTPa3BYKy Ha (Di3MUHI BIACTMBOCTI METaJIiB 1 CIUIaBiB y3arajlbHEHi B
ormsmi [8].

[IpoTe, He OUBIAYMCH Ha 3HAYHI YCMIXM B PO3YMIHHI MeEXaHI3MIB il YIbTPa3BYKOBHX
KOJIMBaHb Ha PEUOBHHM B TBEpAil ¢a3i, HIMPOKOT0o MOIIMPEHHS B MPOMHUCIOBOCTI YIABTPa3BYK HE
HaOyB. HeoOXxilHO MiAKpeCIUTH, L0 HPOMMCIOBI YIbTPA3BYKOBI YCTAaHOBKHM IpallOlOTh Ha
HU3BKUX YJIbTpa3BykoBuX uactorax (17 —22 kl'm), a MarHiTocTpuKUiliHI a00 I’€30KepamivHi
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BUIIPOMIHIOBauYl MalOTh CBOIO NE€BHY PE30HAHCHY 4acTOTy. BoHM m0o0pe mpalforoTh, KOJIU 3pa3ok
abo BHpIO, KOPCTKO MPHUETHAHI O BUIPOMIHIOBAaYa 1 MalOTh PO3MipH, KpaTHI TOJIOBUHI JOBKUHH
XBWJII B Martepiaii. B gaHomy BHmaaKy MaKCUMalbHE 3HAKO3MIHHE HAIPYXXEHHS Ta CTPYKTYpHI
3MiHH OyIyTh CIOCTEPIraTUCh y HeBeMUKUX AuIsHKax (20 — 30 MM) Ha BiJICTaHI YBEpPTI JOBXKHUHU
xBWiIi. {1 oO6cTaBuHA iICTOTHO 0OMEXyBalla MOXJIMBICTh 3aCTOCYBAaHHS YJIbTPa3BYKYy Ha MPaKTHIII.
ToMy MIMPOKOTO BIPOBAHKEHHS y MPOMUCIOBOCTI TaKi TEXHOJOTIi HE OTPUMAJH, IO BUKIMKAHO
TPYIHOIIIAMH BBEJICHHS YJIbTPa3ByKy y BHpoOOHW pi3HOI (opmu Ta po3mipiB. HaTomicTh Oinbin
NEPCIEKTUBHUMUA Oynu poOOTH IOJO IOBEPXHEBOTO OOpOOJIEHHS MeETaleBUX BHUPOOIB 1
KOHCTPYKLIN yJIbTPa3BYKOBUM 1HCTPYMEHTOM. SIKIO YJIBTPa3BYKOBUH IHCTPYMEHT HMPUTUCHYTH 3
MEBHUM 3YCHJUISIM J0 TIOBEPXHi JEeTaji, TOJi 3MIHIOETHCSI XapaKTep BUCOKOYACTOTHOI Aii, SIka cTae
nepeBaxHo ynapHoro. Takuii croci6 BukopuctoByBaja A.B. Mop/aBiHieBa A 3HUKEHHS
3aJMIIKOBUX HANpyKeHb Ipu 00poOIi 3BapHMX 3'eHanb [9]. B manomy Bumanky aedopmyrounii
eJIeMEHT (TBepAOCIUIaBHUI a0o anMasHuil) OyB >KOPCTKO 3’€HAHUH 3 TOPLEM YIbTPa3BYKOBOT'O
BUINIPOMiHIOBaYa (KOHIICHTpaTopa KoJjuBaHb). Hamami meil HanmpsM oTpuMmaB PO3BHTOK B poOOTax
Myxanosa L.I., Mapkosa O.I., Xononosa 0.B., Anpoxina B.II. 1 iHmIMX JOCHiAHMKIB, a crocid
Ha3MBaIOTh «0e3 abpa3uBHOIO YJIbTPa3ByKOBOKO (iHIIIHOI 00pobkoro» (BYDO). Inmmii ynapuuit
cnoci6 Jii Ha MOBEPXHIO BUPOOIB 3a paxyHOK HEBPETYIHOBAHOIO IHTEHCHUBHOIO MEpEMIILEHHS
OpiOHUX KyJbOK (10 3 MM) B CHELiaJIbHOMY CTakKaHi, CTIHKH SIKOTO BIOpYIOTH 3 YJIbTPa3BYKOBOIO
4acToTO0, OyB 3anponoHoBanuil imxxeHepoM Crebenpkoum 1.O. 13 anopixoks [10].

HoBi MOXIHBOCTI 3MIIIHEHHS TOBEPXHI 3a JOTOMOTOI0 YyIABTPa3BYKy OyiM OTpUMaHl 3
BUHAXO0JIOM CNOCOOy Mepenadi eHeprii yJabTpa3BYKOBHUX KOJIMBaHb y BHpIO uYepe3 MpOMIXKHUN
nedopMyloUnid €JIEeMEHT, SIKMUH pO3MILIYBaBCS MIK TOPLEM KOHLEHTpaTopa YJIbTPa3BYKYy Ta
00pO0TIOBaHOIO TTOBEPXHEIO B HEBeTMKOMY TIpoMikKy (~ 0,01 — 0,05 mm) 1 3aiiicHIOBaB IHTEHCUBHI
BHUMYILIEHI KOJMBaHHS 3 4yacToToro Omu3bko 1 — 3 xl'u. Taxuii cnoci6 3anmponoHyBaid Ha MOYATKY
70-x pokiB Munyioro cromittsa JIi661 J[. 1 I'papd K. (CIIA), Hepybait M.C., Kpunos H.A.,
[Momimyk A.M., CrataukoB FO.I. (Pocis) 1 Ilpoxonenko I'.l. (Ykpaina). Crouatky BiH AicTaB
HA3BYy «YJbTpa3BykoBa ymapHa oOpoOka» (Y3VO), a 3romom 3’SBUIHCS 1HIIM TEPMiHH, TaKi SK
«BHCOKOYACTOTHA MexaHiuHa mpokoBkay (BMII), «Ultrasonic Peeningy (UP), «Ultrasonic Impact
Treatment» (UIT), «High Frequency Mechanical Impact» (HFMI). Cratauxos HO.II. i3
CHIBpOOITHUKAMHU 3allaTeHTYBaB yYJIbTPa3BYKOBUH I1HCTpYMEHT 3 0Oararo OONKOBOIO YAapHOIO
TOJIOBKOIO Ta CTPWKHEBUMH yaapHukamu [11]. Bid 3poOuB 3HaYHMI BHECOK B PO3BUTOK TEXHOJOTIT
Y3VO Ta ii NpoMHUCIOBOr0 BUKOPUCTAHHS. Y CBOEMY YJIbTpa3ByKoBOMY oOsagHaHHI CTaTHUKOB
FO.IIl. BHMKOpPHUCTOBYBaB MAarHITOCTPHUKIiIiHI BUIPOMIHIOBadi, SKH NOTPEeOyBaIU pPIAUHHOTO
oxonomkeHHsA. llepma yctaHoBka Mmana 3araibHy Bary moHaja 20 Kr, IO YCKIAIHIOBAJIO il
BUKOPUCTAHHS B TIOJIOBUX YMOBAX.

B IactutyTti metanodizuku im. I'.B. KyparomoBa HAH VYkpainu, mounnarouu 3 70-X pokKiB
MUHYJIOTO CTOJITTS W JO TENEepilliHbOro 4Yacy, Oyiau MpoBeJeHI BCeOiUHI JOCIIIKEHHS TPUPOAH
mporeciB, 1mo BimOyBatoTbess npu Y3YO. 3ampononoBai ¢i3W4HI MOJENI, MO TOB'SI3YIOTH
301IbIIEHHS TYCTUHH JHUCIOKAlii 1 TOYKOBHX Je(eKTiB 13 3MIIHEHHSAM, 13 3HWKEHHAM
neopMyroUnx 3yCHJIb, AHOMAJIBHUM MAacCOTICPEHECEHHSIM JIOMINIKOBHX aTOMiB, a TaKOX 13
penakcali€eo Ta Mepepo3noIiIoM 3aUIIKOBUX HANpYXEeHb. bynu BHBUEHI O0COOIMBOCTI ynapHOT
B3a€MOJIIi MPOMDKHOTO JAe)OpMyIOUOro eNeMEeHTy MIDK [OBEpXHEI0, II0 KOJIMBAETHCS 3
yIIbTPa3ByKOBOIO YaCTOTO, 1 HEPYXOMOIO MOBEPXHEI0, sika 00pobsieTbes [12]. BetaHoBneHo, 110
VY3VYO Ha BiaMiny Big BY®O npusBoauTh 10 OUIbII CYTTEBOI Jedopmallii MOBEPXHEBOrO IApy
MeTaJIeBUX MaTepiaiB.

OnHiero 3 ocoOnuBoCTed i1 ylIbTpa3ByKy Ha PEUOBMHY, SK y TBEpHid, Tak 1 B piakiil ¢a3si,
BBA)XKA€THCSI aHOMAJIBPHO BUCOKE MPHCKOPEHHS MOBEPXHI BUMPOMIHIOBAYa, IO KOJMBAETHCA. BoHO
BU3HAYAETHCSA TPOCTHM CIBBiAHOMIEHHIM 8y = Apax'®” , 186 ® = 21f, Amax — ammiityaa
KOJIMBaHb, () — KPYroBa. 4acToTa, f — 4YacTOTa KOJNMBAaHb BUIIPOMiHIOBaua YJbTPasByKy. Ilpu
Anax= 10 mxm i f = 20 kI, 89 = 1,57-105 m/c?, mo B 16000 pasiB mepeBUIIy€e TpaBiTalliiiHe
npuckopeHHs: §. Take BenuKe MPUCKOPEHHS HE MOXKHA OTPUMATH MiJl 4ac TPaJAULIAHUX BHIIB
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METaI000pOOKH, IO JJO03BOJISIE BBaXKaTH YJIbTPa3BYKOBY YAapHY OOpOOKYy VyHIKaabHUM 1
BHUCOKOC(PEKTUBHUM CIIOCOOOM 3MIITHEHHS METATIB.

OO6uaBa pI3HOBUAM YJAbTPa3BYKOBOI OOpOOKM IMOBEpXHI MaTepialliB MpeAcTaBieHI Ha
puc. 1, a, 6. Y nepmiomy Bunaaky (puc. 1, a) po6ounii iIHCTpyMEHT Y BUTJISAL 3aTapTOBAHOT KYJIbKH,
TBEPIOCITIABHOTO 200 aJIMa3HOTO HAKOHEYHHWKA KOPCTKO TMOB'SI3aHUN 3 TOPILEM YIbTPa3BYKOBOTO

KOHIIEHTpaTopa. Bes KonMBanbHa CHCTEMa MPUTUCKAETHCA 0 oBepXxHi 3 cuioro Fep = 100 — 200 H
1 BUIBHO KOB3a€ B HampaBisitouux. [Ipu oOpoOrii MiHUX MaTepialliB BIACKOK IHCTPYMEHTY Bij
MOBEPXHI JeTall 301IbLIIYEThCS, TOMY JUIsl €(EeKTUBHOI 0OpOOKHU MOTP1OH] MEBHI CHJIN MiATUCKAHHS

Fer 1 OlnbllIa MOTYXXKHICTh YJIBTPAa3BYKOBUX BUIPOMIiHIOBauiB. Y JApyromy Bumaaky (puc. 1, 0)
poboumnii IHCTPYMEHT HE TOB'SI3aHMA KOPCTKO 3 KOHIICHTPATOPOM, TOMY BIiH HAa3WBA€THCSA
NPOMDKHUM a00 BUIBHUM YAapHHM €JIEMEHTOM. B 1aHOMy BHIIAJKy BECh BHUIIPOMIHIOBAY TaKOX

BUIPHO KOB3a€ B HAIPABIIAIOUMX 1 MPUTUCKAETHCS 0 MOBEPXHI AeTali 3 cuioto F.p, oqHak BoHa
CYTTEBO MEHIIIA, HI)K B TIEPIIIOMY BUTIAJIKY 1, 3a3BU4ai, craHoBuTh 30—50 H. [Ipu 1boMy BUHUKAIOTh
BUMYIIECHI KOJIMBAaHHS IePOpPMYIOUOTo ejleMeHTa B MeBHOMY NpoMikKy (~ 0,03-0,1 mm), skuit
aBTOMaTMYHO BCTaHOBJIIOETHCS NPU BKIIOYEHHI YIbTPAa3BYKOBMX KOJIMBaHb 1 3aJI€KHUTh BiJ

BemunHA Fop. ¥V Bumagky BY®O Bucoko4acTOTHME ynmap HO MOBEpXHI 3MIMCHIOETBCS , KOJHU
KOJIUBaJbHA HIBHJKICTH J€(OPMYIOUYOIrO €JIeMEHTY He3HauHa, a MOoro JAis Ha MOBEPXHIO MeTaly
3HWKYETBCSA 3@ PAaxXyHOK MEPIOJUYHHUX BIJCKOKIB BCHOTO I1HCTPYMEHTY, IO BHUJHO 13 CXEMH
KOJIUBaHb Ha puc. 1, a. B Toit ke yac BinbHUH nedopmyrounii enemeHT (puc. 1, 6) BUMYIIEHO
KOJIMBAETHCA B MajoMy MPOMDKKY. B po6oti [12] moBeneHo, 1m0 BipOTIAHICTH MOTO 3YCTPIYHOTO
31ITKHEHHS 3 TOpPLEM KOHIIEHTpaTopa JyXe BHUCOKA, TOMY TaKi BHUMYILIEHI KOJMBaHHA HaOyBalOThb
3HAYHOI IHTEHCUBHOCTI ¥ IPU3BOATH /10 OLIBII CYTTEBOI JedopMariii MOBEpXHi 3pa3ka uu BUPOOY.
Jlanuii edexT BUTIKae 3 SBUIA aHOMaJIbHO BHUCOKHX INPUCKOPEHb dp, K1 BIACTHUBI came JUid
VIBTPa3BYKOBUX KOJIMBaHb. Lle MiITBEPIKYIOTh €KCIIEPHMEHTANbHI pPE3yJbTaTH BHUMIipIOBaHHS
JiamMeTpy IUIaCTHYHOTrO BIIOMTKA Ha MOJipoBaHii moBepxHi 3paska i3 ctani 30XI'CHA. Buano, 1mo
13 30UIBIICHHSAM aMIUTITYIU YJIbTPa3BYKOBHX KOJIMBAaHb 3aJIMIIKOBa Aedopmariis crani npu Y3YO
3Ha4HO 3pocTae y mopiBHSAHHI 3 BY®O. ToMy OCTaHHS BHKOPHCTOBYETbCA 3/1€0UIBLIOTO ISt
¢iHimHOT 00poOKKM BUPOOIB KPYIJIOTO Mepepidy B TOKAPHUX BepcTaTax. AJie MepeBaro0 MeTory
BY®O € Te, 1o mopcTKicTh NOBEPXHI JI€Talli CYTTEBO 3HMKYETHCS, a Ha ii MOBEpXHI BUHUKAIOTh
3HaYH1 HaNpyXeHHs cTUCHEHHA. Tomy BY®O BUKOPUCTOBYETHCS [Tl MIABUIIEHHS 3HOCOCTIHKOCTI
Ta CIPOTUBY BTOMI BUCOKOMIITHHX 1 3arapTOBaHUX JeTalieil MalmMHOOyTyBaHHS.

HasBHICT TPOMIKKY € HEOOXIJTHOIO YMOBOK BHHUKHEHHS KOJWBaHb BUIHHOTO
negopmyrodoro enemenra. JlochmipkeHHS TMoKasand, IO TMpH TakoMy crnocoli mnepemadi
YIBTPa3BYKOBOI €Heprii B oOpoOioBaHMi BHUpIO BimOyBaeThCs OIIbIN IHTCHCHMBHA IUTACTHYHA
nedopMmariiss moBepxHi MertamiB. 3 puc. 1, 0 BHOHO, M0 YacTOTa KOJHMBAHb MPOMIXKHOTO
1e(pOpMyIOUOro €JIEMEHTY ICTOTHO HM)KYE 4YaCTOTH YJIbTPa3BYKOBHX KOJIMBaHb 1 CTAaHOBUTH B
cepennbomy 1-3 xI'u. Ilpu BukopucTanHi 6arato 00MKOBUX IHCTPYMEHTIB 13 UHCIIOM YAapHUKIB Bij
3-x 1 OiBpIIIe CyMapHa 4acToTa yJapiB MOXe OyTH BHIIE Yepe3 Te, IO yAAPHUKHA KOJIMBAIOTHCS HE B
¢a3i, a IX KOJIMBaHHS B MPOMIXKKY MIXK PyXOMOIO i HEPYXOMOIO MOBEPXHIMH HOCATH CTOXaCTUYHUH
xapakTtep. Brim 6araTo J0CiTHUKIB BBaXKae, 10 YIBTPA3BYKOBI 1 HU3bKOYACTOTHI KOJIMBAHHS TPH
Y3VO mnepenatrothcsi B 00’eM gmertam ab0o KOHCTPYKINi, IO MPU3BOAWTH JO pellakcamii i
MepPEPO3NOILTY BHYTPIIIHIX 3aJTUIIKOBUX HANpyr. Tomy 1ei crnocid BiAHOCHTHCS 0 3MIITHIOKOYOI 1
penakcaiiitHoi 00poOKu MeTaneBuX BUPOOIB.

[IpoTe BnacHe yabpTpa3ByKOBOi 0OPOOKOIO MOXKE BBaYKATHUCS JIMIIE MEPIIUI BUMAJO0K, B IKOMY
neGOpMyIOUnii €JIEMEHT KOJHMBAETHCS 3 YIBTPA3BYKOBOIO YACTOTOW. B nmpyromy BUManky
ynpTpa3Byk (dactororo ~ 20 k['m) B Marepian Maibke He NEpeAaeThCs, a JMIIE CIPUUUHSIE
BHUMYIIIEHI KOJINBaHHA 1€(OPMYIOUOro €JIeMEeHTa B IEBHOMY NPOMIKKY. ToMy Takuil Tun o6podxu
HA3MBAIOTh YIBTPa3BYKoBOI ynapHoi oOpoOkoro (Y3VYO. OnHak, OCKITBKHA I1HCTPYMEHT POOUTH
KOJIMBaHHS B TMPOMIKKY 3 OUIBII HU3BKOI YacTOTOIO, HIX YnbTpa3BykoBa, To B IE3 im. €.0.
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[TaToHa BHUKOpPHUCTOBYIOTH TaKOXX TEPMIH «BHCOKOUYACTOTHa MexaHiuHa mpokoBka» (BMII), mo
BianoBinae tepminy High Frequency Mechanical Impact (HFMI).
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Puc.1. Pi3Hi cmocobu o6po06ieHHs moBepxHi BUPOOIB 32 JOMOMOT0OI0 yIbTPa3BykKy: 4 — bBY®DO;
0 — Y3VYO: 1 — ynpTpa3ByKoBUli BUIPOMiHIOBAY, 2 — CTYIIIHYACTHI KOHLIEHTPATOP KOJIMBAHb, 3
— nedopmyrounii e1eMeHT, 4 — 3pa3ok (BUpi0). B— 3aJIeKHICTh AlaMETPY BIIOUTKY KYJIbKU BiJl
aMILTITYIH YJIbTPa3BYKOBUX KOJMBAHB JjIs1 000X THUITIB 00poOKH [12]

SKIo BUMOTH 10 SIKOCTI TOBEPXHI HE MAalOTh CYTTEBOTO 3HAYCHHS, a MOTPiIOCH OUIBII
BUCOKHIA CTYIiHB Aedopmartii, BukopuctoBytots Y3YO (BMII), Hanpuknaz, st o00poOKu 3BapHUX
3’e¢qHanb. Came B IbOMY BHIIQJKy JaHa TEXHOJIOTiS 3HAMILIAa IIMPOKE PO3MOBCIOKEHHS B
PO3BHHYTHX KpaiHax CBITy, HepHI 3a BCe 3aBAJKUM (PyHIAaMEHTAJIbHUM poOOTaM yKpaiHCHKUX
BueHux 3 IHCcTHTYTY Metanmodizuku im. [.B. KypmromoBa HAH Vkpainm Ta IHCcTHTYTY
enektposBaproBanHs iM. €.0. [latona HAH Ykpainu. bynu BcTaHOBJIEHI OCHOBHI 3aKOHOMIPHOCTI
i MeXaHI3MH CTPYKTYpPHO-()a30BHUX IEpeTBOPEHb B MeTajax 1 CIUIaBaX PI3HUX KJIaciB 1 pi3HUM
TUIIOM KpUCTaNiyHOl rpaTku. Tak, OyB HocHiKeHHH €(EeKT ICTOTHOTO 3HIKCHHS HAaIpy)KEHHS
nedopmarii  mnactuunux  MetamiB  (Al, o-Fe, o-Ti) mpu VY3VO [13]. PospaxoBana i
EKCIIEPUMEHTAIILHO BU3HAYCHA TPUBAIICTh yAapy, mo ckiana 35 — 40 mxc. [t mosicCHEHHS IbOTO
edekTy Oyrna 3amporoHOBaHA PEOJIOTiYHA MOJENb, 3aCHOBAaHA Ha TOMY, IO 3a Maluil 4ac Mix
yaapamu (~1O'3 C) HE BCTHTalOTh 3aBEPIIUTHUCS TPOIECH peliakcallii, OOYMOBIICHI MEPEeMIIICHHIM
OUCIOKalid 1 ToukoBUX AedekTiB. lle Mpu3BOAWTH 10 MIBUJIKOTO HAKOMUYEHHS IUIACTUYHOI
nedopMariii Ipyu HAMpy>KEHHI, M0 HWKYE MEXi TEKydoCcTi BHBUEHHUX MeTamiB. Tak, 3paskm Al
3aBTOBLIKK 2,0 MM po3kienyBanucsa y ¢onbry toBmunoro 0,1 mm 3a wac 30 — 60 c. [Ipu 06pobui
MaCHBHHX 3pa3KiB IJIacTUYHA JedopMallis JOKaTi3yeThCsl B MOBEPXHEBHUX Imapax metamniB [14].
I[Ipu Y3YO BinOyBaeTbcsi MIBUAKE HaKOMWYeHHS nedopmariii, 1m0 NPUBOAUTH 1O 1CTOTHOTO
noApiOHEHHS 3€PeH, a B JISTOBAHMX CTAJISAX JO TMOSBH TaK 3BAHOTO «OLIOTO IIapy», IO BOJOJIE
BHCOKOIO KOPO31HHOIO CTIMKICTIO i TBEPAICTIO.

JlocnipkeHHs CTPYKTYpHHUX 1 ()a30BUX MEPETBOPEHHh B METajaxX 1 CIUIaBaxX 3 PI3HUM THUIIOM
KpHUCTaIIuHOI PEIliTKY MpU 1HTEHCUBHIHM MiacTU4Hid Aedopmalii, BUKIMKAaHUX BHCOKOYACTOTHUM
yIapHAM HaBaHTAXXCHHSM, ITOKa3ajH, II0 OCHOBHHM YHWHHHKOM ()OpMYyBaHHS ApiOHO3EPHHUCTOI
CTPYKTYpU € TO€TalHe PO3MHOXKEHHS W Mepepo3Nojiy AMCIOKALid Ha Tii TeHepauii 3HayHOl
KUIBKOCTI TOYKOBHMX JA€(EKTiB. Y TeTepOreHHUX CIIaBaX B1J0yBalOThCSI PI3HOMAaHITHI (a3oBi
NEPETBOPEHHS, IKUMHU MOXKHA KEPYBATH 32 paXyHOK BUOOPY ONTHUMAJIbHUX PEXKHUMIB TEPMOOOPOOKH
ta Y3VYO, uinecnpsMoBaHO 3MIHIOIOUH CTPYKTYPY Ul JOCATHEHHS MOTPIOHUX (13UKO-MEXaHIYHUX
BJacTUBOCTEN MatepiaiiB. [Ipu nboMy 101aTKOBUMHM YMHHUKAMH MOAPIOHEHHS pO3MipiB 3€peH 10
HAHO MacIUTaOHOTO PiBHS MOXYTh OYTH JAMCIIEPCHI BUALIEHHS APYroi ¢a3u, a TAKOX 1HILI BapiaHTH
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3MiHH (a30BOro cKiaay cruiaBiB. @OPMYBaHHIO HAHO CTPYKTYPOBAHUX CTaHIB CIPUSAIOTH BUCOKUH
CTYMiHb 1 MIBHIKICTH Aedopmamii, HasBHICT YAAPHHUX IMITYJIBCIB i3 3CYBHOIO KOMIIOHEHTOIO
HaBaHTAXXCHHs, BiJ] BEIMUMHU SIKOI 3aJIe)KUTh TEKCTypa 1 TOBILMHA MOI[Hg)iKOBaHOFO 1apy, a TaKoX
icrotHe nedopmariifHe posirpiBaHHs JOKanbHUX oOmacteir no 400°C, mo crpusie mnepediry
JTUHAMIYHO1 penakcarti [15].

VY po6ori [16] mocnimkeHo SBUIIE aHOMAIBHOTO MAaCOTIEPEHECEHHS aTOMIB 13 IIOBEPXHI YTIu0
samiza npu Y3VO. BuBueHa 3aieXHICTh IMapaMeTpiB MacCONEPEHECEHHS BiJ TEMIIEpaTypH,
BEJIMYMHH BUXITHOTO 3€pHA, MOMEPEIHBOI MIIACTUYHOI AedopMarii Ta BUAY MPOHUKAIOYUX ATOMIB.
BcraHoBieHo, 110 aTOMM MOKPUTTS NPOHUKAKOTh Ha MMOMHY 10 30 MKM HaBiTh 3a KIMHATHOI
TEeMIEepaTypH.

[Tounnatouu 3 1994 poxy mo TemnepimiHiii 4ac pi3Hi aCHEKTH 3acTocyBaHHs TexHojorii Y3YO
(UIT) maibke mjopiuno Oyiu HpeAcTaBiIeHi Ha CECisiX MDXHAPOJHOTO iIHCTHTYTY 3BaproBaHHs (MI3)
daxiBusgMu pisHUX KpaiH — VYkpainu, Pocii, CIIA, Kamamu i1 Kuraro, a cama TexHojoris
pexomenaoBana B 2008 pomi 13-or0 komiciero MI3 s BUKOPUCTaHHS B 3BaplOBAJILHOMY
BUPOOHHUIITBI.

Takum uwmHoM, Y3VYO BBakaeTbCsi OJHMM 3 TMEPCHEKTUBHUX METOMIB (OpPMYyBAHHSA
ApiOHO3EPHUCTOI CTPYKTYpH IMOBEPXHEBOIO LIApy 1 CHPHUATIMBOIO IMEPEPO3MOAUTY 3aTUIIKOBUX
Hampy>keHb. BoHa J1ae MOXIUWBICTH 3HAYHOTO MIABUIIEHHS BTOMHOI MIITHOCTI BUPOOIB
MaIMHOOYyBaHHS, a TaKOXX 3BAPHUX KOHCTPYKWIH. YaapHa aist ae@opMyrounx eleMeHTIB 3
BHCOKOIO YacTOTOIO, IO CTBOPIOETHCS 3a JOMOMOTOIO TOTY)KHOTO YJIBTPa3BYKY, HMPU3BOAHUTH JIO
ICTOTHOTO 3MIIIHEHHS TOBEPXHI METaJiB, 3HM)KEHHS LIOPCTKOCTI, 3pOCTaHHS KOPO3iiHOI CTIMKOCTI,
1, SIK HACJTIZOK, JIO TOJIMIIEHHS EKCIUTyaTallliHUX BJIACTUBOCTEH, 30KpeMa, KOPO31HHO-BTOMHOL
MIITHOCTI Ta J0 MiJIBUIIEHHS pecypcy i 6e3meuHoi ekcIutyarallii BUpo0iB MalIMHOOY TyBaHHS.

He nuBnsunch Ha JOCTaTHHO BHCOKY BapTICTh YIBTPa3BYKOBOTO YCTAaTKyBaHHS, JaHa
TEXHOJIOT1sl 3HaXOJIUTh BCE OUIBLI IIMPOKE BUKOPUCTAHHS B YCbOMY CBITI JJisi 0OpOOKH 3BapHUX
IIBIB BIANOBIJAIbHUX KOHCTPYKLIH 1 criopya. Lle mos's3ano 3 tum, mo Y3VYO mae neBHi nepeBaru
y TOpPIBHSAHHI 3 TPaJMLIHHUMM METOJaMHU IMoBepxHeBoi rutactuunoi aedopmanii (IIT]). Bonu
MOJISITAl0Th B HACTYITHOMY:

* MOoOinbHICTE TEXHOJOTIYHOTO TMpoLecy M MOXIUBICTh 3/A1MCHEHHS WOro B YMOBax
CHeIiali30BaHUX BHUPOOHULITB TPU MOHTa)X1 3BApHUX KOHCTPYKIIM, a TakoXX B Mpoleci ix
eKCIUTyaTallii Ta peMOHTY Oe3mocepelHbO Ha 00'ekTax. 3MiCHEHHS OIepaliifHoi TEeXHOJOTrii B
aBTOMAaTHYHOMY ¥ pydYHOMY BapiaHTax.

* Bucoka npoayKTUBHICTh METOAY, sIka 0OYMOBJICHAa BHCOKOIO YaCTOTOIO 1 €HEPri€ro yaapy, i
nocsirae 0,3 M 3a XBIWIMHY MpU 00poO11i By3bKO1 MepexiHOT 30HU MiXK IIIBOM 1 OCHOBHUM METaJIOM.

* 3HauyHEe 3MEHIICHHS BUTPAT €JIEKTPOEHeprii Mpu 3ajaHiil NMPOAyKTUBHOCTI Y MOPIBHSIHHI 3
Tpaguiitaumu Metogamu [IT/1.

Metox Y3YO oTpuMaB BH3HaHHA Ta 3HAMIIOB IIMPOKE 3aCTOCYBAaHHS y CBITI s
3MIITHIOIYOI Ta peslakcarliiHoi OoOpoOKM 3BapHUX KOHCTPYKIH 1 cnopyn. Hakomwdeni 1o
TEMEPINIHBOTO Yacy pe3ylbTaTH EKCIEePUMEHTAIbHUX JOCHIIKEeHb HOro eQeKTUBHOCTI MpH
3aCTOCYBaHHI 3 METOIO ITiIBUIIICHHSI OTIOPY BTOMI 3BapHHUX 3'€/THaHb CTaJICH PI3HUX KJIACiB MIITHOCTI
i aJIOMIHIEBMX CIUIaBiB, a TAaKOX JOCBiJ] BUKOPUCTAHHS IIi€i TEXHOJIOTii B CyIHOOYIyBaHHI,
BaroHOoOYyJyBaHHI Ta IHIIMX Tajy3sX MPOMMCIOBOCTI, MOXKYTh OYTH MiJICTABOIO JUIS BKJIIOUEHHS
JaHOTO BHJy TOBEPXHEBOTO 3MIIIHEHHS B HOPMH IPOEKTYBAaHHS, BUTOTOBJIICHHS Ta PEMOHTY
3BapHUX KOHCTPYKILii B YKpaiHi.

JlirepaTypa

1. F. Blaha, B. Langenecker, Dehung von Zink — kristallen unter ultraschall ein wirkung,
Ztschr. Naturwissenschaft. — 1955. — Bd. 20, N 2. — S. 556-560.

2. B.I'. CeBepnenko, B.B. Kity6osuu, A.B. Crenanenko, O06paboTka METaIOB JaBICHUEM C
yapTpa3BykoM.— MuHck: Hayka n Texnuka, 1973.— 286 c.

47



2. Penakcauiiini npomecy y MaTepianax 3i ckiiaaHo0 MOP(OIOTieio: KOMIIO3UTH, IOIMePH, BHCOKOCHTPOMIHI CIUIABH, HAHOCTPYKTYPHi i aMopdui MaTepianu
Relaxation processes in materials with complex morphology: composites, polymers, high-entropy alloys, nanostructured and amorphous materials

3. .M. MyxanoB, HmmnynbcHas ympoYHSIONMIE-YUCTOBAs 00pabOTKa merajeil MamuH
YIIbTPa3BYKOBBIM HHCTpYMeHTOM.— M.: MammHocTpoenue, 1978.— 44 c.

4. A.B. Kynemun, YneTpasByk u nuddy3us B metamnax.— M.: Metamumyprusaar, 1978.-200 c.

5. O.B. A6pamos, B.I. Jlo6atkun, B.®. Ka3zanues, Bo3neiictBue MOIIHOTO ylIbTpa3Byka Ha
Mex(da3Hyr0 TOBEPXHOCTh MeTauioB.— M.: Hayka, 1986. — 275c.

6. A.B. benouxkuii, B.H. Bunanuenko, .M. Myxa, YibTpa3BykoBO€ yIpOUHEHUE METAIIOB.
— Kuen: «Taxauka», 1989.— 166 c.

7. B.C. bupont, [lpuMeHneHue ynbTpa3Byka npu TepMudeckoil oOpaboTke MeramioB. — M.:
Metannyprus, 1977. — 167 c.

8. H.C. Mopatok, Biusinue ynpTpa3ByKOBBIX KOoJjeOaHU Ha (U3HUECKUE CBOWCTBA METAJJIOB
u cmiaBoB (0030p), Metamnodusuka. Ctpykrypa u coiictBa meramioB.— 1970.— T. 31. — C. 83-
107.

9. A.B. MopasunueBa, OO6paboTka CBapHbIX COEIMHEHUH YIbTPA3BYKOM. — B KH.:
[Ipumenenue ynpTpa3Byka B cBapouyHoil Texauke. M.: M3a. UBTU HUND, 1959. — C. 32-43.

10. A.c. 456704 CCCP. Cnoco0 ynpounenus neraneit / M.A. Crebenbko. // OmyOm.
15.01.75. — Brom. Ne 2.

11. A.c. 472782 CCCP. VYnprpa3BykoBas rojoBKa sl 1e()OpMalOHHOIO YIPOYHEHUS U
penakcanronnoi oopabotku / E.Il. Crarauxos, JI.B. Kypasnes, A.d. AnexceeB u np. / Omy0.
06.06.75. — brom. Ne 21.

12. I'.H., Ilpoxomnienko, T.A. Jlaryn, MccnenoBanue peskuMOB TOBEPXHOCTHOTO YITPOYHEHUS C
MOMOIIIBIO yIbTpa3Byka, ®us. u xum. O6padotku marepuanoB.— 1977.— Ne 3.— C. 91-95.

13. T'.W. IIpokonenko, I'.1. Ky3pmuu, Hakomnenue octaTouHoil nedopmarnuu B MeTaiax
IIPY MHOTOKPATHOM YAapHOM Harpy>Ke€HHM C pa3HbIMU yacToTamu, Mertamnodpusuka.— T.15, Ne 5.—
1993.— C. 56-66.

14. B.A Kotko, I'.W. Ilpokonenko, C.A ®upctoB, CTpyKTypHbIE U3MEHEHHS B MOJHUOCHE,
HaKJICTTaHHOM C TIOMOIIBIO YiIbTpa3Byka, ®PMM.— 1974.— 37, Ne 2.— C. 444-446.

15. B.M. Mopawok, 3aKOHOMIPHOCTI CTPYKTYPOYTBOpPEHHS Ta KiHETHKa AedopMariiiiHux
MIPOLIECIB Y METaJIeBUX MaTepiajiax Ipu KOMOIHOBAaHUX BIUIMBAaX 13 3aCTOCYBaHHSM YIIbTPa3BYKY,
Huc. noxr. ¢i3.-mat. Hayk, Kuis: IM® HAH Vkpainu.— 2012.-333 c.

16. J.C.Tepupuken, JI.H. Jlapukos, W.I'. [Tomouxuii, .M. Ilpokomenko, YckopeHue
TG QPY3MOHHBIX MPOLECCOB NMPU MHOTOKPATHOM YyIapHOM HarpykeHuu, ®u3. U XuMm. o0paboTKu
MatepuanoB.— 1979.— Ne 4 — C. 154 -156.

DEVELOPMENT OF THE METHOD AND TECHNOLOGY OF ULTRASONIC IMPACT
TREATMENT
G. L. Prokopenko, B. N. Mordyuk
Kurdyumov Institute for Metal Physics, NAS of Ukraine, 36 Academician Vernadsky blvd. UA-03142,
Kyiv, Ukraine

Abstract. The stages of development of the scientific and technical direction related to the
development of physical bases and technology of high-frequency mechanical impact loading of a
surface of metal products using ultrasonic tools are considered. Various ultrasonic loading
schemes suitable for machining the parts and / or welded joints of various shapes are discussed:
non-abrasive finishing treatment, ultrasonic impact treatment (high-frequency mechanical impact),
ultrasonic shot peening (surface mechanical attrition treatment). The main effects are highlighted,
namely: reduction in the surface roughness, severe plastic deformation of the near-surface layers,
their nanostructuring, hardening, redistribution of residual stresses and increase of operational
properties (corrosion resistance, wear resistance and fatigue life).

Keywords: high-frequency mechanical impact load, ultrasonic impact treatment, non-
abrasive finishing treatment
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MOJUPIKAIIA CTPYKTYPHOI'O CTAHY MAJIOBYTJIEHEBAX CTAJIEN
EJIEKTPOICKPOBUM JIEI'YBAHHSAM I BUCOKOYACTOTHUM YJAPHUM
OBPOBLJIEHHAM 3A TOIIOMOTI'OIO YJIBTPA3BYKy

I'. I. Ilpokonenko, (b. M. MOp}IIOKl, T. B. IlonoBa®
1IHCTI/ITYT MeTanoi3uku M. I .B.KyparomoBa HAH Ykpainu, Kuis, Ykpaina
2I[H «HJII BaronoOynyBanus», Kpemenuyk, Ykpaina

AHoTaliss. Busueno enaus  immeHcusHoi naacmuunoi  Odegpopmayii,  CNPUUUHEHOT
BUCOKOUACMOMHOIO  yoapHoto 06poobkoio (BUYO) ma enexkmpoickposum neeyeannam (EL)
NOBEPXHI XPOMOM, HiKelleM ma MONIO0eHOM, Ha MIKpOCMPYKMYpy ma 3MiYHeHHs NPUuno8epxHesux
wapie Husvkogyeneyeeoi cmani 20171, CmpykmypoymeopenHs y NpPUNOGEPXHEBUX WAPAX
xapakmepusyeaiu 3a OONOMO2010 PEeHM2eHiBCbKoi  Ougpakxmomempii ma mMpaHCMICIUHOT
enekmponnoi  mikpockonii  (TEM).  @opmysannsi  Hosux  ¢paz  0yn0  niomeepodiceHo
penmeenozpaghiunum memooom. [locnioscenns TEM Oemoncmpyroms, wo y 3epuax epumy
VMBOPIOEMbCS OUCTOKAYINHA KoMIpuacma cmpyKkmypd, d MmaxKoxiC y 3epHAX Nepiimy Yacmikoeo
poszuunsemoca yemenmum. Lle cmocyemuca nogepxui nicaa BYYO ma wapie na enubuni 15-25 mxm
nicia BYYO + EIVI + BUYO. 3pobaeno sucnosox, wo niosuwjena meepoicmov NOBepxXHi 3pA3Kie
Hu3zbKkosy2neyegoi cmani nicasa npoyecie BYYO ma BYYO + EIVI + BYYO nog'azana 3 necysannam
Gdepumy xpomom, Hixenrem abo MONIOOEHOM 3 YMBOPEHHAM Kap0Oioie xpomy abo moniboeHy ma
IHWUX oucnepcrux ¢has, a Maxkolc 3aTUUKOBUX HANPYIHCEHb CIUCHEHHS.

KurouoBi cjioBa: MIKpOTBEpIICTh, HHU3BKOBYIJIELIEBA CTallb, MOAM(IKOBaHA IOBEPXHS,
€JIEKTPOICKPOBE JIETYBaHHS, BACOKOYACTOTHA yAapHa 00poOKa

VY nanuil yac akTyaJbHUMHM € JTOCIIPKEHHs, HAlpaBJIeHl Ha pO3poOKYy METOJIiB MOKpPAIICHHS
MOBEAIHKM MaTepialiB B arpecCMBHUX CEpEJOBUIIAX, EKCIUTyaTallisi B SKHX IOB’s3aHa SK 3
BUHUKHEHHSM HOBHX, TaK 1 PO3BMHEHHSIM ICHYIOUMX IIOBEPXHEBUX IOUIKOJKEHb. BoHuU
BUKJIMKAIOTh TPUIIBH/IIICHY JIErPaJallio BIACTHBOCTEH 3a paXyHOK KOpo3iifHOT Bromu. OmHHUM 3
HAHOUIBII PO3MOBCIOKEHUX CIOCOOIB TOJOBKEHHS CTPOKY CIY)XKOW CTalleBUX BHUPOOIB €
HAHECEHHS TOHKHUX KOPO31MHOCTIMKMX MOKpHUTTIB. OJHAK, JeryBajibHI €JI€MEHTH Ta METOIu iX
HAHECEHHS TaKOX BHOCSTH Pi3HI OCOOJMBOCTI B MOBEAIHKY MaTepiany, IMOB’s3aHi 13 3MiHOIO Horo
XIMIYHHX, (I3UYHUX 1 MEXaHIYHUX BJIACTHUBOCTEH.

BaxnuBoio 3ajaueio € 3°sCyBaHHA 3aKOHOMIPDHOCTEH CTPYKTYPHHX NEpETBOPEHb NpH
HAaCUYEHHI MOBEPXHEBUX IAPIB JICTYBAIPHUMH €JIeMEHTAaMU Ta JeheKTaMH PI3HUX MacITaOHUX
piBHIB 1 mpupoau. B mepmry yepry, me mnoB’s3aHO 3 KOHIIEHTPAaTOpaMH HAaIPYXEHb pPi3HUX
MoXOo/uKeHb [1], sKi BH3HAYAJIBHMM YWHOM BIUIMBAIOTh Ha EKCIUTyaTallliHI XapaKTePUCTUKU
BUpoOiB. Hampukinaa, BHUKOPUCTaHHSA EJEKTPOJITUUYHUX IOKPUTTIB XPOMOM MOXKE BHKIMKATH
3HIDKCHHS BTOMHHMX BJIACTUBOCTEH dYepe3 TMOsBY JOJATKOBOI KITBKOCTI JedEeKTiB THUMYy Top 1
MIKpOTPIIIUH.

JInst ycyHeHHS 3a3HAYeHUX HENIOTIKIB BUKOPUCTOBYIOTH METOAM AehopmMaliiinoi Mmoaudikarii
MOBEPXHI, Taki K JApoOocTpymMeHeBa 00poOKka, OOKaTyBaHHA POJMKAMU Ta 0arato iHIIMX, abo
VY3VYO [2], skl 3MEHIIYIOTh IOPCTKICTh OBEPXHI TA 3MIHIOIOTh MIKPOCTPYKTYPY NPUIIOBEPXHEBUX
11apiB, 3HWKYIOUYHU MOTYKHICTh KOHIEHTPATOPIB HANPYKEHb Yy HUX MpH 301JIbLIEH] iX KUIBKOCTI, Ta
CTBOPIOIOTH CTUCKAIOUl HAIPY>KEHHs, 1110 3arajoM 3ade3nedye MiJBUILEHHs pecypcy BUPOOiB.

Jlana po6oTta npucBsiUeHa BUBUYEHHIO BIUIUBY esekTpoickpoBoro jeryBanHs (ELJI) Hikenewm,
XpoMoM 1 MoniGaeHoM 1 mojanbiioi Y3YO Ha CTpyKTypy NPHUIIOBEPXHEBHX LIapiB Ta MeXaHIuHI
BracTuBocTl 3paskiB craii 20['JI. Bubip 3a3HaueHHMX JieryBajbHHX €JIEMEHTIB OOYMOBJIEHHH iX
PI3HOIO CXWJIBHICTIO 1O YTBOPEHHS KapOiAiB 1 iHTepMeTaliJHUX (a3 13 3a1i30M, a TAaKOXK PI3HUMHU
BIUTMBAMH Ha MEXaHI3MH IJIACTUYHOI feopmartii, SMIITHEHHS Ta KOPO31HHY CTIMKICTb.

B skocti BuxigHoro wmarepiany Bukopuctana ctainb 20IJ1 B HopmanizoBaHOMY CTaHi
(Butpumka mipu 900°C npotsirom 0,5 roMHU 3 HACTYITHUM OXOJIOJKEHHSIM Ha MOBITP1).
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EUJI ta ¥Y3YO npoBoauianch Ha TOKapHOMY BEpCTaTi, B yMOBax oOepTaHHs 3pa3ka TNpH
MEepeMilieHHl Jil04oro oOmagHaHHsA B31OBXK #oro oci. EIJl mpoBoamnm 3 BUKOPUCTaHHSAM
MIPOMHMCIIOBOI ycTaHOBKH «EmiTpon 22A» [3, 4]. 3cyB aHO/1a, BCTAHOBJICHOTO B CYNOPTI TOKAPHOTO
Bepctara 3a ymoB EIJI, 3milicHIOBaBcs 3 m0310BXKHBOIO mogadero S = 0,1 Mm/00 mpu MBUAKOCTI
obeprannsa mmuHaenss N = 44 06/xB. O0OpoOKy mpoBoawiau 3a 2 mpoxoau. Bemwmunna poGoyoro
ctpymy craHosmwia 0,6 —0,85 A, poboua uactora (fa) 1 ammunityna (A) BiOpamiii aHoma Oynu
100+ 3T110,5—0,6 MM, a TPHBAICTh 1 €EHEPTIS EICKTPUYHUX IMITYJIbCIB TopiBHIOBaIa 200 MKC Ta
1,0 /I BignosimHo. OOpaHuii pexxuM 00poOKHU 3abe3reuyBaB TOBIIUHY JISTOBAHOTO APy B MEKax
25 — 40 mxMm. [Ina 3aidicienns Y3YO yaapHUil IHCTpYMEHT YIbTPa3ByKOBOI YCTAaHOBKM KpINUBCS B
cymopti TokapHoro Bepctara [3, 4]. IlIBuakicte obepranns 3pazka npu Y3YO cranoBuwia N =
132 06/xB, a mo3noexkHsa momada S = 0,1 Mm/06. Taka cxema ymapHoi 00poOku, 3abe3neuyrouu
3HWKCHHSI MIOPCTKOCTI MOBEPXHI 3pa3Ka, BUKIHMKAE CTPYKTYpHI 3MiHU Ta (DOpMyBaHHS 3HAYHHX
CTHCKAIOUMX 3aJMIIKOBUX MaKpPOHAIIPYKEHb B HIOr0 TOBEPXHEBOMY IIapi.

MikpoTBepIicTh BUMipIOBaJIK 3a gonoMororo npuwiaay [IMT-3 npu naBantaxenni 100 r Ha
unaeHtop Bikkepca. PeHTreHiBChkUil CTPYKTypHUH 1 (a30Buil aHami3 MPOBOAMIN MO CTAaHAAPTHIN
cxemi ©-20 Ha mudpakromerpi JAPOH-3M 3 rpaditoBum mMonoxpomatopom B k, — Cu
BHTIpOMiHIOBaHHi. Makponanpyxerns (og), copmosani micis EUI i Y3YO, ominroBamn siny
MeToaoM. MeTanorpadiddi i €JIeKTPOHHO-MIKPOCKOIIYHI JOCTIKEHHS 1€papXiii CTPYKTYp 3pa3KiB,
a TaKOXX TOBEPXOHb PYHHYBaHHS Ticlisi BUIPOOYyBaHb Ha BTOMY, MPOBEACHI 3 BHUKOPHUCTAHHSIM
ontryHoi (Nehophot-32), tpancwmiciitaoi (JEM-CX100) i1 ckanyrouoi (JSM 6490LV) enexkrpoHHOT
MiKpPOCKOTIIi.

3mina MikpoTBepaocTi Hy moBepxHi 3paskiB ctam 20I'JI B HOpManizoBaHOMY CTaHi A0 1 MICHA
EI, a Takox Y3YO pi3Hoi TpuBajocTi HaBeaeHI B Tabiuumi 1. AHami3 pe3yapTaTiB CBITYHUTH PO
Te, IO y TOPIBHAHHI 3 BUXIJIHMM CTAaHOM MIKPOTBEPIIICTh 3pa3KiB 3poctae sk micas ELJI, tak 1 3
pocrom dYacy Y3VO. 306inbmieHHs TtBepaocti BHachigok ELT 3amexuTh Big BIacTHBOCTEH
BIJIMOBIAHKUX JIETYIOUMX €JIEMEHTIB, a TakoXX ()a30BOro CKIady iXx OiHapHUX CHUCTEM 3 3aji30M 1
ByrieneM. Ilpu Y3YO Hy Bcix 3paskiB 30UIBIIYETHCS 3 MOCTYIIOBUM BHXOJOM Ha HACHUYCHHSI.
BenuunHa 3mintHeHHs, BUKIIHMKaHOTO Aedopmartiero mpu Y3V O, Takoxk 3a1€KUTh BiJl BTIACTUBOCTEH
3aCTOCOBAHMX JIETYIOUUX €JIEMEHTIB, @ CaM€ B1J1 iX KIJIbKOCTI B TBEPJOMY PO3YHMHI Ta CXUJIBHOCTI J10
YTBOpEHHS KapOiAiB 1 iHIUX (a3 13 3a7i30M. SIKII0 MPUITYCTUTH, 110 TOBepXHI MoaudikoBanux Ni
a0o Mo 3pa3kiB MICTATh TUIBKM iX Iap, TO JOPEYHUM OyAe TOPIBHATH EKCIEPUMEHTATBHO
orpuMani Aadi micag Y3YO Ta TabnuuHI 3HaYeHHS. MIKpPOTBEPIOCTI Ae(POPMOBAHHUX HIKEINI0, XPOMY
ta MomiOaeHy. Take cmHiBCTaBI€HHS CBIQYUTH MPO T€, LIO0 MIKPOTBEPAICTh IOBEPXHI, SfKa
monudikoBana Ni, micns Y3YO He3HauHO NEepeBUINye 3HAYEHHS Je(POPMOBAHOIO HIKEIIO
TEXHIYHOT YMCTOTH 1 BChOro Ha 25% Oinplna 3a moaioHe 3MIITHEHHS BHXIIHOTO 3pa3ka. Y TOH ke
yac, y pasi MOJIIOJ€HOBOrO MOKPHUTTS peani3yeThCsl 3HAUYHO Ouiblie 3MilHEHHA. 3HadeHHs Hy
MIOBEPXHEBOIO IIapy B ILOMY BUIAJKY ICTOTHO BHILE TAOJUYHOIO I 1e(hOpMOBAHOTO MOIIOIEHY.
Ile moxxe Oytu moB's3aHo 3 ¢opmyBanHsAM FeNi ta FeNiz I'IK-ba3 B 30arauenomy HikeneMm
€JIEKTPOICKPOBOMY MOKpUTTI, (puc. I, a), 3 ogHoro Ooky, Ta Oaratodasznoro crany B Fe-Mo
nokputti (puc. 1, 6), 3 inmoro. [pyHTYIOYMCh HAa JaHUX PEHTIEHIBCHKOro ()a30BOro aHajizy
(puc. 1) MoxxHa 3pOOMTH BHCHOBOK, IO B aedopmarriitHe 3minHeHHsT Fe-Mo mokputts poOsiaTh
BHeCOK (a3u, yrBopeHi npu EIJI. TakuM yMHOM, 3MILHEHHS B IaHOMY BUIIQJIKy MOKE BijOyBaTuCs
13 3aJIy4CHHSIM PI3HUX MEXaHI3MiB, Y TOMY 4YuCii TBepaopo3unHHOoro (a-FeMo) 1 gucnepciitHoro
(Mmomens OpoBaHa), SKIIO B TBEpAOMY po3uuHi 0-FeMo 3HaXoasTbcs TUCHEpPCHI BUILICHHA. Y
Bunaaky ELJI xpomom peHTreHiBcbkuit anaii3 (puc. 1) CBiIUMTH MPO MOSBY JAOJATKOBHX MIKIB, IO
MOXXYTh BIAMOBIJATH XpPOMY, TBEpAUM po3unHaM 3 KybiuHowo (a-FeCr) abo TerparonanpHoIO (t-
FeCr) rpatkoro, a Takox okcuay xpomy CryOsz. Kpim toro, micis Y3YO Tta micns EJI+Y3YO
CIIOCTEepEeXKyBaHI MakCUMyMH o -Fe Ta TBepaoro po3unny FeCr cyTTeBO po3mMpeHi, o IpupoIHO
MOXe OyTH TOB’S3aHO 3 HAsSBHICTIO JHMCIEPCHHX oOjacTed korepeHTHOro po3scitoBaHHs (OKP)
Ta/ab0 MiIKPOCTIOTBOPEHb KPUCTAIIIYHOI IPATKU B MEKaX 3€PEH/CYO3epeH.
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Tabmurs 1 — BnactuBocTi 3paskiB craii 2017 J1 micist pizHEX 00po6oK
) _ OR HV Ihard
Martepian (06pobxa) e (MTTa) (I'Ta) Khard (MH)a/MKM
Cranb Z.OTJI (rapTyBaHHS + 0 i 1.97-2.78 1 0
BIJITYCK)
Crans 20TJ1 (Y3YO 15c¢) 0,04 - 2,07-2,78 1,05 2
Crans 20TJ1 (Y3YO 30c) 042| 974 | 2,03-3,71| 1,03-1,37| 1,2-3,48
Crans 20T°J1 (Y3YO 60c) 0,98 123 | 2,28-4,04 | 1,16-1,45| 6,2-25,2
Cra ZOF;;C()EIH NFYSYO o | - 291 | 1,05148| 26
Crar 2or3jgc()Em Crevsyo | oo | - 581 | 208342 606
Cranb 20F§)((:1)EIJI Mo + ¥Y3YO 0,05 i 7.47 2.69-4,39 143

AHani3 po3nojauTy MIKpOTBEpAOCTI IO IIuOMHI moBepxHeBux mapis micas EUUT + Y3VO
CBITUUTH TIPO T€, IO il MaKCHMalbHI 3HAYECHHS CIOCTepiratoThes Ha rubOuHi 10-20 MKkM Bin
MOBEpXHI, NEPEeBUIIYIOUM 3HAueHHS Ha moBepxHeBl Ha ~10%. lle moxe Oyt mnoB’s3aHO 3
penakcaliiiHuMu npolecaMu B TOHKOMY oBepxHeBoMmy miapi. Ilpu Bigcrani 6inbin Hixk 20 MKM BiJt
006pobneHoi noBepxHi Hy mounnae 3HmwKyBatucs no HV BuxigHoro crany Ha rimmbousi ~ 40-50 MM
(micna EUJT Mo) a6o ~70-80 mxMm (micis HaHeceHHs Ni). Pi3HUIA y TOBIIMHI 3MIIIHEHHUX IIApiB
micnsa Y3YO noB’si3aHa 3 pi3HOO 3[IaTHICTIO 10 Aedopmartiii mapis, Jeropanux 3a ymoB EIJI Mo un
Ni, sixi micnst EUT manu maiike OHAKOBY TOBIIMHY (~25 MKM), aie pi3Hy TBepAicTh (Tadui. 1).

VY Bumnanky neryBanus ctaii 20IJI Hikerem B MoaH(]iKOBaAaHOMY IIapi CHOCTEPIralOThes JBI
'K ¢a3u: tBepauit po3uun y-FeNi ta nmepmanoit ’Y'-FeNig (puc. 1, a). V Bunaaky monudikarii
MOJIIOJIEHOM Ha PEHTreHOrpaMax BUSIBJICHO LIMPOKI MAaKCUMYMH, sIKI MOXYThb OyTH YTBOpPEHI B
pe3yibTaTi Cyneprno3uiii MakcUMyMiB Bia Habopy pizHux (a3 (puc. 1,06). Y cucremi Fe-Mo
MoxxauBe ¢opmyBaHHs OLIK tBepaux posumHiB Fe-MO nepemiHHOro ckiamy, 100 MaTUMYTh
PEHTI'eHIBCHKI MMIKHM, PO3TAIlIOBAaHI y PI3HUX KYTOBHX IOJIOKEHHSIX Yy BIJNOBITHOCTI 13 3MiHOIO
napameTpa IpaTKy TBEPAOI0 PO3UMHY, SIKUH JIHIIHO 3pocTae 13 301IbIIEHHSIM BMICTY MOJi0/IeHY, a
TakoX mijoro psay sminHoounx ¢asz (A (FeoMo), p (FesMog), R (Fe3Mo2), o (FeMo) a3 i
(Fe,Mo0)3C xap6iaiB) [77]. JlopeyHO TaKOX MpOaHATI3yBaTH JETabHI PEHTIEHIBCHKI JTOCIIIKECHHS
($hazoBOrO CKJIATy MIBHUAKO 3araproBaHuX cTpidyok Fe-Mo, mpoBeneHoro B [80], OCKUIBKH YMOBH iX
OTPUMAaHHS JIeIIO TOMiIOHI 70 YMOB yTBOpeHHsS wmoaudikoBanux mapie npu EIJI (mBumgke
OXOJIO/DKEHHSI pO3IUIaBy). Byjo BCTaHOBIEHO, HIO0 NpU IMIBUJKOMY OXOJOKEHHI B CTpiuKax
CIIOCTEPITa€ThCSA CyMill YOTHPHOX (ha3. Kpim TBep1oro po3unHy MEepeMiHHOTO CKJIaTy 3arapToBaH1
ctpiuku mictuan - (B-Mo), o- ta p- (Fe;Mog) dasu. Ha BinbHIM MOBEpxHI CTPiYOK, TOOTO B
yMOBaxX HaOJM)KEHUX 10 YMOB YTBOPEHHsI IOBEPXHEBOTO IIapy, OTPMMAHOIO B HALLIOMY BUIAJKY,
crioctepiranach Haiibinba 06’ eMHa gactka p-dasu (1o 60%) ta 6museko 10% o 1w das, a pemry
ckmagamn OLIK TBepai posumam Fe-Mo [80]. 3apeectpoBani B Hamnii poOOTI pEHTTEHIBCBHKI
MakcUMyMH y MonugikoBaHoMy mapi Fe-Mo micist EUI (puc. 1, 6), oueBuIHO cii B epiry 4epry
noB’si3yBatn 3 OLIK TBepaum po3unHoMm Fe-Mo, OCKibKM 1HTEHCHBHICTH MIKIB TOAATKOBUX (a3,
MIOJIOKEHHS IKMX BKa3aHi HA BIANMOBITHIN TudpakTorpami, 3HaX0OUThCA Ha piBHI GOHY. Y BUMAIKY
EIJT xpomom ¢a3oBuii cKi1az TakoXk MCTUTH TBepaui po3uuH FeCr, terparonansny ¢asy t-FeCr, a
TaKOX HE3HAUHY YaCTKy OKCH/IB 1 KapOiniB xpomy (puc. 1, B).

VY BuximHOMY cTaHi micis HopMamizanii ctanb 20I'J1 mae copMoBaHy 3epHHUCTY CTPYKTYPY 3
po3mipoM 3epeH Bix 3 1o 15 MKM, e MOXHa Bipi3HUTH (hepUTHY (CBITII 3€pHA) Ta MEPIITHY
CKJa/10Bi (puc. 2, a). [lopiBHAIBHUIN aHAaIi3 pe3yNbTaTiB €NEKTPOHHO-MIKPOCKOMIUYHUX JOCIiKEHb
BHYTPIIIHBOI CTPYKTYpPH IPHUIIOBEPXHEBHX IIApiB 3pa3KiB BHUXITHOrO cTaHy mo i micast Y3YO
nmokasye, mo iXx (epuTHa cKiIagoBa 3a3Hae mpu nedopmarii icTOTHUX 3MiH (puc. 2, ). BoHnu
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MOB's13aH1 3 YTBOPEHHSAM J00pe chopMOBAaHUX KOMIPUACTUX CTPYKTYpP, CEpEIHIH PO3Mip KOMIPOK
AKHX JEKATh B Mexax 0,25-1 MkM. AHanii3 enexkTpoHorpamu (puc. 2, 1) CBIAYUTH MPO HE3HAYHI
KYTOBI a3UMyTaJIbHI po30pieHTaIii MK KoMmipkamu (~1,5-5°). HeoOXimHO BiA3HAYMTH, IO MEXKI
KOMIPOK, a TaKO OKpeMi JAUCIIOKAIlii BCepeauHI HUX OJIOKOBaHI TUCTICPCHUMHU BUALIEHHAMU (20—
40 HM) UEMEHTUTHOTO THUIy. BHCOKOKYTOBI rpaHuili 3epeH (Gepury, mo I00pe MPOSBISIIOTHCS Y
BUXITHOMY cTaHi ctaii (puc. 2, B), micas Y3YO B MOBEpXHEBOMY IIapi BU3HAYAIOTHCS Tipiie i
HaWyacTille MarTh BUTILI MUCKIIHAIIN (00IpBaHMX 3aJIMINKIB BHXIJHUX TPAaHHIb 3€PEH PI3HOI
JOBXHHH), SIKi ITOCTYIOBO MEPEXOAATh B rpaHuIli KoMipok. [lepmiTHa x CkiiagoBa 3a3Ha€ MEHIIUX
3MiH, SIKI MOJIATAIOTh y MOSBI JIUCIOKALIMHUX CKyMuYeHb, (parMeHTanii (pepuTHHX MpOLIapKiB
MIEPIIITY, @ TAKOK POZUYNHEHHIO JICSIKUX [IEMEHTUTHHX TUTACTUH TEPIITY (puc. 2, e).
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Pe3ynbrati €EKTPOHHOMIKPOCKOIMYHUX JOCTIIHKEHb CTPYKTypu 3paskiB micia Y3YO 3
nactynaum ELJT xpoMoM Ta nosTopHoio Y3YO HaBeseHi Ha puc. 4. IX aHani3 cBiguuts npo Te, 1o,
B TOPIBHSHHI 13 3pa3kaMu BHXiJHOro ctany micis ix Y3YO, B neroBanux Cr 3pa3kax €JIeMEHTH
CyOCTpYKTYpH B IpH MOBEPXHEBUX Ilapax pO3BMHEHI B 3HAYHO MEHINIH Mipi Hpu OiIbII
MOTY>KHOMY JIEKOPYBaHHI JUCIOKAIIN TUCTICPCHIMH BUAUICHHSIMH IEMCHTHUTY.

Amnamniz pe3ynbTariB €JIEKTPOHHO-MIKPOCKOIIYHHUX JOCHIIPKEHb BHYTPILIHBOI CTPYKTYpH
nmoBepxHeBux mapiB 3paskiB micas ELJI monioaenom 1 nHactynmHoi Y3VYO, HaBeneHHX Ha puc. 5,
CBIIYMTH TPO Te, IO, SK i y Bunanky 3 Ni, B moBepxHeBoMy mapi 10 rimmbunu 25 — 30 MKM B
bepuTHiit CKIaa0Bi HOpMy€EThCs KOMipuacTa CTpykTypa 3 po3mipamu 0,5 — 2,5 mkm (puc. 5, a). B
TOW e Yac, B HepJiTi MOAIOHI CTPYKTYPH PO3BHHYTI B 3HAYHO MEHIIIH Mipi IpU AELIO BUILIN
TYCTHHI IHCToKamii (puc. 5, B). SIk B deputHii, Tak 1 B MEPNITHIN CKIAJOBUX MIKPOCTPYKTYpH
YacTO CIOCTEPITaloThCs CKYIMUCHHS JMCIIOKAIlid, 3a0iiokoBaHuX aucriepcHumu (1o 80 HM)
KapOITHUMH BUJIJICHHSMH, SIKI TPOSBISIOTECS HAa TEMHOIIOJIBHUX 300paK€HHSIX (CTPLIKH Ha
puc. 5, 1, €) Ta Ha BIAMOBIAHIA KapTuHi enekTpoHHOi audpaxuii (puc. 5, r). IlpoBeneHi oOmiHKH
CBIJIUaTh, IO CHCTeMa OUIBIIT cIabKuX pedIeKCiB HA I KapTUHI €ICKTPOHHOIT AU(paKIiii MOXYTh
Bignosigatu pu-dasi (Fe;Mog) [81].
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Puc. 2. Metanorpacgiute (a) 1 eIeKTpOHHO-MIKpocKomiuHi (0 - €) 300pakeHHsI CTPYKTYpH
nepititHOI (0, €) 1 hepuTHOI (B,I') CKIIAIOBUX Y BUXigqHOMY cTaHi ctaii 200J1 (B, T) 1 micis 1i
Y3VYO (1, e), ae (1) enexkTpoHOrpama 3 00JacTi, HaBeeHOI Ha (T)

Pe3ynpTaté  €NeKTPOHHO-MIKPOCKOMIYHUX JIOCHIIKEHh CTPYKTYpU TOBEPXHEBOTO MIAPY
3paska craini 201J1 micns #ioro EUI nikenem 1 moganbmoi Y3YO (uac t = 30 ¢, cTtymias aedopmariii
e =0,4) naBeieHo Ha puc. 3. OCHOBHUMH eJIeMEHTaMU MiKPOCTPYKTYPHOTO CTaHy MEpeXiTHO1 30HU
MK MoaudikoBaHuM 3a goroMororo EIJI mapowm i cramto 20071 € komipku po3mipom 0,5-3 MkMm,
a3UMyTallbHA PO3OPIEHTALSI MK SKUMHU JICKUTh B Mexax 1,5-5° (puc.3,0). B Tim xomipok
CIIOCTEPITAETHCS  IMIJIBUIICHA 0 10° em? IIUTBHICTE  AUCHOKAIid. B okpemux obmactsax
MOBEPXHEBOTO Iapy MPHUCYTHI enemeHTH cTpykTypHu 3 ['LIK rpaTkoro, mo miaTBEpIKYEThCS HE
TITBKA PO3paxyHKaMH eJIeKTpoHorpaMm (puc. 3,0), a W pe3ylbraTaMd PEHTTEHOCTPYKTYPHOTO
anamzy (puc. 1, a). Ilicnsa mactynHoi Y3YO rycTuHa AMCIOKAIN «Iicy» 3poctae no 5-10 0 oM
(puc. 3, B). Juciokariii JeKOpoBaHI HAHOPO3MIPHMMH BHIUICHHSIMH, IO MIATBEPIKYETHCS
HAsBHICTIO BIAMOBITHUX peIIeKCiB 1 KiUIEIh Ha eNeKTpoHoTpami (puc. 3, T).

TakuM YMHOM, ITOKa3aHa MOJXKJIMBICTEH ITIJBUIIEHHS MeXaHIuHHX BractuBoctell crtami 2001,
30KpeMa BTOMHOI MIIIHOCTI, 3a paxXyHOK €JEKTPOICKPOBOTO JIETYBaHHS HIKeleBUM abo
MOJTIOICHOBUM €JICKTPOJaMH ii TOBEpXHI Ta 0araTopakTOPHOTO MO3UTHBHOTO BIUIUBY (DiHIIIHOI
YIIBTPa3BYKOBOI yaapHOi 00OpOOKH.

3’scoBaHo, 110 3a gonomororo EII crami 20 I'JI Braetsbest chopmyBaTi MoAM(IKOBaHI Iapy 3
MiABHUILEHOIO TBEPAICTIO, M0 0OYMOBJIEHO iX (pa30BUM CKIaJ0M, Ta BIAMOBIAHUMHU MEXaHi3MaMu
3MIIIHEHHS, SIK1 3aJIeKaTh BiJl BAKOPUCTAHOTO JieTytouoro enementy. [losepxuesuii map micisa E1JI
MOJIIOIEHOM JIEMOHCTPYE BABIYI BHILY MiKPOTBEPAICTh HIXK BUXITHHUN 1 IETOBAaHUN HIKeJIEM 3pa3Ku
ctam 20I'JI, mo moB’s3aHO 3 TBEPJOPOIYMHHUM 3MIITHEHHSIM 1 6araTodasHicTioO MOIN(IKOBAHOTO
MOJTIOJICHOM TIapy.
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Puc. 3. EnexTpoHHO-MIKPOCKOITYHI 300pakeHHs] CTPYKTYPH IMOBEPXHEBOTO IIapy 3pa3ka

ctani 20I'JI micns EIJI mikenem 1 mactynHoi Y3VYO (a, B), ne (0, T) eleKTpoHOTpamH,
OTpUMaHi 3 AUISTHOK, HaBEJICHUX Ha (a, B) BIAMOBITHO

Puc. 4. MikpocTpykTypu (a C) TIOBEpXHEBOTO wiapy (Ha raubuHi 15 — 25 MKM Big HOBepxHi)
3paska craumi 20I'JI micns EIUI xpomom ta Y3YO, Ta enekrpororpama (b) 3 ainssaku (a)

Puc. 5. EneKkTpoHHO-MIKPOCKOIYHI CBITJIOMOJBHI (4, B) 1 TEMHOIIOJbHI (I, €) 300paXKeHHS
CTPYKTYpH noBepxHeBoro mapy 3paska craii 20I'J1 micist EIJI monionenom i HactymHoi Y3VYO T1a
enlekTpoHorpami (0, T) 3 AISTHOK, HaBEJCHHUX Ha (a, B)
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®dinimaa Y3YO moaudikoBanux EIJI mapiB Ha crami 20I'JI okpiM 3HMIKEHHSI IIOPCTKOCTI
MOBEPXHi, sIKa CHpUs€E 3aJiKOBYBaHHIO a00 3HAYHOMY 3MCHIICHHIO HAWOUTBII HEOE3MeuHIX
MOBEPXHEBUX TEXHOJOTIYHUX KOHIICHTpATopiB, 3a0e3redye B NPUIIOBEPXHEBUX  IIapax
dbopMyBaHHS  3aUIIKOBHX MAaKpOHANPYKEHb CTUCHEHHS Ta YTBOPEHHS JIUCIIOKAIIMHUX
KOMIpYacCTUX CTPYKTYp, IO 301IbIIYye 3araibHy YUCEIBHICTh MIKPOCTPYKTYPHUX KOHIIEHTPATOPIB,
3MEHIIIye HMOBIPHICTB JIOKami3alii nedopmarii i paHHBOT'O 3aPOXKEHHSI BTOMHUX TPIIIUH.

Jlitreparypa

1. T. IO. ﬂKOBJ’IeBa, JlokanbHasa miacTUYECKas I[e(I)OpMaI_[I/I}I U YCTAJIOCTh MCTAJUIOB. — Kues:
Hayxosa /{ymka, 2003.

2. B.N. Mordyuk, G.I. Prokopenko, Fatigue life improvement of a-titanium by novel ultrasonically
assisted technique, Mater. Sci. Eng. A.—2006.—Vol. 437.— P. 396-405.

3. B.N. Mordyuk, G.I. Prokopenko, P.Yu. Volosevich, L.E. Matokhnyuk, A.V.Byalonovich,
T.V. Popova, Improved fatigue behavior of low-carbon steel 20GL by applying ultrasonic
impact treatment combined with the electric discharge surface alloying, Mater. Sci. Eng. A.—
2016.— Vol. 659.— P. 119-129.

4. B.N. Mordyuk, G.I. Prokopenko, K.E. Grinkevich, N.A.Piskun, T.V.Popova, Effects of
ultrasonic impact treatment combined with the electric discharge surface alloying by
molybdenum on the surface related properties of low-carbon steel G21Mn5, Surf.
Coat.Technol.— 2017.— Vol. 309/ P. 969-979.

5. T.A. Velikanova, M.V. Karpets, V.V. Kuprin, M.A. Turchanin, Manganese-like metastable
phases in the Fe—Mo system: Experimental study and thermodynamic modeling. I. Crystalline
state of Fe—Mo melt-spinning alloys, Powder Metallurgy and Metal Ceramics. — 2010.— Vol. 49,
Nos. 1-2.— P. 86-93.

6. P. Galimberti, S. Lay, A. Antoni-Zdziobek, Precipitation and age-hardening in the Fe-27Co-
8Mo alloy, Intermetallics.— 2012.— Vol. 22.— P. 33-40.

MODIFICATION OF STRUCTURAL STATE OF LOW-CARBON STEELS BY
ELECTRIC DISCHARGE SURFACE ALLOYING AND HIGH-FREQUENCY
MECHANICAL IMPACT TREATMENT INDUCED BY ULTRASOUND
G. I. Prokopenko, B. N. Mordyuk?!, T. V. Popova2
! Kurdyumov Institute for Metal Physics, NAS of Ukraine, 36 Academician Vernadsky blvd. UA-03142,

Kyiv, Ukraine
2 Ukrainian Research Institute “Rail carriage building”, 33 Prikhodko st. UA-39621, Kremenchuk,
Ukraine

Abstract. The effects of severe plastic deformation induced by high-frequency mechanical
impact (HFMI) treatment and the electric discharge surface alloying (EDSA) with chromium,
nickel, and molibdenum on microstructure and hardening of the near-surface layers of low-carbon
steel 20GL are studied. The structural formations in the sub-surface layers were characterized
using X-ray diffraction and transmission electron microscopy (TEM) analyses. The formation of
new phases was confirmed by XRD analysis. TEM studies demonstrate that a dislocation-cell
structure forms in ferrite grains and partial dissolution of cementite occurs in pearlite grains both
at the surface after HFMI and in the layer at a depth of 15-25 um after the HFM1 +EDSA+ HFMI
process. The enhanced surface hardness of the low-carbon steel specimens after HFMI and
HFMI+EDSA+HFMI processes are concluded to be associated with the alloying of ferrite by
chromium, nickel or molybdenum, with formation of chromium or molybdenum carbides and other
fine phases, as well as compressive residual stresses.

Keywords: microhardness, low-carbon steel, modified surface, electric discharge surface
alloying, high-frequency mechanical impact treatment.
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BILJIUB IIJIACTUYHOI JE®OPMAIIIL HA ITIPYKHI TA JTUCUIIATUBHI
BJACTHUBOCTI CEPEJHBOEHTPOIIIMHOI'O CILIABY Co0;75Cr,5FessNigMos
0. O. Cemepenxo’, O. JI. Taéaunixosa’, T. B. 'puroposa’, C. E. Ilyminin’,
IO. O. lllanosaJios’, Xyanr Ceon Kim?, Monr IOn MyHZ, Xyanr Ceon KBon®
! disnko-Texniunmii inCTHTYT HU3BKHX Temnepatyp im. B.I. Bepkina HAH Ykpaimu,
np. Hayku 47, m. Xapkis, 61103, Ykpaina, e-mail: semerenko@ilt.kharkov.ua
HaykoBo-texnomnoriunuii yHiBepcureT [loxanra (POSTECH), Pecniy6uika Kopest

AHoTauis. IIposedeno eKCNepuUMeHmanbHi 00Ci0JHCeH s PO3BUMKY
MiKpocmpykmypu — cepeonvoenmponitinozo cnaagy C0175CripsFessNiigMos  nio  uac
depopmayitinoco  MApmMeHCUmMHO20  NEePemBOPEeHHsl  CNPUYUHEHO20  NIACHMUYHOINO
depopmayicro npu pisHUX memnepamypax ma U020 6NAUE HA NPYICHI XAPaAKMepUcmuKu
cniasy.

Ompumani  pe3yrtomamu €  8axdCIUSUMU Ol NPAKMUYHUX — 3ACHMOCYBAHb
BUCOKOCHMPONIUHUX MA CepeOHbOCHMPONIUHUX CNIAGI8 NPU HUSLKUX MeMNePAmypax.

KiouoBi cioBa: MexaHIYHAa CHEKTPOCKOMIS, CEpPEAHbOCHTPOMIWHUN CILIaB,
nedopMaliiiHe MapTEeHCUTHE IEPETBOPEHHS, TUHAMIYHUNA MOJ1YJIb TIPY>KHOCTI.

3a ocraHHI JABa JACCATWITTS Oyno po3poOJIEHO HOBHM KJIaC BHCOKO- Ta CEPEIHbO-
enrponiinux criasiB (HEA — high entropy alloy Ta MEA - medium entropy alloy) [1]. Cepen mux
marepianiB BuaunitoTecsi FCC (FCC — face centered cubic) HEA 3 rpanenenTpoBaHor KyOidHOIO
CTPYKTYpOIO, OCKIJIbKM BOHM BHSBISAIOTH BUAATHI MEXaHIYHI BJIACTHUBOCTI HPU KPIOTEHHHUX
TeMIlepaTypax BHACIIJOK J1e()eKTy MaKyBaHHS, COPUYUHEHOro aedopMallielo ABIHHUKYBaHHS Ta /
abo nedopmariitHoro mapreHcutHoro meperBopenns (DIMT - Deformation induced martensitic
transformation) [2].

HemonaBno Oynu po3pobiieHi metactabinbHi HEA Ha ocnoBi 3amiza 3 FCC ta 06’emHO-
neHTpoBaHotro KybiuHoro (BCC - body centered cubic) KpHCTami4HOIO CTPYKTYpOIO, BOHHU
XapaKTepU3yIOThCs MPEKPACHUMHU XapaKTePHUCTUKAMHU MIIHOCTI Ta JedopMaliifHOro 3MillHEHHS
Ipu Temrieparypi pigkoro a3ory 3aBasku DIMT [3]. MeToro 11iei po6oTu Oyino JOCTiIUTH PO3BUTOK
MikpocTpykTypu C0175Cr125Fe55Ni10MO0s (at. %, nani imeHoBanuit M05) cipuunnennii DIMT min
Ji€l0  TUIacTUYHOI JedopMalii mpM  pI3HUX TeMIepaTypax Ta HOro BIUIMB Ha MPYXKHI
XapaKTepUCTHKH criaBy Mob5.

3nuBku criaBy M05S oTpuMyBany 3 BUKOPUCTAHHSAM METO/a BaKyyMHOI IHIYKIIHHOI TUTaBKH
B aTMocdepi uncroro Ar Bcepenuni rpadirosoi popmu (MC100V, Inayrepm, Himeuunna), uncrora
BUXIJJHUX MeETajiB cTaHOBWJIA Oinbine HDK 99,9%. OTpumani OpsSMOKYTHI 3JUBKH C PO3MipaMu
100x35x8 mn® romorenizysamu mpu 1250 °C mpotsirom 6 200, Butpumysamn y 20% HCl s
BUJANICHHS JIyCOUYOK Ta 3a0pyAaHeHb Ta ¢pe3epyBaid 10 TOBIIMHU 7 mm. JlJis MOAAIBIIOTO
3MEHILEHHS 3€pHa 3JIUTKA Oy/lIM NpoKaTaHi NpU KIMHATHIM TemMmepatypi 3 BIJHOLIECHHSIM
3MeHIIeHHs TOBUIMHU 79% (Bin 7 1o 1.5 mm). [Ipokarani tuctu Oynu BignajieHi Mpy TeMIepaTypax
900 °C -1200 °C BIPOI0BK 60 XB, a MOTIM 3arapToBaH1 y BOAY.

3pa3ku Juig BHUIPOOYBaHb BHUPI3AIU EJIEKTPOEPO3IHHOI0 PI3KOI0 3 3arOoTOBOK OUIBIIOrO
po3Mipy B HampsIMKY TPOKATKHA. XOJIOJHOKAaTaHI Ta BIAMAJCHI 3pa3Kd MICHS JIOCATHEHHS
HEOOXIJHOI [T TOAATBIINX SKCIIEPUMEHTIB (hOpMHU Ta pO3MipiB OyIu MeXaHIYHO BiALIi(OBaHI Ta
BIIMOJIipOBaHi Ha abpa3sMBHUX MOPOIIKAX 0 TOCATHEHHS HE0OXiTHOT (hOpPMH Ta pO3MIpIB.

BumiproBanns MeronoM audpakuii 380poTHOTro poscitoBanHs enekrpoHiB (EBSD - Electron
Back-Scatter Diffraction) mpoBoauin 3a JOMOMOIOK CKaHYBaHHS 3 BUKOPHUCTAHHSIM MiKPOCKOIIA
(FE-SEM - Field Emission Scanning Electron Microscope), ocnamienoro cucremoro TSL EBSD
(TSL - TexSEM Laboratories Inc.), BukopuctoByroun npuctpiii FEI Helios 650. s EBSD 6yio
BUKOpHUCTaHO nporpamue 3adesneueHds TSL / OIM 83 3 posmipom kpoky 100 wu. JledopmoBani
3pasku Oynu B34Ti 3 007acTi piBHOMipHOro. IX IITidQyBaMK 3a TOMOMOro aGpa3uBHOTO Mamepy 3

56


mailto:semerenko@ilt.kharkov.ua

2. Penakcauiiini npomecy y MaTepianax 3i ckiiaaHo0 MOP(OIOTieio: KOMIIO3UTH, IOIMePH, BHCOKOCHTPOMIHI CIUIABH, HAHOCTPYKTYPHi i aMopdui MaTepianu
Relaxation processes in materials with complex morphology: composites, polymers, high-entropy alloys, nanostructured and amorphous materials

3epHom 600, 800 ta 1200 SiC, a motiM enexTponoiipyBaiu y 8% po3duuHi 1 TpaBiIeHHS (CyMilll
CH3;COOH Tta HClIO4) s BupaneHHS TOAPSANUH Ta AePOpMaLiiHOrO MIapy, CHPUYMHEHHX
MEXaHIYHUM TTOTIPYBaHHSIM.

Jist OTPUMAHHS! KPIOTeHHIX TEMIIEpaTyp BUKOPHCTOBYBaBcs piakuii *He (7=4.2 K) u pimkuii
azot (7=77 K). Ilpomixui temneparypu B iHTepBaii 77-300 K oTpuUMyBaJIMCh OXOJOKECHHSIM
3pa3kiB mapamu azory, 4.2-77 K — 0X0JIO)KeHHSIM TlapaMu Teito, a Huxk4e 4.2 K 3 BUKOPUCTAHHAM
pigkoro He.

CrpykTypa cmuiaBy Oyia JeTanbHO BHBYEHa panimie [4]. BcraHoBiaeHO, 1m0 BifmaarOBaHHS
npu 900°C mpuzBonuth 10 (popmyBaHHS aBOda3HOI CTpykTypu cmaBy - ['ILIK wmatpumi Tta
CyOMIKpOHHHMX MPEUUIHTATIB M-ha3u, 30aradyeHoi MoiOaeHOM, sika (OPMYETHCS MEPEBAKHO Ha
MEXKax 3EpeH, a TAaKOXK y cepejieHi HuX. XiMiuHI CKiIaau KoHOI ¢a3u HaBeaeHi B TaOmwmii 1.
MikpocTpykTypa Hene(popMOBAHOTO CIUIaBYy € TIOBHICTIO TEPEKPUCTATI30BAHOID Ta HE Mae
BuiIeHol TekcTypu. CepeaHiii po3Mip 3epHa 3pazka CTAaHOBUTH 4.4 MKM.

Tabmuusg 1. XimiuHwid  ckimag  wmatpuii  Ta Apyroi  (gasw  y HeaepopMOBaHOMY — CIUIaBi
C0175Cr125FessNioMos [4]
XimMiuyHuH ckiaafg, at%

Co Cr Fe Ni Mo
3arajJbHAN 1747+£0.06 |[17.14+0.15 |4899+0.07 |11.44+0.08 |4.97+0.22
MaTPHIL 18.07+0.27 |[15.52+0.15 |[50.46+0.38 | 12.06+0.39 |3.89+0.19
p-asa 13.55+0.06 [20.58+3.72 |34.93+3.99 |4.12+0.35 26.82 +2.00

[Tnactiuna nedopmartis 3pa3kiB nmpoBoauiacs npu temneparypax 77 K, 4.2 K, 2.1 Kta 0.5 K
(& ~30% ) nUIIXOM OTHOBICHOTO PO3TATHEHHS /10 PyHHYBaHHS 3 TIOCTIHHOIO IIBUIKICTIO 1-10% ™,

[IpyxHI XapakTepUCTUKU CIUIABY JOCIi/DKyBamucs B iHTepBami Ttemmeparyp 80-280 K
METOJIOM MEXaHIYHOI pe30HaHCHOI crmekTpockomii. Lleit meTon Ga3yeThcsi HA BUBYCHHI JIHIMHHUX
3TUHAJIBHUX KOJHMBAaHb KOHCOJBHO 3aKpIIJICHHOTO 3pa3ka — TOHKOI IUIACTHHM TPH MaluX
3HAQUEHHAX AaMIUNTYyOu aKyCTH4HOi Jedopmauii &, ~107. Y 3pa3ky, 1mo MaB (opMy TOHKOT
IUTACTUHU 30yJDKYBaluCs 3MYIICHI KOJIMBAaHHSA IiJ MAI€I0 IUKIIYHOI €JEeKTPUYHOI CHIH 3
BapitoBaHHsAM 11 wactotm f mobmm3y mepmioi pesoHancHoi wactotu f., ska peructpyerscs

excriepumenTansHo f, =0.5-1.5kHz . [lunamiunuit mogyns FOura E, nexpemeHT konuBaHb O Ta

BHYTpiIHe TepTst Q' [/ KOHCONBHO 3aKPIIIEHOTO 3pa3Ka BU3HAUAECTHCS CITiBBiIHOIIEHHAMM:

2 4 f'—f"
E:38.3frh—§', 5=7TQ1=7Z'|f— (1)

r

ne h, | ta p - ToBmMHA, TOBXWHA Ta MIUIBHICTH 3pa3ka; |f'— f"| - IHTepBaJ 4acToT B 00JacTi

pe3oHaHCy, B SKOMY AaMIUIiTy[a 3MyIIeHHX KOJMBAaHb 3MEHIIyBadach y +/2 pa3 BiJHOCHO
pE30HaHCHOTO 3HaueHHs f,; 3HAUEHHS YHMCIOBOTO KOE(Ili€HTY 3aleXuTh BiX GopMmH 3pa3zka Ta

koedimienta Ilyaccoma v ~0.3. JletaspHuil omuc METOAMKH BHMIPIOBAHHS aKyCTHYHOIO
IOTIMHAHHS Q’l (T) Ta quHaMivHOTO MOoayns FOnra E (T) B IIMX €KCIIEpUMEHTAX HaBEAECHO B [5].

VY jmocnipkeHOMY  iHTepBaJlli  TeMmIepaTyp TeMIepaTypHI 3alle)KHOCTI  aKyCTHYHOIO
MOTJIMHAHHS AK HenedOopMOBaHOrO Tak 1 AepopMoBaHMX 3pa3kiB MO5S IUIaBHO 3pOCTalOTh Ta HE
MaroTh 0COOJIMBOCTEH.

3aranpHU  X1JI TEMIEPATypHOi  3aJ€XHOCTI  AWHAMIYHOTO  Moayias  FOHra sk
HenedopmoBaHoro Tak 1 JgedopmoBaHux 3pa3kiB M0S noOpe 30iraerbcs 3 YSABICHHSMHU IIPO
aIUTUBHUN BHECOK (DOHOHHOI Ta €JNEKTPOHHOI CKJIaa0Boi. TemmepaTypHi 3aleKHOCTI Tajaki, 6e3
oco0auBOCTeH. 30UTbIIEHHS TEMIIEPaTypu MPU3BOJUTH 10 MOHOTOHHOT'O 3MEHIIEHHS TUHAMIYHOTO
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Moy st Ipy)HOCTI Ha 8%. [Ipu 1poMy mmacTuyHa aedopmallis BIUTMBAE HAa JUHAMIYHHNA MOJYITh
NPY>KHOCTI, @ TAKOX 3MiHIOE (DOHOBE 3HAUCHHS aKyCTHYHOTO NMOTTUHAHHS (1uB. Tadmwuiio 2).

Bimomo [6], o akyCTHYHI XapaKTepUCTHKH € JTyXe YyTIUBUMH 10 (a30BUX Ta CTPYKTYPHHUX
XapaKTepUCTHK Marepiady. HaBiTh He3HauHi 3MiHM B CTPYKTYpi Marepiajly BXKe Ha MOYATKOBHUX
cTamisx (a3zoBO-CTPYKTYPHOI'O MEPETBOPEHHS MPHU3BOIATH 10 3HAYHOTO BIATYKY Ha 3aJIC)KHOCTSIX
aKyCTUYHUX BinactuBoctedl. Mertomom EBSD  Oymo nochimkeHo (asoBuit  ckmag sk
HenedopmoBaHoro Tak i1 aedopmoBaHux 3paskiB Mo05. dazoi 300paxkenHs EBSD mms Mo5,
neOpMOBAaHOTO TPU KPIOTEHHHUX TeMIleparypax, MmokasyiTh, mo BuHHKae DIMT Bin FCC no
rekcaroHanbHoi iinbpHO yrnakoBanoi (HCP — hexagonal close packed) Ta BCC ¢a3u. Ilpu ictunnii
nedopmanii 10% mouatkoBa ¢aza FCC nounnae tpanchopmysatucs y ¢asu HCP ta BCC. Ilpu
nonansiiomy HanpyskeHHi TpuBae DIMT, 1 nons BCC ¢a3u ictoTHO 3pocTae, Toi sIK yacTka (a3u
HCP 3anumaetscs amkue 10%. Jedopmamiiino inmykoBanuii MmapreHcuTHui nepexiny FCC ¢asu y
BCC wmaiixe 3aBepiienuii npu ictunHii gedopmanii 30% mpu 77 K, Bignosinno gonst BCC ¢aszu
cranoButh 98.2%. LlikaBo, mo gactka BCC npu nedopmarii 30 % 3am3miacs 1o 68.8 %, komm
cruaB nedopmyBaBcs nipu 4.2 K, ane 3pocna g0 80.3 % 1 87.7 %, xonu temneparypa aedopmariii
Oyna 3umxkena 10 2.1 K ta 0.5 K, Bignosigno (auB. Tadbmauiio 2).

Tabuuns 2. 3anexnicts AuHamiynoro moayJasi IOHra nedopmoBanoro cmiaBy MoS Bix
Temnepatypu jaedopmanii Ta crymensi wyactkoBoro FCC — BCC ¢a3oBoro
NepeTBOPEeHHsI iHIYKOBaHOro Aedopmanicro

Temnepatypa 0 o, | JMHAMIYHMIA MOZYIB
fedopmanii, K Yactka BCC ¢aszu, % | Yactka HCP ¢a3u, % fOnra, GPa
235 (4.2 K)
HenedopmoBaHUiA 0 0 232 (80 K)
215 (280 K)
238 (80 K)
4.2 68.8 0.5 220 (280 K)
239 (80 K)
2.1 80.3 6.3 221 (280 K)
240 (80 K)
0.5 87.7 35 222 (280 K)
241 (80 K)
77 98.2 0.5 223 (280 K)

BceraHoBieHo, 10 3HAUEHHS AMHAMIYHOTO MOZYJSl MPYKHOCTI Yy /1e(pOpPMOBAHHUX 3pa3Kax
criaBy MOS Bifpi3HAIOTbCA BiJ] HEAE(POPMOBAHOIO CTaHy Ta KOpEnowTh 31 cryneHeM DIMT
(monero BCC ¢asn).

Tpeba 3a3HaunTH, 10 BUCOKA MIIHICTh Ha PO3PHUB 1 3HAYHA MIBUAKICTH JAedopMariiiHoro
3MilHeHHA criaBy Mo05, siki Oynu 3apeecTpoBaHi pasimie [/] BIpOTIAHO TakK0X BHUKJIMKaHI
nepopManifHIM MapTEeHCUTHUM IIEPETBOPEHHM I1iJ] 4aCc HU3bKOTEMIIEpaTypHOi Aedopmartii.
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INFLUENCE OF PLASTIC DEFORMATION ON ELASTIC AND DISSIPATIVE
PROPERTIES OF THE MEDIUM ENTROPY ALLOY Co0475Cri25FessNijgMos
Yu. O. Semerenko?, E. D. Tabachnikova®, T. V. Hryhorova?, S. E. Shumilin®,
Yu. O. Shapovalov', H. S. Kim?, J. Moon?, H. Kwon?

'Physical and Technical Institute of Low Temperatures. B.1. Verkin NAS of
Ukraine, 47 Nauki Ave., Kharkiv, 61103, Ukraine
2 Pohang University of Science and Technology (POSTECH), Republic of Korea

Abstract. Experimental studies of the development of the microstructure of the
Co175Cr25FessNijggMos alloy during the deformation martensitic transformation caused
by plastic deformation at different temperatures and its effect on the elastic characteristics
of the alloy.

The results obtained are important for the practical applications of high and
medium entropy alloys at low temperatures.

Keywords: mechanical spectroscopy, medium-entropy alloy, deformation
martensitic transformation, dynamic modulus of elasticity.

AHAJII3 E@GEKTUBHOCTI 3ACTOCYBAHHS PI3BHUX METO/IIB IIIIBULIIEHHS
EKCILTYATAIIMHUX BJIACTUBOCTEM CKJISIHOI TAPA

B. A. lllaparos
benbupkuil nepxaBHuil yHiBepcuTeT iMeH1 Aneky Pycco, m. benbii, Peciy6nika Monnosa,
MD 3100, ya. ITymkuna, 38, sharagov@mail.ru.

AHoTtanisa. O62060pioomvcsa pe3yrbmamu  3aCmocy8aHHs Memooi6 HAHECeHHS 3aXUCHUX
NOKpUMmie, MepMOXiMIYHOI 0OpOOKU 2a30N00IOHUMU peazeHmamMu, MepMOMAcHIMHOI 00poOKuU,
ioHHO20 00OMIHY 3 meepoogasHumu peazenmamu, 0OPOOKU NAAZMOI0 KOPOHHO20 1 Oap'epnozo
pOo3psdie 01 NiOBUWEHHs (DIBUKO-XIMIYHUX 6aacmueocmell CKIAHOI mapu. 3icmasisaiomvcs
nepesazu i HeOONIKU PI3HUX Memodie MoOuikayii ckiady ma cmpykmypu mapHo2o cKid.

KirouoBi cjioBa: ckissHa Tapa, MEXaHIYHa MIIHICTh, TEPMOCTIMKICTb, MIKPOTBEPIICTH,
XiMiuHa CTIHKICTh, TEPMOXiMidHa 00pOOKa, TEpMOMArHiTHa 0OpoOKa.

BupoOHHIITBO CKIISTHOI Tapy y BCbOMY CBiTi MIOpiyHO 30inbmryerses. Llnpoke 3acTocyBaHHS
CKJISIHOT TapH 3a0e3neuyroTh Taki nepesaru [1]:

1. Bucoki caniTapHO-TirieHiuHi BracTuBocTl. CKJIO HE BUIISIE TOKCUYHUX PEUOBUH 1 30epirae
OpraHOJIENTUYHI BIACTUBOCTI MPOAYKTIB (CMaK, 3amax, MPO30pPICTh 1 KOJIp).

2. CkJ10 Ma€ BHUCOKY MPO30PICTh, a B pa3l HEOOXIAHOCTI 3a0apBIIOETHCS B OYIb-IKUNA KOTIP 1
HaBiTh BIATIHOK, a 1€ J03BOJISIE YHUKHYTH HETaTMBHOT'O BIUIUBY COHSYHOI'O CBITJIA Ha MPOJYKTH,
110 3HaXOJAThCA B Tapi.

3. Bucoka cTiiikicTh 0 HarpiBaHHs 6e3 nedopmarii - 10 500 °c.

Haiibinpm BaKIMBUMHM  €KCIUTyaTalllIiHUMM BJIACTHBOCTSIMU CKJISIHOI Tapu € MeXaHIuyHa
MIIHICTh, TEPMOCTIMKICTh 1 XiMi4Ha cTilKicTh. Ilorani ekcruryaTaliifHi XapaKTepUCTHKH CKJa
MPU3BOJASTH 10 3HAYHUX BTpAT MPOAYKUIT 1 MOTipiIeHHs ii SKocTi. Y Apyriid MoJIOBHHI MUHYJIOTO

59


mailto:sharagov@mail.ru

2. Penakcauiiini npomecy y MaTepianax 3i ckiiaaHo0 MOP(OIOTieio: KOMIIO3UTH, IOIMePH, BHCOKOCHTPOMIHI CIUIABH, HAHOCTPYKTYPHi i aMopdui MaTepianu
Relaxation processes in materials with complex morphology: composites, polymers, high-entropy alloys, nanostructured and amorphous materials

CTOJIITTS PO3pO0JIEHO OJIM3BKO ABAALSATH METO/IB MOJIIIIEHHS TEPMOMEXaHNYECKHUX BIACTUBOCTEH
1 XiMIYHOI CTifKOCTI ckiia. OCHOBHA yBara B POBEIEHUX AOCITIHKSHHAX MPUALISAIACS T1IBUILICHHIO
MEXaHIYHOT MIiIIHOCTI CKJI0BUPOOiB [2-4].

YMOBHO METOAM 3MIIHEHHS CKJIa MOXKHA PO3JAUTUTH Ha J1Ba HanpsMKu. [lepmmii Hanmpsmox -
CTBOPCHHS B MOBEPXHEBUX IapaxX CKJa HaNpyXeHb CTUCKY ((hi3nyHuM a00 XiMiyHMM nuisixoM). Ha
MPAKTUIl HaluacTille 3aCTOCOBYETHCS rapTyBaHHs, MICIIs SKOT'O MIIHICTh CKJIa 3pOCTa€ B 3-5 pa3iB
[4] TapryBaHHS y BHpPOOHMIITBI CKJISHOI Tapu HE 3acTocoByBajocs. Jlo Ipyroro HampsMmKy
BITHOCSITBCSI METOJIH, 33 JIOTIOMOTOI0 SIKMX 3MIHIOIOTBCS CKJIaJ 1 CTPYKTYpa MOBEPXHEBUX IIAPiB
CKJa 1 ycyBaeTbCcsi a00 3MEHHIyeTbesa [is MikponedekTiB. (s MiABUINEHHS eKCIUTyaTaliiHUuX
BJIACTUBOCTEH CKIITHOI Tapu HANOIIBIIMEI IHTEpeC BHKJIMKAIOTh METOJIM HAHECEHHS 3aXHMCHHUX
MOKPUTTIB [2, 5], TepMoxiMiyHOI 0OpOOKM Ta3omomiOHUMU peareHTamu [6], 10HHOro OOMiHY 3
TBepaoi dasu [4, 7].

Merta wi€i poOOTH TONATaNa B TMPOBEACHHI aHai3y e(EeKTUBHOCTI 3aCTOCYBaHHSI PI3HUX METOIB
Ti/IBAILICHHS eKCIUTyaTalliiHIX BIACTUBOCTEH CKIISTHOI TapH.

VY nmauiit poOOTI aHATI3YIOTHCS 1 Y3araJIbHIOIOTHCS PE3YIbTaTH YUCIIEHHUX BUPOOHUUMX EKCIIEPHMEHTIB
10 TIOJIMNIICHHIO EKCIUTYaTallliHAX BIIACTUBOCTEH CKIITHOI Tapy 3a JOTIOMOTOH0 METOMIB TEPMOXIMIYHOL
00pOOKM aKTUBHUMH T'a3aMH, HAHECEHHSI OpraHIYHUX, KPEMHIMOPraHiYHUX Ta OKCHTHO-METAJICBHX ITOKPHTTIB,
I0HHOrO OOMiHY 3 TBepAO(a3HUMH peareHTamy, OOpOOKM ENIEKTPOMAarHITHUMU TMOJMSIMU 1 TIJIa3MOIO
EJIeKTPUYHUX PO3PS/IIB, @ TAKOXK KOMOIHOBaHMX OOPOOOK.

B bBenblibkoMy nepxaBHOMY yHiBepcUTeTI iMeHI Asieky Pycco po3poOrnieHi HacTynmHi METOIH
MIJIBUILECHHS  eKCIUTyaTalliiiHiX BJIACTUBOCTEH CKISIHOI Tapu: TEepMOXiMiYHA O00poOKa ra3ornoaioHMMU
peareHTamy, 0OpoOKa €JIEKTPOMArHITHIMH TIOJSIMH, TIIa3MOK0 Oap'€pHOrO Ta KOPOHHOTO PO3PSIIIB, @ TAKOXK
KOMOIHOBaHi 0OPOOKH.

OO'exramu gocikeHb OyH (PIIaKOHHM 1 TUISIIKH 13 3HEOAPBICHOTO 1 TEMHO-3€JIEHOTO CKJIa MICTKICTIO
Bin 0,05 mo 1,5 1 1 Ganku 3 3HEOapBIeHoro ckia MicTkicTio Bix 0,2 mo 1,0 1. CriisiHa Tapa BupoOsuiacs Ha
CKJIO(OPMYFOUHX MAIIIMHAX CEKIIIMHOTO THITY.

1.TepmoximiuHa 06poOKa CKIISTHOT TapH Ia30MOAI0HIMH peareHTaMu.

Jliia TepMoxiMiuHOT 0OpOOKH CKJIa 3aCTOCOBYBAJIMCS TEXHIUHI Cylb(yp Ta KapOOH A10KCHIH,
IUPTOPAUXIOPMETaH, TUPTOPXIOPMETAH 1 CyMilli (PTOPXJIOPMICTKUX Ta3iB 3 CyIbPyp AIOKCHIOM
(npu pi3HOMY 00'eMHOMY CIIBBIJIHOIIEHHI LKX ra3iB). CKIOBUPOOM TEPMOXIMIYHO OOPOOIISAIUCH
ra30BUMHU peareHTaMy Ha KOHBEEPI Mij Yac iX TpaHCIOPTYBAHHS BiJl CKIO(POPMYIOUOT MAIIMHU JI0
nepy. B 3aBOACHKUX €KCIEpUMEHTaX PeXHMH TEPMOXIMIYHOI 0OpOOKU TapHUX CKJIOBUPOOIB Oyiu
HACTYIHUMU: TeMIieparypa - Big 450 no 700 °C, o6csir rasonoibHOro peareHTy Ha OJUH BHPIO -
Bix 0,05 no 100 mn, tpuBamicts - Bix 1 ¢ g0 30 xB. CkioBupoOu BUIIPOOOBYBAIUCS Ha OMIp
BHYTPIIIHBOMY  TiIPOCTaTMYHOMY  THUCKY, OMNip  3YCHJUIIO  CTUCHEHHS B  HampsMi
MepHeHIUKYIIpHOMY 10 cTiHOK Kopmycy (O3C), MIKpOTBEpAiCTh, TEPMOCTIWKICTh, BOHO- 1
KiCJIOTOCTIHKICTb.

Onepkani JaHi cBiyaTh Mpo Te, IO OOpoOKa TUIAMIOK JU(TOPIAUXIOPMETAHOM 1
TU(PTOPXIIOPMETAHOM PI3KO TOKpallye iX BOJOCTiHKicTh. Ha mocsirHeHHS e(ekTy BIUIMBAIOTH
TeMIiepatypa Ckjia i raszy, TpHBAIICTh 00pOOKH, 0OCST Ta30BOTO PEareHTy, 10 BBOJAUTHCS B OJHY
TUIAIIKY, MICTKICTh BUPOOIB 1 iX KOH(irypauis Ta iHmi ¢pakropu.

BuyroByBaHHs IUISIIOK CyNb(yp A10KCHAOM B MEHIIIH Mipi MiABUILYE BOJOCTIHKICTh CKIIa,
HIX 00poOJIeHHS (TOPXJIOpMICTKUMHU razaMu. KapOoH qiokcuay He BMIIYTOBYE CKJIO 1 HE 3MIHIOE
foro BojocTifKiCTh. IIpy OHUX 1 THX ke peXUMax TepPMOXIMi4HOT 0OpOOKM BHPOOIB HaMOLIBII
IHTEHCHUBHO BUJIYTOBYE CKJIO CYMIII TUPTOPAUXIOPMETAHY 3 CYIb(PYyp AIOKCHHOM.

TepmoximiuHa 0OpoOKa MOBEpXHI CKJIOTapH Ta3oMoOAIOHUMHM peareHTaMH MiABHILYE i1
MexaHiuHy MinHicTh Ha 10-20 %. BuiyroByBaHHS TapHHX CKJIOBUPOOIB PI3HOTO IMPU3HAYEHHS
ra3onofiOHMMH peareHTaMHu MPHUBOAMTH [0 YIUIJIBHEHHS MOBEPXHEBOIO INApy CKiIa, MpO MIO0
CBITUUTH MiABUIIEHHS Horo MikpoTBepaocTi Ha 10-20 %. Tepmoximiuna 0O6poOka ra3omno1ioHuMH
peareHTaMu TaKOX IMiJBHUINYE TEPMOCTIHKICTh TapHUX BUPOOIB B cepenHboMy Ha 5-10 %. 3a
PaxyHOK MIABUILEHHS TEPMOMEXAHIYHHX 1 XIMIYHUX BJIACTUBOCTEN BTpaTH TAPHUX CKJIOBHUPOOIB Ha
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CTafisiX BUPOOJIEHHs, 30€piraHHs, TPAaHCIIOPTYBAaHHs 1 €KCIUTyaTallli 3HM3SAThCA B 2-4 pasu, IpH
IbOMY MOKHA 3MEHIINTH iX Macy Ha 5-10 % [2, 6].

OCHOBHI TIepeBard METOAy TEPMOXIMIYHOT OOpPOOKHM CKISHOI Tapu Ta30moi0HUMH
peareHTaMu - BHCOKHMHA e€QeKT y NiABHIIEHHI XIMIYHOI CTIHKOCTI TOBEpXHI BUPOOIB mpH
OJTHOYACHOMY TMOJIIIIEHH] 1X TepMOMEXaHHUYECKUX BJIACTUBOCTEH, AOCTYIHICTh AJs peaiizalii,
HEBEJIMKI KaliTaJoBKIaAeHHS Ha oOnaaHanHs. HegomikamMu MeToy miIBUIIEHHS eKCIUTyaTaliiHIX
BJIACTUBOCTEH CKJIOBHUPOOIB € CKIAIHICTh B IPOCKTYBaHHI 1 BHUTOTOBJICHHI OOJIaJIHAHHS MJIS
TOYHOTO JO3YBaHHS MalluX OOCATIB ra3onoJiOHMX PEarcHTiB 1 eMIIIPHYHHUHA Croci0 BH3HAYCHHS
ONTUMAJBHOTO PEKUMY TEPMOXIMIYHOI 0OPOOKH CKIISIHOT TapH.

2. O6poOKa CKIAHOT TapH eIeKTPOMArHiTHUMHU MOJISIMH, TUIa3MOI0 0ap'epHOTO Ta KOPOHHOTO
PO3pSIiB.

AJIbTEpHaTUBHAM  METOJIOM  OOpOOKH  CKJIOBHPOOIB  MOXKE CTaTH  BHKOPHCTaHHS
€JIeKTPOMArHIiTHUX TMOMiB (MOCTIMHOrO, 3MIHHOTO Ta iMIy’ascHOro). IIpupoma B3aemonii
0araTOKOMIIOHEHTHUX CTEKOJ 3 €JICKTPOMArHITHUMH IOJIIMU BHBYAJIACS MAJIO.

B Hammx excnepuMeHTax Ha TapHI CKIOBUPOOU [IisIM €JIEKTPOMArHiTHUMHU IOJISIMH Ha
KOHBEEP1 MpHU TPAHCIOPTYBaHHI iX BiA ckiodopMyrouoi MammHuA 10 mnedl Bignamy. Ocepas
€JIGKTPOMATHITY Ui CTBOPEHHS MOCTIHHOIO 1 3MIHHOTO MAarHiTHOIO IOJIiB BCTAHOBIIIOBAJIOCS HAJ
KOHBEEPOM TaKHM YMHOM, 1100 CKJIOBUPOOH MOTJIM BUILHO MIEPEMIIIATHCS Yepe3 MOBITPSIHUH 3a30p.
Yac nepeOyBaHHS CKIOBUPOOMB B OAHOPIZIHOMY MAarHiTHOMY IOJIi CTAaHOBUB HpuOmu3Ho 1-2 c.
Temmeparypa Cckjla B MOMEHT Jii MardiTHOro mojs  OpieHTOBHO craHoBwiaa 450-550 °C.
MaxkcuManbpHe 3HaYeHHs Monyis BekTopa MarHiTHOI iHaykmii (MBMI) mocsramo 0,25 Tn. V
JEsIKUX EKCIIEPHMEHTaxX CKJISTHA Tapa IiIaBaliics IOBTOPHOI Ail MarHiTHOro mois. s mporo
CKJIOBUPOOHU MicCJIi MarHiTHOI 0OpOoOKH BpYYHY 3a JTOTIOMOI'OI0 MPUCTPOIO 3HIMAJMCA 3 KOHBeepa i
IIe pa3 MepeMilaIucs Yepe3 3a30p ocepsl.

Jiss CTBOpPEHHS  IMIYJIbCHOI'O MAarHITHOT'O IOJIi PO3pO0JIEHO OONagHAHHSA , B SKOMY
JOKEPEJIOM eHeprii BUKOPHCTOBYEThCS Oarapes KoHAeHcaTopiB. PoOouMM OpraHoM Mar”iTHOTO
IMIYJIbCHOTO TIPUCTPOIO € 3MIHHUHM 1HAYKTOp. 3MiHIOIOYM (OpMy M pO3MIpU IHAYKTOpa MOXHA
CTBOPIOBATH MarHiTHe MoJjie He0O0X1/IHOT HAPYKEHOCTi. XapaKTepUCTHKA IMITYJIbCHOTO MarHiTHOTO
nossi: MBMI - 40-80 mTn, nanpysxenicts — 0,064 MA/M, TpuBaicTh iIMIYJIbCY - 25 MKC, 4YacTOTa
ciinyBaHHs iMmynbeiB — 1-10 ', cunta ctpymy - 20 kKA.

Jlesiki pe3y/bTaTH BIUIMBY TEPMOMArHiTHOi 0OpoOKM Ha MeXaHIYHY MIIHICTh 0aHOK MoKa3aHi
B Tabm. 1.

Tabmus 1
Brius MBMI nocTiifHOT0 MarHiTHOTO 1MOJIi Ha MEXaHIYHY MIITHICTh 0aHOK MICTKICTIO 0,65 71
O3CF, xH
MBMI, Tn Fcep AFcep., % I:min AFmin, % I:max AFmax, %
0 2,38 - 1,50 - 3,43 -
0,05 2,49 4,6 1,63 8,7 3,88 13,1
0,10 2,75 15,5 1,84 22,7 4,12 20,1
0,19 2,90 21,8 1,90 26,7 4,48 30,6
0,22 3,16 32,8 2,21 473 4,37 27,4

Cepenns mexaHiuHa MiHIcTh 6aHOK Ha O3C B pe3ynbTaTi 0OpOOKH MOCTIHHUM MarHiTHUM
nosieM 3poctae Ha 25-30 %, nmpuuomy MiHIMaJIbHUM piBEHb MILHOCTI MiABUIIYETHCS B 1,5-2 pasw,
1110 0COOJIMBO BAaXJIMBO, TAK K JJIS €KCIUTyaTallii CKJIOBUPOOIB HaO1IbI BaXKIIUBUM € 301JIbIIIEHHS
MIHIMQJIBHOTO 3HAYEHHS MIIHOCTI, @ HE CEPETHHOTO a00 MaKCUMAJIBLHOTO PiBHS [6].

BB TpuBanocTi MarHiTHOi OOpoOKM Ha MeXaHIYHY MiIHICTh OaHOK INpEACTaBICHO B
Tabs.2.
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ExcniepuMeHTH TOKa3ayM, IO TEpPMOMAarHiTHa OOpoOKa TMiABUINYE MEXaHIYHY MIIHICTh
TapHUX CKJIOBHPOOiB Ha 20-40 %, mikporBepaicts - Ha 10-20 %, TepmocrTiiikicts - Ha 5-10 %.
EdexT 3mirtHeHHS 3anexuTh Bij 3HaueHHs MBMI, TemmiepaTypu ckiia i TpUBaaoCcTi 00pOOKH.

TaOmumsa 2
BB TpuBanocTi BIUIUBY MOCTIHOTO MarHiTHOTO TIOJIsE HA MEXaHIYHY MIIHICTh
6anok MmictkicTio 0,65 i1 (3HaueHHss MBMI - 0,22 Ti)

Tpusanicts O3C F, xH
00paboTKH, C Feep A Feep, %0 Fimin A Fuin, % Fmax A Frax, %
0 2,13 - 0,95 - 2,95 -
1 2,75 29,1 1,90 100,0 3,61 22,4
2 2,95 38,5 2,05 115,7 3,89 318
OcHOBHI mepeBaru METOJy TEPMOMArHITHOI OOpOOKM CKJISIHOT Tapu - MOXIMBICTh

BUPOOHHUIITBA, 30€peKeHHs] MPUPOJHOTO CTaHy MOBEPXHI CKJIa, HE 3a0pYIHIOETHCS HABKOJIMIIHE
cepenoBuie. TepmomarHiTHa 00poOKa He OKpAIIye XIMIYHY CTIHKICTh CKJIa.

[lix BrmmBOoM Oap'epHOrO Ta KOPOHHOTO PO3PAIiB BiAOYBAa€ThCS 3MiHA CKIIAAY 1 CTPYKTYpH
CKJIa, 110 CYMPOBOJKYETHCS MiIBULIEHHSIM MikpoTBepaocTi Ha 5-10 %. O6pobka OaHOK MICTKICTIO
1,0 11 ma3mMor0 3MIHHOTO KOPOHHOTO PO3psiAy HMPOBOJWIIACS O TaKMM pEXHMaM: TemIieparypa -
500-600 °C; Harpyra - 5-21 kB; po3psaauii mpomixok - 15-130 mMm; TpuBasicte 00pooku - 1-2 ¢. B
pe3ynbTati 00poOKH 0aHOK cepenHiil piBeHb MilHOCTI 3pic Ha 5 %, a MiHiManbHuil - Ha 13 %. B
MIPOMHUCIJIOBOCTI TaKHii METO] 0OPOOKH HE MA€ MEPCIIEKTHRH.

3. MeToa HaHEeCEHHS OpraHiYHUX, KPEMHIHOPTaHIYHUX Ta OKCHIHO-METAJIEBUX MMOKPHUTTIB Ha
CKJISIHY Tapy.

Hamu ampoGoBani pi3Hi crmocoOuM HaHeCcEeHHs Ha Tapy HOKpUTTIB. ['onoBHI mepeBaru
OpraHIYHUX TOKPHUTTIB: 3HIWKESHHS PIBHS IIIYMY Ha JIIHISX PO3JIMBY 1 3MEHIICHHS MOIIKOKYBAHOCTI
CKJIa. 3a JOTIOMOTOK0 MOJIMEPHHUX HMOKPHUTTIB Tapi HAJA€THCS TApHUN BUTIISA, IPUIOMY MOKPUTTS
MOXKYTh OyTH SIK IPO30PUMHU, TaK 1 Hempo3opuMH. [liABUIIEHHS MIIIHOCTI Tapu MOKPUTTSMU Csrae
5-10 %. Takmii >xe edexkT OTPUMAHMI TpPU 3aCTOCYBaHHI OKCHIHO-METAJIEBUX IOKPHTTIB.
OCHOBHUI HEJOJIIK TOKPHUTTIB - 1X JIETKE PYHHYBaHHS.

4. Meton i0HHOTO 0OMiHY 3 TBEpA0(A3HIMHU peareHTaMH.

3HayHe MiABHILIEHHS MeXaHi4HOi MinHocTi ckiotapu (30-50 %) mocsrHyro mpu oOpoOIi
MOBEPXHI CKJIa TBepHO(pa3HUMH peareHTaMu (COJsIMHU Kajito). Hemomiku 3akioyaroTbes B
HEOOX1THOCTI CKJIaIHOTO O0JIaHAHHS JIJIsl PO3MUJICHHS PO3UMHIB COJIeH Kaito 1 3a0pyIHEeHHS HUMU
TEXHOJIOT1YHOT JIiHii.

5. Metoau koMOiHOBaHOT OOPOOKH CKJISTHOT TapH.

AnpoOoByBaucs pi3HI KOMOiHAIi METOJIB MiABUIICHHS EKCILTyaTaI[iiHUX BIACTHBOCTEH
CKJITHOI TapHu: TepMOXiMiyHa 00poOKa ra3onoaiOHMMHU peareHTaMH, a MOTIM HaHECEHHs 3aXHCHHUX
MOKPUTTIB, 10HHUH OOMiIH 3 TBepAO(paA3HUMH peareHTaMHu, a NOTIM TepMOXiMiuHa 00poOKa;
TEepMOMarHiTHa o0poOka, a MOTIM TepMoXimMiuHa 0OpoOKa Ta i BapianTu. HailOinbmmii egexT B
MIJBUIICHH]I eKCIUTyaTallliHUX BJIACTUBOCTEH TapHMX CKIOBUPOOIB OyB JOCSATHYTHH IIpU
KOMOIHaIii TpbOX MeToAiB 00poOok. OpHAaK B LBbOMY BHIAJKy ICTOTHO YCKJIaJHIOBAIACs
TEXHOJIOT1sl BUPOOHUIITBA CKIISIHOI TapHy.
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ANALYSIS OF THE EFFICIENCY OF APPLICATION DIFFERENT METHODS TO
IMPROVE THE OPERATIONAL PROPERTIES OF GLASS CONTAINERS
V. A. Sharagov

Abstract. The results of application of methods deposition of protective coating,
thermochemical treatment by gaseous reagents, thermomagnetic treatment, ion exchange from solid
phase, treatments by corona and barrier discharges for improvement of physical and chemical
properties of glass containers are discussed. The advantages and limitations of the different
methods of modification of container glass composition and structure are compared.

Keywords: glass containers, mechanical strength, heat resistance, microhardness, chemical
resistance, thermochemical treatment, thermomagnetic treatment.

3ACTOCYBAHHSI CUCTEMHOTI'O AHAJII3Y JJI51 BUBHAYEHHS ®AKTOPIB,
IO BINIMBAIOTb HA MEXAHIYHY MIIHICTDH CKJISAHOI TAPHU

B. A. lllaparos, I'. 1. Kypikepy
benbupkuit nepxaBHuil yHiBepcuTeT iMeH1 Aneky Pycco, m. benbii, Peciybnika Monnosa,
MD 3100, yn. ITymkuna, 38, sharagov@mail.ru.

AHoTauifi. Po3pobneno 3azanvhuti nioxio 0iisi CKIAOAHHS XAPAKMEPUCMUKU CKISHOL mapu.
IIpononyemoca y3zacanviena mooenv OJisl GUABLEHHA (HAKMOPI8, WO 6NIUBAIOMb HA MEXAHIUHY
Miynicmo  cxnanoi mapu. Ilpeocmasneni epynu i nioepynu ¢axmopie 010Ky "napamempu i
enracmugocmi ckuAHoi mapu', wo enausalomv Ha MeXAawiuHy MIYyHICMb CKIAHOI  mapu.
Ob62060prolomucs nepesazu 3anpONOHOBAHO20 CUCTNEMHO20 NIOX00Y 08 NIOBUWEHHA MEeXAHIYHOI
MIYHOCMI CKASAHOI mapu.

KiouoBi cjioBa: BIacTHBICTh, MEXaHIYHA MIIHICTh, CKJISSHA Tapa, XapaKTepUCTHUKA,
CHUCTEMHHUH aHai3, (pakTop.

[Mpubmuzno 15 % Big ycix NakyBaJlbHUX MaTepialliB JOBOAUTHCS Ha CKISHY Tapy. Y
MIPOMHUCJIOBO PO3BUHEHHMX KpaiHaX BUITYCK CKJISTHOT Tapu CTaHOBUTH 55-80 % Bix 3aranbHOi Macu
BCIX BHJIIB IPOMUCIIOBHUX CKJIOBUPOOIB [1]. OcTaHHI TpH JECATUIITTA CKIISTHA Tapa BiT4yBa€ rocTpy
KOHKYpEHLII0 3 00Ky yIakOBOK 3 IJIacTMac, KapToHy 1 metaniB. Y Pecmy6usini Monnosa 31 ckia
BUPOOJISETbCA TUIBKUM Tapa pi3HOTO Npu3HaueHHS. EQeKTHBHICTh 3aCTOCYBaHHS CKISHOI Tapu
ICTOTHO TOTIPIIYEThCS Yepe3 il HU3bKY MEXaHIUHY MIIHICTh Ha PO3TAT 1 BUTMH. Tak, HalpHUKIAL,
01 CKJISIHOT Tapu IpU BUPOOHUIITBI, TPAHCIIOPTYBAaHHI, Ha JIIHIAX PO3JIUBY CKJIAZIA€ B CEPETHBOMY
3-5% [2].

Ha mexaHiuHy MILHICTh IMPOMMCIOBUX CKJIOBHPOOIB BIIMBA€ BEJIHKAa KUIBKICTh (aKTOPIB:
XIMIYHMHA CKJIaJ 1 CTPYKTypa MOBEPXHEBUX WIApiB CKJa, crnocid (opmyBaHHS Ta KOHQIryparis
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BUPOOIB, OAHOPIIHICTh CKJIA, BOJOTICTh MOBITPS, TPUBAIICTh 1 YMOBH 30epiraHHs BUPOOIB 1 T. .
BusiBieHHS NpUYKMH HU3bKOT MEXaHIYHOI MIITHOCTI CKJITHOI TapH € CKJIaJHO0 mpoodsiemoro [3].

Mertoto 1i€i po6otu 0yiio BHSBUTH (DAKTOPH, IO BILTUBAIOTH HA MEXaHIYHY MIIHICTh CKJISTHOT
Tapy 3 MO3MILINA CUCTEMHOTO aHaJIi3y.

CucteMHHH aHaji3 BIEpIIC 3HAKMIIOB 3aCTOCYBAHHS B CEPEAMHI MHHYJIOTO CTOJITTS TpHU
PO3pOO0II eNeKTPOHHO-00UNCTIOBATBHIX MaliiH. ChOTOAHI CHCTEMHUH aHalli3 3aCTOCOBYETHCS Y
BCiX cdepax moacbkoi misutbHOCTI. [ToHATTSA " cucTeMHUME aHami3 " B JITEpaTypi TPAKTYETHCS TO-
pi3HOMYy. ¥ 3arabHOMY BUIIQ/IKy CUCTEMHHH aHai3 SBIIsE€ COOOI0 CYKYIHICTh METOAMYHHX 3aC001B
1 porenyp, sKki BUKOPHCTOBYIOTHCS LA MiArOTOBKH, OOTPYHTYBaHHS 1 3[IHCHEHHS PIllICHb MO0
CKIaJHUX TpoOJIeM caMoro pi3HOro xapakrtepy [4]. HaiickmaaHimoo 1 BiJHOBiJaIBHOO
NPOIEIyPOI0 B CHCTEMHOMY aHaji3i € moOyaoBa y3arajabHEHOI MoJeii, 10 BigoOpaxkae BCi Ti
YUHHHUKH 1 B3aEMO3B'SI3KM Mi)K HUMH, SIKI MOXKYTh BIUIMBATH Ha MPOIIEC MPUUHATTS piteHHs [4-5].

3 mo3MUii CHUCTEMHOrO aHajizy MeXaHIYHa MILHICTh CKJa SBJIsSIE COOOI CHUCTEMY
B3a€MOIOB'sI3aHUX (akTopiB. Y 3aranpHiii Mozeni (akTopiB, IO BIUIMBAIOTh HAa MEXaHIYHY
MIIHICTh CKJISTHOT TapH, HAMH BHJIUJICHI TPH OCHOBHI OJIOKH, TIPEICTaBIICH] Ha puc. 1.

2. BuxigHa cupoBuHa 1 1. [NapameTpu 1 3. Baemogis ckisiHOL
[IEPETBOPEHHH il B BIIACTHBOCTI CKIISTHOT TapH 3 HABKOJIHUIIIHIM
CKIIIHY Tapy TOp| Tapu 19HY CEpEIOBUILIEM

[epumii 670K (hakTOpiB SIBIISIE COOOK0 XapAKTEPHCTUKY TMPOMHUCIIOBUX CKJIOBHPOOIB, TOOTO Taki
MapaMeTpH 1 BIACTUBOCTI, SIKI XapaKTepHi U1 Oy/b-KHX 1 PEYOBUH MaTepialiB: CKJIAJl 1 TUIT CTPYKTYPH CKIIa,
HAsBHICTh B CKJIAJIl CKJIa PI3HOIO POy JOMIIIOK. T€OMETPUYHI MapaMeTpu CKIOBUPOOIB ((hopma, po3Mipy,
KOH(QIryparlisi), CTaH TOBEPXHI CKJIa, OJHOPIIHICTb, SKICTb BUIIATy  CKJIOBHPOOIB, TEXHOJOTIYHI Ta
eKCIUTyaTalliliHI BIACTHBOCTI CKJIa Ta 1H.

Hpyruii GI0K CTAaHOBIATH (PAaKTOPH, IO BIUIMBAIOTH HA BUPOOHHIITBO MPOMHUCIOBHUX CKJIOBHPOOIB 3
IIMXTH: SIKICTh CHPOBHHHUX MaTepialiB 1 iX IMirOTOBKa, MPUTOTYBAHHS IIMXTH 1 ii XapaKTepHUCTHKa, CKIIoMaca 1
YMOBH ii BapiHHS, METO/IM 1 yMOBHU (hPOPMYBaHHSI CKJIOBUPOOIB, BI/INAI 1 KOHTPOJIb SIKOCTI CKJIIOBUPOOIB Ta iH.

Tperiit 670K (aKTOPIB XapaKTepU3ye B3AEMOJIIO CKIISTHOI Tapy 3 HABKOJIMIIHIM CEPEIOBUITIEM: YMOBHU
eKCIUTyaTallii CKJIOBHPOOIB (TeMriepaTypa, THCK, BOJIOTICTH TMOBITPS, BHIIPOMIHIOBaHHS), BIIACTMBOCTI
Ta30M0/TI0HMX, PIZIKKX 1 TBEPIMX PEAreHTIB, 10 PEAryrOTh 31 CKJIIOM Ta iH.

Koxxen On0K MICTHTh Kijbka rpym 1 miarpyn ¢akrtopiB. Ha puc. 2 HaBonmsaThCs rpymnu i
miarpynu ¢akTopiB ieHTpanabHoro 610Ky "1. [lapameTpu 1 BmacTUBOCTI CKIISTHOT TapH .

[MoTiM TpencTaBiSIOTECS (PAKTOPH, IO BiTHOCATHCS A0 OKpemoi miarpymu. Hampukman,
miarpyny "1.2.1. 3aranpHi BIACTHBOCTI CKJIA" CKJIAgaloTh Taki (DakTopu, SK OTHOPIIHICTD,
IIUTBHICTB 1 TOPUCTICTb.

Mix dakTopamu ofHiel miarpymnu (a0o Tpynu), Tak camo sK 1 Mk (paKTopaMu Pi3HUX TIATPYIT
€ TeBHi 3B'3kH. Tak, HAaNPUKIIAA, CTaH MOBEPXHEBUX IIapiB ckia (rpymna ¢akropiB 1.3) 3anexuThb
BiJI XiMIYHOTO CKJaay ckia (miarpymna ¢akrtopi 1.1.1), Tumy cTpykrypu ckna (marpymna ¢hakTopis
1.1.2), ctpykrypHO-(hi3muHNX mapameTpiB ckia (miarpyma ¢akropiB 1.1.3), penbedy moBepxHi
(miarpyna c¢akropiB 1.2.2), xapaktepuctuku nedekti (miarpyna gaxtopiB 1.3.1), HasBHOCTI B
CKJIa/I1 CKJIa PI3HOrO POy JOMIMIOK (miarpyna ¢gakropis 1.2.2), sskocTi Bianany (miarpymna ¢pakropiB
1.2.5), xoHdirypauii ckiasHOi Tapu (miarpyna ¢axtopiB 1.4.1), TEeXHOJOTIYHUX BIACTUBOCTEH
ckiomacu (miarpymna Qakropie 1.2.3), TexHonorii BUPOOHHUIITBA CKJISHOI Tapu 1 YMOB ii
excrutyatanii (6;10ku gaxTopis 2 1a 3) 1 T.4.

Ha nactynHoMy eTami 3'sICOBYEThCS BIUIMB KOXHOIO (pakTOpa Ha MEXaHI4HY MILHICTh CKJISIHOT
Tapu. Hampukian, sk mpH 1HIIUX iJ€HTUYHUX YMOBaX MeXaHIYHa MIIHICTh CKJa 3aJeXWUTh BiJ
KoH(pirypamii BuUpoOiB. ABTOPH E€KCIIEPUMEHTAJIBLHO BCTAHOBWJIA, IO 3HAYEHHS MeEXaHIYHOI
MIIHICTI TUISIIOK JJIi KOHBSIKY 1 IUISAIIOK JIJISl COKIB, II0 MAIOTh OAHY 1 TY 3K MICTKICTb, aje pi3Hy
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KOH(iryparito, Mk co00I0 PI3HATHCS (IUISAIIKA BUPOOJISIUCSA HA OJHIN 1 Til ke CKIopopMyroui
MaIIIVHI).

AHAJIOTIYHUM YHMHOM aHAJI3YIOThCS 1 XapaKTePU3YIOThCS TPYHH 1 MIArpynu (HakTopiB s
6mokiB "2. BuxigHa cupoBHHA 1 IepeTBOpEHHs 11 B CKIIsHY Tapy " Ta "3. B3aemonis CKIISTHOI Tapu 3
HAaBKOJIMIITHIM CEepeIOBHUIIEM "

IToTiM HacTae HAWOUTBIN CKIQJAHWNA 1 BIANMOBIAANBHUN e€Tam - paHXKyBaHHSA (aKTOpIB 3a
CTYIEHEM 1X BaXXJIMBOCTI. J[JI1 IbOTO0 BU3HAYAETHCSA KIIBKICHUH 3B'SI30K MK KOXKHUM (DaKTOpOM 1
MEXaHIYHOIO MIIHICTIO CKJIOBUPOOiB. Tak, HAMpUKIIaa, HAMH BCTAHOBJICHUH MPSIMO MPONOPIIHHUI
3B'SI30K M1 MEXaHIYHOIO MIIIHICTIO TAPHUX CKJIOBUPOOIB 1 CTYNIEHEM HEOTHOPITHOCTI CKIIOMACH.

VY THX BUNAIKax, KOJHM BIJACYTHIH KiJIbKICHUHM KpUTEpid, 10 yBaru OepeTbesl SKICHUI BILTUB
naHoro (akTopy Ha BIACTHBOCTI CKIISIHOT Tapu. Tpeba BiA3HAUUTH, 1110 0 I[LOTO Yacy HE BUBUEHUI
BIUIMB 0aratbox (akTOpiB HAa MEXaHIYHY MIIHICTh IPOMHCIOBUX CKJIOBHPOOIB Pi3HOTO
MPU3HAYCHHS.

Takum 9MHOM, 3a JOTIOMOTOI0 CHUCTEMHOTO aHaji3y MOKHa OTPUMAaTH LUTICHY YsBY HpO
dakTopu, K BIUIMBAIOTh HA MEXaHIYHY MIIHICTh CKJISHOI Tapu (a0o0 iHIIy BIACTHUBICTH CKIA), X
B3a€MO3B'SI30K MK COOOI0 1 MPOBECTH paHKyBaHHSA (PAKTOpIB 3a CTYNEHEM BaXKJIMBOCTI. Takuii
HiAX1J J03BOJISE YHUKHYTH NPOPaxXyHKIB IMpH BUPOOJIEHHI NPOMHUCIOBUX BHPOOIB 3 3aJaHOIO
MEXaHIYHOIO MIIHICTIO, a B pa3l HEOOXIJHOCTI MOHA CBO€YACHO BHECTH KOPEKTHBHU B TPOIEC
BUPOOHUIITBA CKJISTHOT TapH.

CucreMHuil aHali3 HaMU 3aCTOCOBYETHCS K B HAyKOBHX JOCHIJDKEHHSX, TaK 1 B
HAaBYAJILHOMY Tpoueci. TpanuiiiiHe OCBOEHHS MaTepially MIOJ0 MEXaHIYHOi MIIHOCTI
MIPOMHUCJIOBUX CKJIOBHUPOOIB € CKJIQJIHUM, TaK K Ha TaKy BJIACTUBICTH BIUIMBAE BEJIMKA KUIBKICTh
¢dakTopiB. 3aCTOCYBaHHS CHUCTEMHOTO aHali3y 3HAYHO TMOKPAIye PO3yMiHHS 1 3amam'sSTOBYBaHHS
HOBOI'O0 Marepiayly, J03BOJISi€ BUSIBUTHU 1HINI HEBIAOMI (DAKTOPU 1 HAMITUTH LUISIXU BUPIIIEHHS
npobiaemMu.

1. ITapameTpu i BIACTUBOCTI CKJISTHOT TapH

1.4. ®opma
1.1. IIpupona ckia 1.3. Cran TIOBEPXHEBHX CKTOBEPOGIB
11ap1B CKJa |
| |
1.3.1. 1.32. 1.4.2.
1.11. 1.1.2. Tun dopma Ta
XiMiuHUA CTPYKTYpH Penbed . Xap aK(;ep veTHKa pOI;MipI/I
MOBEPXHI nedeKTiB
CKIan P rOPJIOBUHU
1.1.3. CtpykrypHO—di3nuHi 1.3.3. CtpykTypa 14.1. 1.4.3.
napameTpu MOBEPXHEBHUX Kondirypanuis I'eomeTpuyuni
mapiB napameTpu
1.2. BactuBOCTI CcKITa ! 25 Awicts
Bigmanmy
1.2.1. 3aranbHi 1.2.2. 1.2.3. 1.2.4.
BJIACTHBOCTI XapakTepucTuka TexHosorivHi Excrutyaraniiini
JOMIIIIOK BJIACTHUBOCTI BJIACTHUBOCTI

Puc. 2. I'pynu 1 miarpynu ¢akropis 0:10ky "1. [lapamerpu 1 BIacTUBOCTI CKISIHOT Tapu"
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APPLICATION OF SYSTEM ANALYSIS TO REVEALING FACTORS AFFECTING THE
MECHANICAL STRENGTH OF GLASS CONTAINERS
V. A. Sharagov, G. I. Kurikeru
Alecu Russo Balti State University, Balti, Moldova

Abstract. There has been developed a common approach to present the characteristics of
glass containers. We have proposed a generalized model to reveal the factors that influence the
mechanical strength of glass containers. The article presents the groups and subgroups of factors of
the block entitled "parameters and properties of glass containers" that influence the mechanical
strength of glass containers. It also discusses the advantages of the given system approach, aimed
at improving the mechanical strength of glass containers.

Keywords: property, mechanical strength, glass containers, characteristics, system analysis,
factor.

BJIMSAHUE DJIEKTPOHHBIX OBJIYYEHUI HA
OIITUYECKHUE XAPAKTEPUCTUKHU DKCUTOHHbIX
OBJIACTEH DIIUTAKCHUAJBHBIX INIEHOK ZNTE/GAAS

M. ]_[IapnﬁaeBl, J. AceﬂﬁaeBaz, A. Cy.]ITaHOBl
1Kapa1<anna1<01<m71 I'ocynapcTBennslll YHUBepcuteT M. bepaaxa, r. Hykyc
2Hy1<ycc1<1/1171 ¢wiman TallKeHTCKOro yHUBEpCUTETa HH(OPMAIIMOHHBIX TEXHOJIOT U
murat.sharibaev@mail.ru

AHHOTAaUUA: Humepec K u3nyueHuro K8AHMOBO-PAZMEPHBIX CMPYKmMyp Ha ocHose A2B6
Mamepuanos 00yclosieH 03MONCHOCIbIO U32OMOBIEHUS HA UX 0A3e UHHCEKYUOHHBIX UCTNOYHUKOB
Kozepenmno2o [l]u nekoeepeHmno2o usnydenus, a maxace usnyyamereli ¢ JNeKmMpOHHOU HAKAYKOU
[2]. nepexpvisarowux npakmuuecku 6ecb 8UOUMBIU OUanason. Memoodom HU3KO memnepamypHou
gomoompadicenus, pomoniomunyencuu (HT DJI T=4,2 u 77 K) uccredosanucsy kavecmaa snucios
ZnTe u epanuywt pazoena ZnTel/GaAs.

KiroueBbie cioBa: ¢goromomunecuennus (DPJI), doroorpaxenus (PO), snutakcuanbHbIE
TUJICHKH.

HNHTEepec K UBIy4EHUIO KBAHTOBO-Pa3MEPHBIX CTPYKTYp Ha ocHoBe A2B6 wmartepuanon
00yCJIOBJIEH BO3MOKHOCTBIO M3rOTOBICHHS Ha UX 0a3¢ MHKEKIIMOHHBIX HCTOYHUKOB KOI'€PEHTHOTO
[1] ¥ HEKOrepeHTHOro H3IYYeHHs, a TaKKe H3IydaTeled ¢ DSJICKTPOHHON Hakaukou [2-4],
MEPEeKPBIBAIONINX MPAKTHUECKH BECh BUIMMBII TUAITa30H.

Cnextp HT ®JI OC ZnTe-GaAs paccmaTpuBaiach B TpeX SHEPreTHUECKUX 001aCTIX:
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1. OOnactb CBSI3aHHBIX SKCUTOHOB M TEPEXOJOB Ha MAaJICHbKHE YPOBHU W3 30HBI
npoBoauMocTH (519-550 um).

2. O6nacTh U3TyYCHHS TOHOPHO-aKIEeNTOPHBIX map (550-590 um).

3. O06sacTh, COOTBETCTBYIOIIAS U3TyIaTeIIbHON pEKOMOMHAIIMK Ha r1y0okux aedekrax (590-
775 HM).

Metoauka skcnepuMeHTa. KBaHTOBO-pa3MepHbBIE CTPYKTYPHI BBIPAIIMBAIUCH METOAOM
MOJIEKYJISIPHO-TYYE€BOM 3MUTAKCMU Ha YycTaHoBke “KaryHp”’. MeTolOM HHM3KO TeMIIepaTypHOil
doroorpaxenus, poroomuranercun (HT @JI T=4,2 u 77 K) ucciieqoBagmch KadyecTBa SIMUCION
ZnTe u rpanmusl pasgena ZnTe/GaAs. Usmepenus crektpoB (oTomoMuHecHeHnud, PL, u
orpaxenust (R(L)), mpoBomunuck nipu 4.2 u 77 K Ha cnekrpanbHOoM mprbope ¢ paszpenienuem <0.5
Md3B. Crnektpel PL Bo3Oyxkmamuch usznydenueM Ar mazepa monenu LGN-503 ¢ A4=0.5145 u
A2=0.4880 mxm. OOsiydyeHue anekTpoHamu ¢ sHeprueil 1.8 MsB u uHTEerpanbHbiM QuiroeHCOM

4x10*° M IPOBOAMIM Ha UMIYJIbCHOM yckoputene WJ/IV-6 B cuegyroomeM pexume:
JIUTENbHOCTh uMItysbca 700 MKc, yactota 25 ', MIOTHOCTH 3JEKTPOHHOTO TOKA B HMITYJIbCE
35x10* emZc™?

Kak BupHO W3 pucyHka |, Ha KPUBOW OTpaKeHUS, R(k Ha6JHOI[aIOTC$I 0COOCHHOCTH,
CBSI3aHHBIE C DKCUTOHHBIMU PE30HAHCAMU TSKENBIX U JETKUX (lFx 1 Iex™ , oTMeueHo CTpEJIKaMu)
JIBIPOK.

FX

= T=77K IFX’”“ | IQWL
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M HTeHCHUBHOCTH®bB
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Puc.1. IlpuBenens! crnektpbl orpaxkeHus R(A), ¥ (OTONOMUHECIIEHUS , HCXOIHOTO
Oydepnoro ZnTe crmos 6e3 KBaHTOBO-pa3MEpHBIX cioeB 10 (kpuBas 1 ) u mocie
00Iy4deHwUsl dTIEKTpoHaMU (KpuBasi 2)

[To MOJIOKEHUIO M MO PACHICIICHUIO PE30HAHCOB JIETKUX M TOKENBIX JBIPOK B CIIEKTpax
OTpakeHHs ObLIa BEIUMCIICHA BEJIMYMHA OCTATOYHBIX YNPYrux nedopmarmii. OCTaTOuHbIC YIPYTUe
nedo MaIII/II/I e(sxx = &yy) ObuM BEMHCIEHSI TI0 hopmyne [3]: AE = 2b-€:(S11-S12)/(S11+S12) , rme AE
= X" - pX™ (M3B); z[e(bopMauI/IOHHHI/I noteHuuan b = +1,30 3B; koaddurmeHTs ynpyroctu Sll
=24-10 oy S, = -0,87- 10 > H!. Bennuuna nedopmanuii pacTsbKeHHsT cocTaBuiia £€=6.5- 10
77 K. Tlocne o0iy4eHUs MPOUCXOIWIO HE3HAYUTEIHLHOE CMEIIEHUE OCOOCHHOCTEH IKCHUTOHHOTO
pe30HaHCa B CTOPOHY MEHBIIUX JUTMH BOJIH M YMCHBIICHHE BeJWYMHBI AE 1O OTHOIICHHIO K
UCXOMHOMY 00pa3iy. Benmnunna nedopmarmii st 001yd€HHOr0 o0pasia cocTaBuiia BEIMYUHY €=
6.24-107, 77 K, T.e mpomsomnuia penakcanus ymnpyrux nedpopManuM Ha BeMUUHHY (& - &€p)/
€0-100%=4% rne ¢gog-nedopmann B HcXxonHOM (00nyd€HHOM) 0Opasle, COOTBETCTBEHHO.
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V3MeHeHne BeMMUYMHBI YOPYTrux Aedopmarivii, BEIUMCICHHOE M3 CHEKTPOB HU3KOTEMIIEpPATypHOI
PL Toro »xe oOpasla, MCXOAHOTO U OOJYYEHHOTO 3JIEKTPOHAMH, MO CMEIICHHIO IMOJOKEHHS
MOJIOCHI, CBSI3aHHOTO Ha TSKEIION JbIpKE (lFxhh) skcutona (hvp=2.3800 5B, 4.2 K) coctaBuio
BEJIMYUHY Ae=1.6"10", 4T0 HOCTATOYHO XOpOILIO COTJIaCyeTCs € JaHHBIMH, TOJTYYECHHBIMH W3
CHEKTpoB oTpaxkeHus rpu 4.2 K.

[To cexTpam 3KCUTOHHBIX JTUHHUM OBUTH UACHTU(DUIMPOBAHBI MPUPOAA ACPEKTOB B IMHUCIIOE,
TaK W Ha TPAHUIE pa3zera. bpUlo ycTaHOBIEHO CYIIECTBEHHO HEOJHOPOAHOE pacmpenencHue Ga B
MIPUIIOBEPXHOCTHON obOnactu. Okaszanoch, uTo y camoil moBepxHoctu DC ZnTe KOHIEHTpamus
rajulisi CyIIeCTBEHHO BO3PACTAeT T.€. MPOMCXOAUT COOpaHUe rajuths BOJM3H MOBEPXHOCTU POCTA.
OnHOBpEeMEHHO MPOUCXOIUT YBEIMYEHUE KOHIIEHTpAuK V BOJIHM3U MOBEPXHOCTH.

[locne o0OsiydueHUsT NPOUCXOAUT CMELIEHUE IMOJIOKEHHUS OCOOEHHOCTEH HSKCUTOHHOIO
pe3oHaHCa B CTOPOHY MEHBIIMX JJIWH BOJH. OJTO CBSI3aHO C 3aMETHOW perakKcaiuei
(YMeHbIICHHEM) HAmpsHKeHUH mocie oO0iydeHHus. MeXaHu3M paJualMOHHO-CTHMYIIMPOBAHHON
penakcaly HanpsHKeHH B KBAaHTOBO-Pa3MEPHBIX CTPYKTYpaxX MOXKET OBbITh CBsI3aH C TeHepaluei
NPOTSDKEHHBIX M TOYEUHBIX JAE(PEKTOB MM C M3MEHEHHEM COCTaBa sSIMbI Mpu WHTepAudPy3un ee
KOMIIOHEHT.

Kpome ocoOeHHOCTEMN, CBA3aHHBIX C SKCUTOHAMU B Oy(epHOM clioe, B CIIEKTpax OTPaKEHUs
R(A) mpu »sHeprum, coBmajgamomell ¢ MAaKCUMyMOM U3JIydeHUs OT KBaHTOBOH siMbl (lqw)
HaO0JII0/IAl0TC  HaKJIaJbIBatOIIMecss Ha WHTEP(EPEHIMOHHYI0 KapTUHY OCOOEHHOCTH, KOTOpbIE
“crnenar” 3a cmenieHneM Makcumyma @OJI mpu obmydeHun. OTH 0COOEHHOCTH CMELIAIOTCS MpPH
PEHTT€HOBCKOM OOJIyY€HUHM B CTOPOHY MEHBIIUMX OJHEpPruil, a mnpu o00JyueHUu ObICTPHIMU
3JIEKTPOHAMH — B CTOPOHY OOJIBIINX SHEPTUH.

[penanonaraercs, uto moHopel Ga muddynmupyor nx GaAs nmouioXku B mieHKY ZnTe B
nporiecce pocta. B o6nactu rereporpanuiisl 9C- NOUI0KKAa OTYETIIMBO MposiBisiercs: monoca DJI
810-860 um. Bumno mosnoca A=833,4 HM, COOTBETCTBYyIOMIAs miepexoay e-ZNn. Ciiebl 0CTaTOYHOTO
akuenropa Zn Ha ¢(oHe ropasgo Oosee MHTEHCHBHBIX NEPEXOJO0B CBA3AHHBIX C OCTATOYHBIMHU
MIPUMECSIMH TTOKa3bIBAET, YTO MPOUCXOAUT muddy3us Zn B momnoxky GaAs. IlepexomHoii cioi
IUIEHKA-TIOMJIOKKa (popMUpyeTcss B MpPOIECCE pocTa, a BOBCE HE BCIEACTBUE KIACCHUYECKOU
retepoauddy3un KOMIOHEHT B IUIEHKE U MOJIOXKKE.

BoiBoabl. Ilocie oOmyueHHsI 3J€KTpOHAaMU B AMIHMTAKCHAIBHBIX IUICHKaX HaOoaeTcs
CMEIIeHNE B KOPOTKOBOJHOBYIO CTOPOHY SKCHUTOHHBIX JIMHHK OoT Oydepnoro OC, mox K, uto
CBHUJIETEJILCTBYET 00 YMEHBIICHHM HANpsHDKEHUH pacTskeHus B 3ToM cioe. [lockonbky B
onuHoyHOM OydepHoMm DC (ZnTe) penakcarusi TpaKTUYECKH OTCYTCTBYET, TO MOXHO IOJIarath,
YTO B CJIO)KHOHM TE€TEPOCTPYKTYpE paguallMOHHO-CTUMYJIMPOBAHHAS pelaKcalus HalpsDKEHUH B
OCHOBHOM TIPOUCXOAUT MEXY sIMaMUu U OapbepaMu (CBSI3aHHBIX C PacCOTJIaCOBAHUEM MapaMETPOB
M U 0apbepoB).
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INFLUENCE OF ELECTRONIC IRRADIATIONS ON THE OPTICAL
CHARACTERISTICS OF EXCITON AREAS OF ZNTE / GAAS EPITAXIAL FILMS
M. Sharibaev', D. Asenbaeva®, A. Sultanov’
'Karakalpak State University. Berdaha, Nukus
2Nukus branch of Tashkent University of Information Technologies
murat.sharibaev@mail.ru

Abstract: The interest in the radiation of quantum-dimensional structures based on A2B6
materials is due to the possibility of manufacturing on their basis injection sources of coherent [1]
and incoherent radiation, as well as electronically pumped emitters [2], covering almost the entire

visible range. The qualities of the ZnTe epistle and the ZnTe / GaAs interface were studied by the
method of low-temperature photoreflection and photoluminescence (NT PL T = 4.2 and 77 K).
Keywords: photoluminescence (PL), photoreflections (FD), epitaxial films.

GaSe<CS(NH2).<C1sH10>> KJIATPAT IEPAPXIYHOI APXITEKTYPH,
CHUHTE30BAHUMMU ITPU OCBITJIEHHI: BJACTUBOCTI TA 3ACTOCYBAHHAA

B. M. Makcumuy, ®. O. Iamummun, P. 5. llIsenn
Hamionansuuit yaiBepcuteT «JIbBIBChKA MoOJiTeXHIKa», ByJI. KoTispeBcbkoro 1,
JIbBiB, Ykpaina, 79013, vitalii.m.maksymych@Ipnu.ua

AHoraunia. KnatpatHuii KoMIieKc i€papXiqHOi apXiTeKTypu OyB YCIHIIIHO CHHTE30BaHUM
inTeprasmiero tioceuoBunu (CS(NHy),) ta anrpaneny (Ci4Hig) Mixk mapu 4-xpaTHO pO3IMIMPEHOT
MaTpuii ceneniny ranito (GaSe). OTpuMaHuii KIaTpaT JOCHIIHKYBAIH 32 JOIIOMOTOI0 IMITEJaHCHOT
CIIEKTPOCKOITi 3a HOpPMaJbHUX yMOBax, MPH OCBITJICHHI 1 B MOCTIHHOMY MAarHiTHOMY TIOJII Ta
BCTAQHOBIIIOBAJIM XapaKTep pEakilii Kiarpary Ha 3MiHHE ENEKTPUYHE Moje. Y CHHTE30BaHOMY
KJIaTpaTi BHUSIBJICHO KBAaHTOBY €MHICTh, 1HAYKOBAaHY IMOCTIHHUM MarHiTHHUM TIOJIEM Ta «BIJ €MHY
€EMHICTHY»,  IHIYKOBaHy  OCBITIEHHSM.  BonbT-ammepHa  XapakTepUCTUKA  KOMILIEKCY
GaSe<CS(NHy),<C14H10>> nemoHCTpye TiCTepe3uCHY MOBEIIHKY, MPHUTaMaHHYy CTPYKTYpaM, IO
mposBIsAOTh edexT mam’sTi. [Ipupoma 1mporo edexTy, MBUANIE 3a BCE, 3yMOBJIEHA MPOIECOM
HAKOITMYCHHS EJICKTPUYHOTO 3apsay Ha MiK(a3HUX MexkKax.

KurouoBi cjoBa: knarpat, iHTEpKaJALis, TIOCEYOBMHA, aHTPAIICH, i€papXidHa apXiTEKTypa,
CHUCTEMA «TOCTIO/IAP-TiCThY», MEMPUCTOPHHH €EeKT.

CTpiMKUHT PO3BUTOK EJEKTPOHIKM CIPUYHMHUB IONIYK HOBUX ()YHKIIIOHAJIBHO-TIOpHUIHUX
HEOPraHiYHO/OpraHiyHUX MaTepianiB 30yJJOBaHUX Ha piBHI HAHOPO3MIpPHUX 00 €KTIB, SKMMHU BCE
YacTillle BUCTYMAIOTh OPTraHiuHi MOJIEKYIIH, IO BIAPI3HAIOTHCS BiJl HEOPTaHIYHUX CIIOTYK MIUPOKUM
CIEKTPOM HEOpAMHApHUX BiacTUBOcTei. [loOymoBaHi 3a JONOMOrOI0 CYHNPaMOJIEKYISPHUX
B3a€EMOJIIN KJIATpaTHI CTPYKTYpPU HaWyacTillie MPEJCTaBISAIOTh CO00I0 camMo30ipHI KOMILIEKCH 3a
MIPUHITATIOM «3aMOK-KJII0u». CaMe B Taku# croci0, 3a paxyHOK c1abKoi B3aeMoIii Mi>k MaTepiaioMm
«TOCHOJApeM» Ta «TOCTEM», BIAETbCS 30€perTu iJeHTUYHICTh BJIACTMBOCTEH 000X KOMIIOHEHT, a
3a0e3neyeHHs NMpU LbOMY HAHOPO3MIPHOCTI CTPYKTYPHUX €JIEMEHTIB BIJKPUBAE aOCOJIOTHO HOBI
BJIACTHBOCTI 1 MAXOAM JJO BUBUEHHS PEUOBHH.

dopMyBaHHS O1IIBIIT CKJIAJTHUX KJIATpATHUX KOMILIEKCIB THUITY
cyOrocmnoaap<rocrnonap<ricTb>> BiIKpuUBae aOCOIIOTHO HOBI MOXJIMBOCTI. B Takuii cmoci®6 Ham
BJAJIOCS peali30ByBaTH KBAHTOBE MIJACWIEHHS CEHCOPHOI UYYTJIMBOCTI JI0 30BHINIHIX (DI3MYHHUX
TOJIiB Ta MPHUHIUIIOBY MOKIIUBICTh HAKOMTMYCHHSI €IICKTPHYHOI eHeprii Ha KBaHTOBOMY piBHi [1-3].

Martpuueto cybrocrnonapemM 0yn0 BHKOPHUCTAHO HamiBIIPOBIIHUKOBUN MOHOKpucTan (GaSe.
Bupomenuit metonom bpimkmena-CrokbGaprepa, MOHOKPUCTaJI BOJIOAIE SICKPAaBO BUPAKEHOIO
IapyBaTOI0 CTPYKTYpOIO 1 p-THUIOM HPOBIIHOCTI. AHI30Tpomis HOro BIacTHBOCTEH 03BOJISIE

69


mailto:vitalii.m.maksymych@lpnu.ua

2. Penakcauiiini npomecy y MaTepianax 3i ckiiaaHo0 MOP(OIOTieio: KOMIIO3UTH, IOIMePH, BHCOKOCHTPOMIHI CIUIABH, HAHOCTPYKTYPHi i aMopdui MaTepianu
Relaxation processes in materials with complex morphology: composites, polymers, high-entropy alloys, nanostructured and amorphous materials

JOCIIITHUKAM TIIyKaTH YHiKadbHI (2D) enmeKTpoHHI BIACTUBOCTI, TaKl SK BEJIHMKA EJICKTPOHHA
PYXJIUBICTh, KBaHTOBHH e(pekT XoJuia, aHOMaTbHHA ONTWYHMN BIATYK YU I1HIYKOBaHI CTaHU
HYJIbOBOTO omopy [4,5]. 3a paxyHOK OCOOMBOCTEH CTPYKTYPH, MapyBaTHil Kpuctan rpymu AsBg €
NOTCHLIHHUM TEPMOCJICKTPUYHUM MaTepiajoM 3 BHCOKHM 3HAYCHHSM MOTEHILIAIBLHOTO mojs [6],
BiH MOKe OYTH 3aCTOCOBHHM y pi3HUX cdepax elIeKTpoHiku [7,8] 1 Moke, 10 y HAIIIOMY BHITAJIKY €
HaOIIbII BOXKIIMBHUM, CIY)KUTH SIK MAaTpULs i3 2D roCThOBUMH MO3UIISIMH.

CymnpaMoJIeKyIspHUM KaBiTaHAoM BHcTymana TiocedoBuHa (CS(NH,),). i me HasuBaroTh
TiokapbamizoM. BoHa MoXe [iATH SK NPOMDKHUH  «TOCHOJAp» 3aBISKH  CHJIBHHM
MDKMOJIEKYJIIPHUM BOJHEBHUM 3B’ S3KaM MK KUCIOTHUMU MpoToHamMu NH,-rpyn 1 aroMmamMu KUCHEO
a0o CipkH CycCimHIX MOJEKyNI. B pe3ynbraTi yTBOPIOEThCS XipalibHa CHipaibHa MOPOXKHHUCTA TPYyOKa
3 MOJIEKYJl CEYOBMHH 3 MiHIMAaJIbHHM BaH-Jep-BaalbCOBUM JiaMeTpoM 5,5+5,8A, B Ky MokyTb
BBIMTH «TOCTI» 3 MAJIMM MOTICPEYHUM IIEPEPI30OM.

«l'ocrem» Oynmo ob6pano antpanen (CigHig), saxuit € ngoOpe BiZOMUM OpraHiyHUM
(OTOENEKTPETOM, BIACTHBOCTI SIKOTO B MaKpOCTPYKTYpPOBAaHOMY CTaHi JOCHUTh NMOBHO BHBYEHI.
Hatomicte, 3MiHM  MexaHi3MiB  ()OTOCNEKTPETHOI  MOJIApU3aIlii Npu  TEpPexoni  Jio
HAaHOCTPYKTYPOBAHOTO CTaHY, K 1 «TOCTHOBOT0» KOHTEHTY B KJIaTpaTaX, ChOTOJHI MPAKTHYHO HE
BHBUYEHI.

CymnpamonekynspHa crionyka CS(NH;),<C14H10> yTBOproBaacs mpu 3MilyBaHHI HACHUYEHUX
PO3UUHIB BiAMOBITHUX KOMIIOHEHT y MOJIIPHOMY CHiBBiIHOIIEHH] 1:1.

Ananaitis kpuctaniyaoi matpuii GaSe 10 BOPOBAKEHHS MK IIapH CYMPaMOJIEKYIISIPHOTO
komiuiekey CS(NH2),<CisHio> peamizyBanmacs HUISIXOM 3aCTOCYBaHHSI JIOCTaTHBO JIE€TaIbHO
ONMCAaHOI B HAIIUX IIONEPEeNHIX po0OTax IHTEPKAIALINHO-ACIHTEPKAIAIINHOI TEXHOJOTrIi
Kkpuctanoinxenepii [9]. PosmmpenHs kpuctaniunoi Matpuii MoHokpuctany GaSe craHoBuio 4-
KpaTHe 3HaueHHs. BrpoBa/keHHs Ta (OpPMYBaHHS CYHNPaMOJIEKYISIPHOTO KOMILIEKCY MPOBOIMIH
3a HaKJIaJaHs OCBITICHHS, 3 METOIO (POTOETEKTPETH3YBAHHS TOCTHOBOI'O KOMIIOHEHTY — aHTpPAaLIEHY.
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Puc. 1. Hiarpamu HaiikBicta 4-kpatHo posmmupenoi matpuii GaSe (a) Ta KiaTpary
GaSe<CS(NH,),<C14H10>> (6). BumiproBanHs MpoBOAWIM 3a HOpMajibHuX yMoB (1), B
MOCTIHOMY MarHiTHOMY 1ol (2) Ta npu ocBiTiieHH! (3)

3 METOI JOCHIKEHHS MEXaHI3MiB CTPYMONPOXOKEHHS Ta iX 3MIHM IPH BIPOBAKECHHI
cynpmonekymsipaoro komriekcy CS(NH,),<Cy4H10> B HamiBrnpoBigaukoBy Matpuiro GaSe, 0ynu
BHUMIpPSIHI IMIIEJAHCHI CIEKTPH 3a JOIMOMOror0 BHMipioBabHOro komiuiekcy “AUTOLAB” dipmu
“ECO CHEMIE” (Hinepnanan) B HanpsMKy Kpuctajorpagigaoi oci C MOHOKpUCTATIB B Aiana3oHi
gacror 10° = 10° T

Posrnsinemo nmociimkeni BimactuBocti kiarpaty GaSe<CS(NH,),<CisHio>>. PesynbraTti
IMIIEAHCHUX JIOCHIJKEHb BUXIJIHOI 4-KpaTHO PO3IIMPEHOI MaTpHlll Ta KIaTpaTy Ha ii OCHOBI
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npeacTaBiieH] Ha puc.]l. BumipioBaHHs iMIIEJaHCHUX CIIEKTPIB MPOBOJWIN 32 HOPMAJIbHUX YMOB, Y
MOCTIHHOMY MarHiTHOMY ToJIi HampykeHicTio 2,75 kOe Ta 3a OCBITIEHHS (IMITATOPOM COHSYHOTO
BHUIPOMIHIOBAaHHS TOTYXHICTIO 65 BT). AHami3yroun pe3yiabTaTH BUMIPIOBaHb U1 BUXIAHOI 4-
KpaTHO posmupeHoi matpuni GaSe Gaummo 3BHuHY KapTuHy (puc. la, kpua 1). Jliarpama
HaiixBicTa npencrasiise co000 MIBKOJO, sIKE IPU MOJENIOBaHHI IpeAcTaBisie co00I0 MapalieibHe
nigkmoueHHs onopy R ta emHocti C, 1m0 XapakTepu3ylOTh BiJIIMOBIIHO OMip CTafil NepeHeCeHHs
€JIGKTPUYHOIO 3apsAny Ta Horo HakonuueHHs. OuikyBaHy MOBEAIHKY rojorpady iMmeaaHcy
OTPUMYEMO 3a HaKJIaJaHHS MMOCTIHHOTO MarHiTHOTO TOJIs, SIKe MOJAU(IKye CHEPTeTHUHUH CIIEKTP
JOMIIIKOBOT MiZICUCTEMH 32 PaxyHOK e(ekTy 3eeMaHa, L0 NMPHU3BOIUTH 10 OUIBII SIK 2-KpaTHOI'O
3MEHIICHHS! KOMIUIEKCHOTO OTOpPY Ta IMOSBU HU3bKOYACTOTHOI JUISHKH HapajieiabHol oci MiIHCHOI
YaCTUHHM KOMIUIEKCHOTO OIOpY 1 HAIpsIMJIEHOI B CTOPOHY Horo 3poctaHHs (puc.la, kpusa 2). Ilpu
MO/JICJTIOBAaHHI TakKii moBeMiHI BiamoBigatume enemenT BCPE, mo Monenroe cTpyMOnpOXOIKEeHHS
B IIPOCTOPOBO OOMEXeHii 0051acTi 3 MacTKOBUMH IeHTpamMu 1nob6nusy piBHs Pepwmi. OcBiTieHHS
NPU3BOAUTE 0 OIIBII SIK 5-KpaTHOTO 3MEHIICHHS KOMIUIEKCHOTO OIOpY, LI0 CIPHYNHEHO
(OTOUYYTIIMBICTIO TOCHII)KYBAaHOT'O MOHOKPHUCTANLY y BUIUMINA o0nacTi cnektpy (puc.la, kpusa 3).
Takox, 3a ocBITJIEHHS rogorpad immneaaHncy nepexoauth y |V KBagpaHT KOMIUIEKCHOT IJIOLIMHH.
IPOSIBIISIIOYM THUM CaMHMM €(EKT «BiJI’€MHOi €MHOCTI», IO CHPUYMHEHUH aKTUBAL€I0 CBITIOM
MACTKOBUX LEHTPIB Outst piBHSA DepMi, K1 3[JaTHI 3aXOIUIIOBATH 1 YTPUMYBATH HOCIi CTpyMy
IPOTSArOM Yacy CIHIBMIPHOTO 13 MiBIEPIOJOM CHHYCOIZaJbHOI'O BHMIPIOBAIBHOrO curHany. [Ipu
MO/IEJIIOBAHHI TaKa MoBeIiHKa Oy/ie peCcTaBIeHa KOTYIIKO 1HAYKTUBHOCTI L.

BripoBakennst cynpamosekyssipaoro komiuiekey CS(NH2),<CigHip> mik mapu 4-kpatHo
posmupenoi matpuui GaSe npuzBoauts 10 1000-KpaTHOro 3MEHIIEHHS KOMIUIEKCHOTO OIOpY, 10
CIPUYMHEHO 3pOCTAaHHAM BUIBHUX HOCIIB 3apsay 3a paxXyHOK T'OCThOBOI mijicucTeMu (puc.16, kpusa
1). Hiarpama HaiikBicra npuiimae dopm™
HE3aBEpIICHOr0  MiBKOJIA, 10  CIPUYMHEH! I MA
OOMEXEHHSIM YaCTOTHOTO JianazoH
BUMIPIOBAJILHOTO KOMIUIEKCY. 3a HOPMAalbHIL
ymoB mius kiarpary GaSe<CS(NH2),<Ci4Hpp>:
Bi3yamizyeThes HU3bKOYaCTOTHA TIISTHK 0.4-
nmapajesibHa OCl JIWCHOI YaCTUHU KOMILIEKCHOT

0,84

E]

OIIOpY, HAmpsIMJIEHA B CTOPOHY MOI0 3pOCTaHHS T — T ]

110 MOJICITIOETHCS KIHEYHMM EJIEMEHTOM MTOCTIHHC B p . : : U.B
¢bazu (BCPE), SIKUIN BioOpaxa '

CTPYMOTIIPOXO/PKEHHS B IMPOCTOPOBO-OOMEKEHI! 0.8

00J1acTi 3 KOMIUIEKCHOIO eJIeKTporpoBiaHicTo. i

MMOCTIHHOTO MAarHiTHOTO TIOJISI HE TPHU3BOAMTH ]I -1,2

3HaYHUX 3MIH KOMIUIEKCHOTO OIOpYy, MpPOT

KapJAMHAJIBHO 3MIHIOE HH3bKOYACTOTHHH T'€HE3U

BiTKM Jiarpamu HaiikBicta — Bi3yami3yeThcs Puc. 2. BAX xnatpary
HU3BKOYACTOTHA JIIJITHKA TapajielibHa OcCi JIHCHOT GaSe<CS(NHy),<C14H10>>, BuMipsiHa 3a
YaCTUHH KOMIUIEKCHOTO OIOpY, HampsimiieHa B HOPMAJIBHIX YMOB

CTOPOHY HOro 3MEHIIEHHS, 110 NMPU MOAETIOBaHHI
npejacTaBisie KBaHTOBA €MHICTh Cq, 3yMOBJIEHY OUCKPETHU3AIIEI0 E€IEeKTPOHHOIO €HEPreTHUYHOTO
CHEKTpYy B370BX Kpucrtajorpagiunoi oci C (puc.10, kpua 2). CniJ BIAMITHTH, II0 B JaHOMY
BUITAJIKy, KBAaHTOBA €MHICTh I1HJYKOBaHAa TMOCTIMHMUM MAarHiTHUM MojeM. DOTOouyTIUBICTh IS
wiatpatry GaSe<CS(NH,),<Ci4Hip>> 3pocrtae BaBiui, mpu 1bOMY 30epiraethcsi IHIYKIiHHA
HU3bKOYACTOTHA MOBeAIHKa roxorpady imneaascy (puc.10, kpusa 3). 3pocTanHs (GOTOUYTIMBOCTI,
HaHIMOBIpHIIlIe, TTOB’5A3aHO 13 (POTOETEKTPETHOIO MPUPOIOI0 aHTPAIICHY.

Heopaunaproro Burisiny HabyBae BAX, Bumipsiaa st kinatpaty GaSe<CS(NH;),<Ci4Hip>>
(puc.2), sika mpexacraBisge coOOI0 TicTepe3y, Ha BIAMIHY BiA JiHIHHOI MOBEIIHKH, XapaKTEPHOI
BUXIAHIN 4-kpaTHO po3mmpeHid matpuni GaSe. Taka mnoseninka BAX Moxe cBIqUMTH TpO
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HAKOMMYCHHS SJIEKTPHYHOTO 3apsay Ha MDXK(pa3HUX MEKaxX Ta MOSBU TUM CaMUM e(eKTy mam’sri,
KU Ma€e Ha/I3BUYAMHO BaXIIMBE 3HAYCHHS 3 TOYKU 30pY MOOYIOBH MPUHITUIIOBO HOBUX CIIEMEHTIB
mam’sTi. B mitepaTypi qaHe sSBHINE BiloME IK MEMPHCTOPHUHN €(EeKT.
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GaSe<CS(NH;),<Cy4H;0>> CLATHRATE COMPLEX OF HIERARCHICAL
ARCHITECTURE SYNTHESISED UNDER ILLUMINATION: PROPERTIES AND
APPLICATIONS
Vitalii Maksymych, Fedir Ivashchyshyn, Roman Shvets

Lviv Polytechnic National University

Abstract. The clathrate complex of hierarchical architecture was successfully synthesised by
the intercalation of thiourea (CS (NH;),) and anthracene (C14H10) in between the layers of four-fold
expanded matrix of gallium selenide (GaSe). The obtained clathrate was investigated by the
impedance spectroscopy under normal conditions, at illumination and in the constant magnetic
field and the character of clathrate response to the ac electric field was established. The quantum
capacitance induced by the constant magnetic field and negative capacitance induced by the
illumination in synthesised clathrate were registered during impedance investigation. The current-
voltage characteristic of GaSe<CS(NH;),<C14H10>> complex demonstrates a hysteresis behavior,
inherent in structures with memory effect. The nature of this effect is most likely due to the process
of electric charge accumulation at interfaces.

Keywords: clathrate, intercalation, hierarchical architecture, host-guest system, impedance
spectroscopy, memristor effect.
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CTPYKTYPHA PEJIAKCALIA B KOMIPYHACTUX IOJIMEPHUX MATEPIAJIAX
HA OCHOBI TEPMOIIVIACTUYHOTI O ITIOJITYPETAHY, OJEPKAHUX 3D-IPYKOM

B. O. Bi.nomemcol, A.T. Bepﬁnnoz, A. M. Hmmnemcol, b. M. CaneHK03, H. B. CoBa®,
B. B. Ynmko'
Nomersknii dizuko-rexuiunmii inctutyt iM. 0.0. Tankina HAH Vipainn, Kuis, Ykpaina,
np. Hayku 46, 03028, chishko@ukr.net
ZIHCTI/ITYT npobaem MatepianozHaBcTBa iM. .M. @pannesnua HAH Ykpainu, Kuis, Ykpaina,
ByI. Kpsxkmkanoscbkoro 3, 03142
3KuiBchkuit HAI[IOHAJILHUH YHIBEPCUTET TEXHOJIOTIH Ta qu3aiiny, KuiB, Ykpaina,
Bys1. HemupoBuua-/lanuenxka 2, 01011

AHoTauis. Poboma npucesyena OOCHIONHCEHHIO  GNIUBY NPOCMOPOBOi  Opienmayii
KOHCMPYKYIL, HCOPCMKOCMI Mampuyi ma Gopmu KOMIPKU HA CIAMUYHI Ma OUHAMIYHI MeXAHIYHI
enracmugocmi  3D-nadpykosanux Komipyacmux CcmpyKmyp HA OCHO8I MepMONIACMUYHO20
noaiypemawy.

KurouoBi cioBa: TepMOMIacCTUYHMIA MOJIypeTaH, PEUNTYAcTI CTPYKTYPH, AMHAMIYHHMNA
MEXaHIYHUN aHaji3, MEXaHIuHi BJIaCTHBOCTI

B sikocTi BUXIZHOTO Martepiajly BUKOPHCTOBYBAJIU TepMoruiacTudHuil nosiyperan (TPU-1),
JKOPCTKICTh SIKOTO MiABHMIIYBaJIM J00ABKOIO MOJICTHpPONy B KimbkocTi 5 Bar. % (TPU-2). VY
HpozrpaMi g 3D-MozientoBaHHs CTBOPIOBAJIM MOJIEN KBaJpaTHOI KOMIpKH 3 po3mipamu 2,1x2,1
MM® 1 TOBIIMHOIO cTiHOK 0,875 MM, B3a€EMONPOHMKHHUX BIJAKPUTHX HIECTUKYTHUX KOMIPOK
po3mipamu 3 1 6 MM 1 ToBmMHOKO cTiHOK 0,36 MM Ta ripoiny, 1O ONHCYEThCS (HOPMYIOIO
sin(1,5x)-cos(1,5y) + sin(1,5y)-cos(1,5z) + sin(1,5z)-cos(1,5x) = 0 (puc. 1). Moxenb pemiT4acToro
MaTepially 3 KBaJpaTHUMH KOMIpPKaMH OpIEHTYBaJlM B MPOCTOPI B TPhOX MOJIOKEHHSIX
(BepTHKaJIbHO, TOPU3OHTAIBHO Ta MiA KyToM 45°); 3 MIECTUKYTHUMH KOMIpKaMH Ta TipOiJHOIO
CTPYKTYpOKO — TOPU3OHTANBHO. [IpSMOKYTHI 3pa3Kd BHTOTOBISUIM METOAOM IIOIIAPOBOTO
HaKJIaJaHHA posiaBy 3 BukopucTaHHsAM 3D mpuntepa Flashforge Creator pro 3 HacTynmHUMH
HaJamTyBaHHAMH: Jiamerp comta - 0,3 MM, mBuakicte apyky — 2000 mm/c, TemriepaTypa
excTpyaepy — 245 °C, temmneparypa crony (ckio) — 90 °C. ToBuHa Ta BUCOTa HIapy MaTepianry
cranoBwan 0,36 mm Ta 0,2 MM, BiamosigHo. BMict TPU B 06’emi 3pa3ka cranoBuB 29,7 %, 46,6 %
ta 37 % g peurTyacToro marepiaiay 3 IIECTHKYTHHUMHM, KBaJpaTHUMH KOMIpKamH 1 TipoiTHOIO
CTPYKTYpOIO, BiAMOBiAHO. /[l oOTpMMaHHS 3amOBHEHUX 3pa3KiB IOMEPEIHBO JPYKYBaIH
KOHTEWHEp, B AKHI BCTABISIM HAJPYKOBAHHUM MaTepiall 3 KOMIpYaCTOI0 CTPYKTYPOIO 1 MIPOBOIMIN
3amoOBHEHHS 3pa3kiB enokcuaHoo cmoinor Mapku EPIKOTE 828, ska monepeanbo 3minnyBanach 3
3aTrBepKyBaueM xonoaHoro 3ateepainag ANCAMINE 2760 y cniBBigHomeHHi 2:1.

S

a
Puc. 1. Moaeni komipyacTux MaTepiaiiB 3 KBaAPAaTHUMU (a), MECTUKYTHUMH (0) KoMipKamu
Ta ripoiny (B)

73


mailto:chishko@ukr.net

2. Penakcauiiini npomecy y MaTepianax 3i ckiiaaHo0 MOP(OIOTieio: KOMIIO3UTH, IOIMePH, BHCOKOCHTPOMIHI CIUIABH, HAHOCTPYKTYPHi i aMopdui MaTepianu
Relaxation processes in materials with complex morphology: composites, polymers, high-entropy alloys, nanostructured and amorphous materials

B'si3K0mpyXHI XapaKTEPUCTHKH JOCTIKYBAIH METOAOM JIUHAMIYHOTO MEXaHIYHOTO aHAi3y
(AMA) na npurani DMAQ800 B pexumi aedopmariii OAMHAPHOTO KOHCOJIBHOTO BUTHMHY TPHU
YacTOTI BUMYIIICHUX CHHYCOinanbHUX KonuBaHb 1 I'11 B inTepBani temneparyp Biag 30 1o 160 °C 3i
MIBUJKICTIO HarpiBanHs 3 rpan/xB. BumpoOyBaHHS Ha TPUTOYKOBHM BHUTHH 1 PO3TATHEHHS
MPOBOJIMJIM TIPM KIMHATHIM TeMIEepaTypi Ha YHIBEpCAJbHIM €JIeKTpOMEXaHIYHIl BUIIPOOYBabHIN

mammmHi UTM-100 31 mBuakictio pyxy Tpasepcu 10 MM/XB.
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Puc. 2. B’s3komnpykHi BJIacTUBOCTI HE3alOBHEHUX (a) Ta 3allOBHEHUX EMOKCHIHUM
nojiiMmepoM (0) pemriT4acTUX MaTepialliB 3 KBaJpaTHUMH KOMIpKaMH, HaJpPyKOBAaHUX
ropu3oHTanbHO (1), BepTukanbHo (2) 1 mig kyrom 45° (3)

Pesynmbratn JIMA pemiitTyacTux MartepiaiiB 3 KBaapaTHUMHU KoMmipkamu Ha ocHoBi TPU-2
HaBejIeHl Ha puc. 2 Ta B Tabi. 1, ne E', E" — BiAnoBiiHO MOAYb IPY>KHOCTI Ta BTPAT MpU KIMHATHIN
temnepatypi; Tg, Tys — Temmeparypu BepmuH MakcumymiB E" Ta tgd; tgd — TaHTreHC KyTa
MEXaHIYHMX BTpaT MpH KIMHATHIM Temmnepatypi; tgdm — 3HadeHHA tgd B Makcumymi. Ha
TeMIIEpaTypHHUX 3aJeKHOCTAX E" Ta tgd peecTpyroThes BiIOMI MAaKCUMYMHU, OOYMOBJICHI TTPOIIECOM
PO3CKITYBaHHS TONICTUPONY. [1070XKEHHS MaKCUMyMiB HE3HAYHO BIJAPI3HIIOTHCS B 3aJIE€KHOCTI BiJl
Opi€HTaIlli 3pa3KiB MPH JAPYKY, TOOTO HAIPSAMOK JIPYKY CJIA0KO BILNIMBAE HA TEMIIEPATYPY MEPEXOTY
B CKJIOBHJIHUH cTaH. B Toii ke yac Mae Miclie aHi30TpOIIis BIACTUBOCTE MaTepialy B 3aJI€KHOCTI
Bi opieHTalli moaeni npu 3D-nIpyKy — HaAMBUIIMKA piBEHb AMHAMIYHUX MOJYJIB mpyxHOCTI E' Ta
BTpaT E" cnocrepiraeTbesi y BHNAIKy TOPH30HTaNIBbHOI opieHTalii. B cymineHOMY 3paszky TPU-2
BennunHu E' Ta E" no 10 paziB Oinpmri (Tabma. 1), mo € 3aKOHOMiIpHUM. 3HA4YCHHS BEIUYMHH
aUcHIanii eHeprii (MexaHiYHI BTpaTH), SKE XapaKTepU3YEThCS BHCOTOI0 MaKCHMyMy tgd, He
3aleKUTh BiJ HANpsSMKY ApYyKY. 3alOBHEHHS EMOKCHIHUM IMOJIIMEPOM TMPHU3BOAUTH 10 3MiH
TEMIEpPaTYPHUX 3aJEKHOCTEH B’SI3KOMPYKHHUX BIACTUBOCTEH peIiT4acTUX MartepiamiB (puc. 2 0).
IcToTHO (10 12 pa3ziB) 36inbmyroThes BenmmunHau E'1 E", a 1X 3amexHICTh B OpieHTAIlil 3pa3KiB IpH
IpyKy 3MeHInyeThcsi. Ha TeMnepatypaux 3anexxHocTsx E" 1 tgd peectpyeTbes Apyruii MakcuMyM,
10 BU3HAYAETHCS MPOIIECOM PO3CKIYBaHHS EMOKCHAHOTO momimepy. KpiM Toro, BUKOpUCTaHHS
3aIlOBHIOBAYa 3MIIlye MaKCUMyMH tgo ITOCIiIKyBaHOTO MaTepianxy B OiK HH3BKHX TeMIIEpartyp i
3MEHIIYE X BHCOTY.
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VY BUMNAIKy pEeIITIacTHX MaTepiajiB 3 MIECTUKYTHUMH KoMipkaMu aaHi JIMA skicHO mofioHi,
asie 3HaueHHs E' ra E" ictoTHO Hixue (puc. 3, kpuBi 2; Tabm. 1). Llel ¢akT MokHA TIOSCHUTH

Tabmumug 1
B’s3k01pyskHI BIIaCTUBOCTI KOMipUacTUX MaTepiamiB Ha ocHoBI TPU
Tun OpienTaris B
peurityactoi | Mozemi E’, MIla Mﬁa Tg, °C Ty, °C | tgd tgom
CTPYKTYpH
Cy1insHui FOpPU30HTAIbHA 520 51 108 113 0,09 |0,43
3pas3oK
TOPH30HTATbHA 117/ 850 10/ 53 108/ 114/ 0,09/ | 0,48/
58;102 63;110 | 0,06 | 0,45;0,26
Ksaaparni 45° 59/ 786 6/ 60 107/ 113/ 0,1/ | 0,47/ 0,51;
KOMipKH 57;102 62;108 | 0,08 | 0,24
BEpTUKAbHA 94/ 611 9/ 53 109/ 116/ 0,1/ | 0,49/
o 57;105 63;111 | 0,09 | 0,49;0,22
= TOPU30HTAJIbHA 12/ 1006 1/ 60 104/ 110/ 0,1/ | 0,47/
= [ectukyTHI 56;102 64:104 | 0,06 | 0,89:0,13
KOMIpKH 0,2/
; 0,97/970 |0,2/59 |-/65 -1 72 0.06 -/ 0,86
T | Fipoin TOPISONTATHA | 067/ 915 | 012130 | /66 | 478 | o | 4031

[TpumiTKa: B UYMCENBbHUKY — 3HAUEHHS JJIs1 HE3alIOBHEHHX 3pa3KiB, B 3HAMEHHUKY — ISl 3alIOBHEHUX
eMoKCUIHUM nosiMepoM. Enokcnnnnii nonimep: E'=1306 MIla, E"=65 MIla, Tg =58 °C, Ty =66
°C, tgo = 0,05, tgom =1,42
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Puc. 3. B’sa3xkonpyXHi BJIacTMBOCTI HE3AallOBHEHUX 3pa3KiB pEIIITYaCTUX MaTepiaiiB 3

HIECTUKYTHUMH KoMipkamu: 1 — TPU-1; 2 — TPU-2

—

0,1}F

Menmmmu 00’ emHUM BMictoM TPU (29,7 % npotu 46,6 %) Ta ToBimHOK0O cTiHKU (0,36 MM mpoTH
0,875 MM) y OpiBHSHHI 3 TAKUMU IS 3pa3KiB 3 KBapaTHUMH KOMipKaMH. AHAJIOTI9HY MOBEIHKY
JEMOHCTPYE 1 3pa3oK 3 TIPOiAHOI CTPYKTyporo (Tabu. 1). 3MeHIIeHHsS >KOPCTKOCTI MaTpHIli
JOCJTIJDKYBAaHUX 3pa3KiB 3aKOHOMIPHO MPUBOIUTH 10 3Ha4HOTO (10 10 pa3iB) 3HMKEeHHS Beau4rH E'
ta E" (puc. 3, kpusi 1; Tabmn. 1). 3anoBHEHHS €MOKCUIHUM MOJTIMEPOM MPHU3BOJUTH IO THUX K€ 3MiH
TEMIIEPATYPHUX 3aJIEKHOCTEH B’SI3KOMPYKHUX BJIACTUBOCTEHM, SK 1 y BHUNAAKY PpEHIITYACTUX
MaTepiasiB 3 KBaJpaTHUMH KoMipkaMu. CIiJ BIAMITHTH, 110 3aTIOBHEHHS €MOKCHIHUM TOJIIMEPOM
HIBEJIIOE BIUTMB JKOPCTKOCTI MaTPHIII.

Pesynprat BUNpoOyBaHb Ha TPUTOYKOBUI BHTHH OOpE Y3rOKYIOThCA 3 naHuMu [IMA,
JIEMOHCTPYIOUYH aHAJIOT14HI 3aKOHOMIPHOCTI (TabJ1. 2). Tak, Ha MPUKJIaAl PENNTYaCTUX MaTEpiamiB 3
KBaJpaTHUMH KOMipKaMH [IOKa3aHO, [I0 HaWKpamuil KOMIUIEKC MEXaHIYHHX BIACTHBOCTEH
peani3yeThCsl y BUIMAAKY TOPU3OHTANIBHOI opieHTamii Mmozeni npu 3D-apymi. 3pa3ku penriTyacToro
MaTepiany 3 IIECTUKYTHHMH KOMipKaMH (3 MaTpHIEI0 Ti€l 3K KOPCTKOCTi) XapaKTepU3yIHOThCS
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3HAYHO MEHIIMMH 3HAYEHHSIMHU MOAYJS MpYy>KHOCTI E, Mexi TekydocTi Gpp Ta MaKCHUMaJbHOTO
HATPYXCHHS Gmax NPH MOPIBHAHIN nedopmariii pyiiHyBaHHS €, BUKOpUCTaHHS O1NbIN €I1aCTHYHOI
MaTpHIli MPUBOAMTH 10 3MeHICHHS E Ta 3naunoro migsuiieHus g, (> 270 %). MexaHiuHi icnuTu
Ha PO3TATHEHHS MOKas3anu, 10 3pa3kd emactuuHoro TPU-1 3 mIecTUKyTHUMH KOMipKaMu y
MOPIBHSIHHI 31 3pa3KaMu 3 T1POiTHOI0 CTPYKTYPOIO XapaKTepU3yIOThCs BUIIMMU 3HaueHHAMH E (2,4
MlIla npotu 1,5 MIla), mo 30iraeTscsi 3 JTaHUMU JOCHTIKCHh HA TPUTOYKOBUI BUTHH (Ta0I. 2), Ta
MEHIIOK BenuuuHOw op2 (0,18 MIla mpotu 0,42 MIla) npu mopiBHsAHIN &, Buxopucranus
3aroBHIOBaYa MPUBOJAUTH 10 3HAYHOTO (Ha MOPSAIOK) MiABUILIEHHS E Ta Gmayx, 3HUKYIOUN IPU LILOMY
€ Y BCIX JOCTIIKYBAaHMX 3pa3KiB HE3AJEKHO BiJl BHYTPIIIHBOI apXiTEKTypH, HANPSMKIB IPYyKy Ta
*)opcTkocTi Marpuili (tadum. 2). Ile BimOyBaeThCs BHACIHIJIOK TOTO, IO 3allOBHIOBAY OOMEKYE
MOJIMBICT JeopMallii CTIHOK KoMipku. be3 3amoBHIOBaua CTIHKM MOXYTh BTpayaTH CTiMKICTh
IUISIXOM YTBOPEHHSI CKJIAJO0K, K€ 3HW)KYE MOJIYI MPYXKHOCTI 1 MIIHICTh, MPOTe 301IbIIye
nedopmaliito BCi€l KOHCTPYKIIT 10 MOMEHTY pyWHYBAaHHS CTIHOK. Y 3allOBHEHOMY €MOKCHIHUM
MOJIIMEPOM MaTepialli CTIHKA KOMIPOK T030aBJIeHI TaKOi MOXJIMBOCTi, TOMY 3allOBHIOBAY J0/1A€
KOPCTKICTh 1 MIIHICTh KOHCTPYKLii, a pyWHYBaHHSA CTiHOK BiIOyBa€TbCS KPUXKO MPU BiJHOCHO
Manux nedopmartisx.

Tabmumig 2

MexaHiuH1 BIaCTHUBOCTI KOMipyacTHX MaTepiaiiB Ha ocHoBl TPU

Tun pemritaactoi | OpienTanis Moaei E, I'Tla ooz, MIla €p, %0 Omax, MIla
CTPYKTYpHU
rOpH30HTAIbHA 0,21/1,46 3,9/18,2 21,0/7,2 7,5/19,3
Ksanparni 450 0,14/1,45 3,0/- 5,8/0,1 4.8/18,8
KOMIpKH
o BEpTHKATbHA 0.11/1.24 2,8/- 2,1/0 3,8/14,1
2 S S— 0,04/1,69 08/146 | 13.6/157 1,4/14,6
= MlectukyTHI
KOMIpKH 0,0017/1,76 -18,1 -/0,14 -/19,2
—
= L TOPM30HTAIBHA 0,0007/1,6 -123,6 -10,2 -124.7
= T'ipoin

[TpumiTKa: B 4YMCENBbHUKY — 3HAUEHHS JJIs1 HE3alIOBHEHHUX 3pa3KiB, B 3HAMEHHUKY — ISl 3a[I0BHEHUX
enokcuaHUM TosiiMepoM. Enokcumuuit momimep: E=3,3 I'Tla, 6ynax =72,9 MIla.

Takum ymHom, Ha mnpuxiaai TPU mnokasaHo, mo BapitoBaHHS mnapamerpiB 3D-apyky,
KOPCTKOCTI MAaTpHIli, T€OMETpli KOHCTPYKLIi Ta 3alOBHIOBaua JAalOTh 3MOTY B HIMPOKUX MEKax
peryJroBaTH JMHAMIYHI 1 CTaTMYHI MEXaHI4HI BJIACTUBOCTI KOMIPYAaCTHX MOJIMEPHHUX MaTepialib.
Ile o0ymMoBIIOE NEPCNEKTHBH iX BHUKOPUCTAHHS Yy BUPOOHHUUTBI (YHKLIOHAIBHUX JeTaylei
HECTaHJAPTHUX (HOPM 13 JIETKOIO Barol0 3 KEPOBAHMMHU XapaKTEPUCTHKAMM ISl 3aCTOCYBaHb B
A€pPOKOCMIYHOI MPOMUCIIOBOCTI, MEIUIMHI, JJIS 3aXHCHOTO MaKyBaHHS TOIIIO.

STRUCTURAL RELAXATION IN TPU-BASED 3D PRINTED POLYMERIC
LATTICE MATERIALS
V. O. Biloshenko’, D. G. Verbylo?, A. M. Pylypenko®, B. M. Savchenko®, N. V. Sova®,

V. V. Chishko*
'Donetsk Institute for Physics and Engineering named after 0.0. Galkin, National Academy of Sciences of
Ukraine, Kyiv
?Institute for Problems in Materials Science I.M. Frantsevich, National Academy of Sciences of Ukraine,
Kyiv

*Kyiv National University of Technologies and Design, Kyiv

Abstract. This study addresses the influence of build orientation, stiffness of matrix and cell
shape on the static and dynamic mechanical properties of 3D-printed TPU-based lattice structures.

Keywords: thermoplastic polyurethane, lattice structures, dynamic mechanical thermal
analysis, mechanical properties
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CHARGE RELAXATION IN CHALCOGENIDE FILMS
UNDER ELECTRON BEAM IRRADIATION

'Bilanych V.S., *Shylenko O., ’Komanicky V., 2Feher A., 'Bilanych V.V., 'Rizak V.M.
' Uzhhorod National University, Uzhhorod, Ukraine
2 Faculty of Science, Safarik University,Kosice, Slovakia
vitaliy.bilanych@uzhnu.edu.ua

Abstract. The results of studies of the processes of electron-induced surface relief formation
on chalcogenide films based on selenium under their point irradiation with an electron beam are
presented. It is shown that the films surface structuring is due to the charge relaxation in the
irradiated region. Interpretation of electron-induced processes is made within the framework of a
two-layer charge model.

Keywords: chalcogenide films, electron beam, surface relief.

Ge-Se and Ge-As-Se films were irradiated by an electron beam using a scanning electron
microscope Tescan, model VEGA. The accelerating voltage 30 kV, spot size 0.64 um, the electron
beam current 60 nA. Electron irradiation dose
was in interval from 10° to 10® pC.cm®™

%30 h Irradiation time of the local film region was
%ﬂ 20 from 0.05 ms to 5 s. The electron beam
'_210 irradiation was in form of square lattice
T consisting of a single |rrad|§t|on event per
" titie, 8 lattice point. The surface relief was studied

using an atomic force microscope Bruker,
50 model ICON. It was found that various types
of relief are formed on the surface of
chalcogenide films - in the form of cones and
depressions, or combined depending on the

o

w 4100 radiation dose. The figure shows the time
: : : variation in the parameters of the surface relief

0 2 4 . ..
time, s caused by the relaxation of the charge inside

depth, nm

the Ge1gAsSSeqy film. It was found that the
surface relief depends on the film thickness and is caused by the formation of a space charge region
and its relaxation as a result of the penetration of an electron beam into the film. The characteristic
relaxation times of the charge depend on the chemical composition of the films. When the surface
relief in the form of cones is formed, the relaxation time is in the range of 2 - 18 ms, and for the
surface relief in the form of craters, itis 1.1 - 3.7 s. It was found that maximal values of the surface
relief parameters occurs are connected with composition dependent mean coordination number at
which the films also exhibit minimal electrical conductivity value.

PEJIAKCALIA 3APAAY B XAJIBKOTI'EHIJIHUX IIJIIBKAX
IMPU OITPOMIHEHHI EJIEKTPOHHUM ITPOMEHEM
B.C. Bizannu®, O. Shylenko?, V. Komanicky? A. Feher?, B B. Biraunu', B M. Pizax’
1Y9fc20podcbl<uﬁ HayioHanbHull yHisepcumem, Yauceopoo, Yrpaina
2Safarik University, Kosice, Slovakia

AHoTaunis. [Ipeocmaeneni pezynomamu 00CNiONCEHb NPOYECi8 eNeKMPOHHO-ITHOYKOBAHO2O0

VMBOPEHHS NOBEPXHEBO20 PENbEQDY HA XANLKOEHIOHUX NIIBKAX HA OCHOBI CeleHy Npu ix MmouKo8OMYy
ONPOMIHEHHI NYYKOM eNeKmpOoHHO20 Mikpockona. I[loxazano, wo noeepxnege CmpyKmypyeaHHs
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0bymosnene penakcayicto 3apsaody 6 onpomineiul obaacmi niiexu. [nmepnpemayis enekmpoHHO
IHOYKOBAHUX NpoYecie 3p00JieHa 8 paMKAx 080UAPo8ol 3aps0060i Mooeli.
Ku11040Bi cjioBa: XaJIbKOTEHIIHI IUTIBKH, €JICKTPOHHUM ITYYOK, IIOBEPXHEBUN PEIIbED.

PEJIAKCAIIVMHI IPOIIECH B PAJIAIIIMHOONNPOMIHEHOMY KAYYYKY
B. ®. 3a60.110THm”11, M. 1. HIyTZ, T.T. Ciqlcapz, M. O. Ponmuumﬁz, M. B. .JIa3apeHK03
1BiHHI/1ubKI/II7I Jiep>KaBHUM MenaroriyHuil yHiBepcuteT imeHi Muxaiina KoiroOuHcbkoro

*HanjonansHuii megarorianuii ynisepeuter imeni M.IT.JIparomasoBa
*HawjionanbHuit YVHIBEPCUTET XapUOBUX TEXHOJOT1N
VYkpaina, Kuis, Byi. [Tuporosa, 9, tsichkar@ukr.net

AHoTauisi. B pobomi oyineno npomikanus peraxcayiiHux npoyecié 6 CKIonodioHomy ma
BUCOKOENACMUYHOMY CcmaHax oOymaodien-wemuicmuponvhozo kayyyky CKMC-10. Jocniosceno
npoyec ck1yeanus (0. — penaxcayis). OyineHo 3MIHU GUKIUKAHT pAOIAYIUHUM ONPOMIHEHHAM OAHO20
enacmomipy.

Kurouosi cioBa: Penakcatiiini mpouecu, pajaiaiiiiHe onpoMiHEHHs, KaydyK.

byranien-metmictuponsauii  kayuyk CKMC-10 06y miggaHuil 3IMIMBaHHIO —IIISIXOM
ONPOMIHEHHS Y-IPOMEHAMHU. B pe3ynbTaTi OnpoMiHEHHS MakKpOMOJEKYIH KaydyKa 3B’ S3YIOThCS
MK cobor mnonepedynuMu C—C 3B’d3KaMu, YTBOPIOIOUM HPOCTOPOBY CITKY, sIKa TYCTIIIA€ MpU
3011bIIEHH] 103U onpoMiHeHHs. [Ipu 1boMy 301IBIIYEThCS TYCTHHA 3pa3KiB Ta 3MEHIIYEThCS Maca
MDKBY3€IbHUX AUISTHOK [1].

Penakcaniiini IIPOLIECH B lgA10?
paaiamiitHoMy BYJIKaHI3aTi P‘
JOCTIIKYBAIUCh METOJOM ‘\ - oror
BIJTbHO3aTyXaH0UNX KOJINBaHb Ha | - 05y
obepHEHOMY BEPTUKATHHOMY i i T Mo
TopciiHOMY MasTHUKY [2]. [ocmiau | i, h Wy ‘:__ v &
TeMIepaTypHUX 3aJIeKHOCTEN 2or + % Fa
norapupMa  JIEKPEMEHTa  3aTyXaHHs i ;\ Yooy /‘
MOKa3aJd  CYTTEBUH  BIUIMB  3MiHHU B ; /1 %

IPOCTOPOBOi CITKM Ha CETMEHTAJIbHY
PYXJHUBICTH B 00JacTi  CKIIyBaHHA P {'
emactromipa CKMC-10 (o0 - mpomec !
penakcanii (Puc.1). Tlpu 30inbiueHHi z
JI031 OIIPOMIHECHHSI TeMIeparypa = P
CKITyBaHHS 3MIIIYETHCS B 00JACTh BUIIIUX o~ 7 { M /
3HAYCHb. | s 1 5t
JlJIs  HEONPOMIHEHOTO elacToMipa af X g b
Temneparypa ckiayBauus T, = — 72°C, A\
st onpomineHoro noszoro 10 MIp T, - PN ( A
cranopuna + 110°C. Ha cmektpax 6 ; L% Ze &
HEONPOMIHEHNX 3pa3KiB Ta 3pasKiB, IIO 1 I k i
Oynu onpomineni no3amu 0,35 ra 5 MI'p Al Y ;
(ra puc. 1 ne 3anexnocti 2 ta 3), 1oOpe = B PEAS

\
-,
-
i

<

A\
4
o R
o
w

4

g O T
HPOSIBISIIOTECS. HE TITbKH OCHOBHHUM O — L e S /
penaKcamiiHMii MakcHUMyM, aie 1 Oy — h fy g
MaKCHMYM, KU 00YMOBIICHHUII . . ; ; ,

MOJIEKYJIIPHOIO PYXJIUBICTIO €1acToMipa = ¢ 2 R

Puc. 1. Croektpum BHYTPIIIHBOTO  TEPTS
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B OLTBII T'YCTO3IIMTHX JiISHKAX. pamiaiiiHO  CTPYKTYpPOBAaHOTO  elacToMipa
[lpu OGimpmmMx 103ax 0 — TpoIEC CKMC-10:
MepEeKPUBAETHCS 3 02 — mpoiiecom. Lle, Ha 1-neonpominenuit; 4-onpominennii 10 MI'p.

HAIlly TYMKY, TOSICHIOETBCS 3POCTaHHIM
YaCTKU CaMe I'yCTO 3IIUTHX AUISHOK.

[lpu unpoMy Temmeparypa HOro MpPOSBICHHS 3pOCTa€, BUCOTa MAKCUMyMY 3MEHIIYETHCA,
UpHHA 301TBITYeThCA. KpiM TOTO OCHOBHUI petakcaliifHui Mpoliec, MOB'SI3aHui 13 CKIIYBaHHIM
MoJIIMEPy, TOTIMHAE PSJ A — pPellaKCAIIHNX MPOIIECiB, MO CIOCTEPIraluch B HEOPOMIHEHUX Ta
OTPOMIHEHMX MaluMHU J03aMu 3pa3kax. Lli mpomecu oOymoBieHI (Pi3UYHUMH 3B’SI3KaMH, IO
ICHYIOTh y BHCOKOCJIACTUIHOMY cTaHi ermactomepiB [3]. Lle cBiqunTh Ha caM mepe;] Mpo HasSBHICThH
JOCUTh BEJIMKOTO0 HAabOpYy «CErMEHTIB» Pi3HOI JAOBXKHHHU, a, OTXKE, 1 Pi3HOI MOJIEKYJISPHOI MacH.
Benukmii HaOip CErMeHTiB, IO PO3MOPOXKYIOTHCS TNPH PI3HUX TEMIEpaTypax, MPUBOAMTH 10
MOCTYIOBOTO 301IbIIICHHS IHTEPBATY CKIIyBaHHS.

B cknononiornomy crani emactomipa CKMC-10 cmoctepiraerscst JOCUTh IHTEHCHBHUH 3 —
penakcaliiiHuii mpouec, SKUil MOB'SI3aHUM 3 MOJIEKYJISPHOI PYXJIMBICTIO OOKOBUX, KIHIEBUX
MOJICKYJIIPHUX TPYI Ta HEBEJIMKUX MDKBY3JIOBUX MIUISHOK MPOCTOPOBOI CITKH [4], 1 Takox €
HaKJIaJaHHAM KUIBKOX THpoueciB. SIK BUJHO 31 CHEKTPIB BHYTPIIIHBOTO TEPTS, ONPOMIHEHHS
CYTTEBO HE BJIMBA€E HA MPOTIKAHHS LIUX MPOIIECIB.

[lpoecn XiMiyHOI penakcalii Ha CHEKTpaX BHYTPIIIHBOIO TEPTA NPEACTaBICHI O, —
mporecoM. lleit mporec moB’s3aHu 13 AecTpykiiero mojimepy — posmagom C—C 3B’s3KiB
nojimMepHux jaHok enactomipy CKMC-10. I3 3061s1bI1eHHAM 1034 ONIPOMIHEHHSI BUCOTA MAKCUMYMY
3MeHIyeTbesl (puc. 1.), 110 TOBOPUTH MNpPO 3MEHIIEHHS IOro BHECKY Yy BHYTpIIIHE TepTH
OIPOMIHEHOI'0 BYJIKaHi3aTy.

V BHCOKOEIaCTHYHOMY CTaHi mpu Temreparypi 0au3bko +220°C MpOsBIAETHCA IIE OJUH
HOBHH penakcauiinuii Z; — mporiec, KUl BiICYTHIN y HEONMPOMIHEHOTO e1acToMipa, 1 mpupoja
SIKOTO 710 KIHIIA 11e He OyJia He 3’sicoBaHa.

Bucora makcumyMmy, MOB’SI3aHOTO 3 LIUM IPOLECOM HpU 30UIBIICHHI /03U ONpPOMIHEHHS
3poctae. [lpu mManmx mo3ax BiH MPOSBISETHCA Y BUTIIAAL «3aTATyBaHHS» B 00JacTh XIMIYHOI
penakcanii (4acTKOBO MakcuMymu Z. i O, — mpoleciB HakmagaroTbes). [Ipu 30iiblIeHH] 103U
OTIPOMIHEHHS €JIacTOMipa TeMIeparypa MposiBy 0. — MPOIECY 3aJUIIAETECS CTalo, a i Z, —
nporecy NOHMWXKYyeTbes. Lle CBIAUMTH Tpo OUIBILY MOJEKYJISPHY pPYXJIHMBICTh CTPYKTYpHHUX
€JIEMEHTIB, 110 BIJIOBIIAIOTh 3a IIeH Mpoliec, B MOPIBHSAHHI 3 aTOMaMU KapOOHY, sIKi HE BTPaTUIH
CBOT'O 3B 513Ky 3 IHIIUMH aTOMaMHU OCHOBHOTO JIAHIIIOTY.

BBakaemo, 1m0 1€l penakcamiiiHUN MpoIec IMOB’sS3aHUN 3 YTBOPEHHSIM B OINPOMIHEHUX
ByJKaHi3aTax HOBUX BiTbHMX C—C 3B’A3KiB 13 pO3ipBaHUX MiJ Yac OMPOMIHEHHS AaHAJIOTTYHHX
3B’SI3KIB. YTBOPEHHSI TYCTIIIOI MPOCTOPOBOI CITKH MPUBOIUTH JO 30UIBIICHHS KOPCTKOCTI
MaTepiany, a 3Ha4uTh, 10 OOMEXKEHHS PYXJMBOCTI yTBOpeHOro 3B’si3Ky. [lpum Benmukux mo3ax
OTPOMIHEHHSI KUIBKICTh TAKUX aTOMIB, SIK1 HE IPUIUMAIOTh y4acTh B YTBOPEHHI MPOCTOPOBOI CITKH,
3pocTae (3pocTae MakCUMyM Z; — IIPOLIECY).

Takum 9uHOM B POOOTI OIIIHEHO MPOTIKAHHS peaKCallifHUX TPOIECIB B CKIIOMOIIOHOMY
(amxue T,) Ta BHCOKOenmacTuayHOMY (Butie T,) cTaHaX, a TaKOX KIFOYOBHIA JJISI TIOJTIMEPIB MIPOIIEC
CKJIyBaHHA (00 — penakcaisi) OyraaieH-meTriacTupoiabHoro kayuyky CKMC-10. OrmineHo 3MiHH
BUKJIMKaHI pajiallifHUM OMPOMIHEHHSM JIaHOTO €JIaCTOMIpY.
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RELAXATION PROCESSES IN RADIATED RUBBER
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Abstract. The course of relaxation processes in glassous and highly elastic states of
butadiene-methylstyrene rubber have been evaluated SRMS-10. Glass transition process (o —
relaxated) have been investigated. The changes caused by irradiation of this elastomer have been
estimated.

Keywords: Relaxation processes, radiation irradiation, rubber.

BILIMB TEPMOIMKJITYHOI OBPOBKMU I HABAHTAXKEHHSAM HA
CYBCTPYKTYPHE 3MIIHNHEHS MATPUIII BOJIOKHUCTOI'O KOMITIO3UIIUHOI'O
MATEPIAJLY All;- B

M. B. JIucuii’, A. L Bizok?, B. M. Caiiuyk’
'BiHHMIBKMI HALIOHATBHYI TeXHITHHI yHiBepcuteT, Binauis, Ykpaina, m.lysyi64@gmail.com
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AHoOTaNisA. ExcnepumenmanbHo OOCHIONCEHO 6NAUE MEPMOYUKTIOBAHHS 8 NONAX 308HIULHIX
HABAHMAICEHb HA (YOPMYBAHHA [ cmMaOiNi3ayito cyoOCmMpyKmypu 6 Mampuyi KOMNRO3Umy 3 Memoi
0ocsicHeHHs  Oinbll  3MIYHEeHO20 Ccmawy 1  PO3UUPEeHHs NIOBUYEHUX — eKCHIYAMAaYItIHUX
Xapakmepucmuk mMamepiany.

KurouoBi ciioBa: KoMIo3ulliifHi Matepianu, CyOCTpYKTYpHE 3MII[HEHHS, BHYTPIIIHE TEPTS,
JUCIIOKAITli, TEPMOIIMKITFOBAHHSI, BOJIOKHA OOpY.

Bigomo, mo tepmornukiaiyHa o06pobka (TIIO) metamiB 1 craBiB BHKJIMKAE CTPYKTYpPHI 1
(a30Bi nepeTBOPEHHs, SKI 3a1eXKaTh BiJl IPUPOJIN MaTepialy, Tpaji€eHTa TEMIEPaTypH, MBUAKOCTI
il 3MiHHM, KUTBKOCTI ITUKJIiB, HassIBHOCTI a00 BiJICYTHOCTI 30BHIITHBOTO HaBaHTaKeHHS. [Ipu mipomy
CTIOCTepiraeThcst 3MiHa (OpMH 1 PO3MipiB 3pa3KiB 1 BKIIOUEHB, MOAPIOHEHHS 3epHAa CTPYKTYpHUX
CKJIaJIOBUX TOIIO. A TOMY BC€ 1€ BUKJIMKA€ 3MIHM 0aratboX (hi3MKO-MEXaHIYHUX BJIACTMBOCTEH
Matepiany. PopMyBaHHS 1 cTabumi3aliss B MaTpUIl BOJOKHHCTOIO KOMIIO3UIINHOIO Marepiairy
CyOCTPYKTYpH 3a MEXaHI3MOM IOJIIFOHI3aIi1 Ta KOMIpKOBOT (hparMeHTallii, Mepil 3a Bce Nnepeciiaye
METy MIJABUIIEHHS 11 (I3UKO-MEXaHIYHUX BJIACTUBOCTEW y HAIpsMKaxX BIIMIHHUX BiJl Opi€HTAIlil
BOJIOKOH, OCOOJIMBO B HAIPSMKY MEPHEHIUKYIIPHOMY JI0 apMYIOUYHUX BOJIOKOH.

Jna  pocnimpkeHHs Oyno BUOpaHO BOJOKHMCTUH KoMmMmno3uiiiiHuii Mmartepian (BKM) 3
MaTpulero 13 TexHiuHoro amomiHiio ADi-B. B poni apmyrounx BosokoH Oynu BosiokHa Gopy. Sk
METOJl JIOCHIKEHHSI CTPYKTYpHOrO CTaHy Marepiany OyjJa0 BHUKOPHUCTaHO MEXaHIYHY
CTHIEKTPOCKOMIIO (BHYTPILIHE TEPTSA) Y MOEJHAHHI 3 METaJorpaiyHUM aHaIi30M 1 BUMIpIOBaHHSIM
MikpoTBepaocTi. Buyrpimne tepts (BT) BumiptoBanu 3a 10moMororw Hu3bkodactoTHoro (1Im)
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npuiagy TUIy 00epHEHOro KPYTHIIBHOTO MasiTHUKA. TepMOIMKIIOBaHHS MPOBOJUIIOCS B 1HTEpBai
TeMIIepaTyp 520°C — 20°C 3oBHilIHE HABAHTAKCHHS po3tary ckmagano 61 10 Kr/MM?

Bimomo, mo B amoMiHIi Ta BOJOKHUCTHX KOMITO3MIIIHHUX MaTepiajiax 3 aFOMiHIEBOIO
MaTpUIIer0 y nporieci popMyBaHHS 1 cTabinizamii 3MIITHIOBAJIbHOI CYyOCTPYKTYpHU Ha TeMIIepaTypHii
3JIC)KHOCTI BHYTPIIIHBOTO TEPTS MPOSBISIOTHCA TPU HE MpyxkHi edektu: A (230) — B3aeMomiero
JMCIIOKAIIN y CTIHKaX 13 TOYKOBUMH AedekTramu, mo AU yHIyI0Th B3A0BXK CyOorpanuis; B (250) —
HEKOHCEPBAaTHBHUM pyXxoM auciokamiii y criakax; C (310) — B3aemoji€r0 TUCIOKAIlid Ta iX
CKYITYEHb yCEpEeInHI IMOIrOHIB 13 JUCIOKALISMH, SIKi YTBOPIOIOTh MAJIO KyTOBI IPAHUII.

TepmonukmoBandHss BKM AD;-B npu HaBaHTa)keHHsAx 6 1 10 KI/MM> 00yMOBIIIOE JOCTaTHBO
mBHIKe (OPMYBaHHS B MATPHIIL MOJITOHAIBHOI CTPYKTYPH, XapaKTepHOI /Ui METAJiB 3 BUCOKOIO
eHeprieto aedexty mnaxyBaHHS. KinbKiCTh TEpMOIMKIIB, [0 OOYMOBIIOIOTH (OPMYBAHHS
CYyOCTPYKTYpH IIpH HaBaHTAXCHHI B 6 Kr/MM? 3MeHmyeTscsi B 1,6 pasu, a ipu 10 Kr/MM? — B 2 pasu.
Tax, Bxe npu 6 — 7 TepMOIMKIaX 3a0e3MeuyeThesi POPMYBAHHS CYOCTPYKTYPH.

OTxe, TEPMOIMKIIOBAHHA B TIOJI 30BHIIIHIX HABaHTAXKEHb, 3a0e3leuyye IPHCKOPEHE
JOCSATHEHHS OUIBII 3MIIHEHOTO  CTaHy 1 PO3MIMPEHHS IHTEepBalTy 30€peeHHs MiJBUIICHUX
eKCIUTyaTallliHUX XapaKTEePUCTHK KOMMO3MWIIHHOTO Matepianmy. CroutbHa i TABUIICHOL
TeMIepaTypd Ta IIOJIiB HAIpyr CcCHpHse mepepo3noniuny naedekriB i ¢opMyBaHHS CTabUIBHOL
cTpykTypu BapitoBanusa napamerpamu TLO i HaBaHTa)KEHHSAM Ja€ MIMPOKI MOXKIUBOCTI JUISI 111Jie
HAMPAaBIIEHOTO KEPYBaHHS MPOIECAMHU CTPYKTYPOYTBOPEHHS, a, OTXKE, 1 OTPUMAaHHS HEOOXITHUX
eKCIUTyaTallliHUX XapaKTepUCTUK MaTepialy.

Jlitepatypa
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INFLUENCE OF THERMOCYCLIC TREATMENT UNDER LOAD ON THE
SUBSTRUCTURAL STRENGTHENING OF THE MATRIX OF FIBER
COMPOSITIONAL MATERIAL AD;-B
M. V. Lysiy*, A. I. Biliuk?, V. M. Saichuk®
Vinnytsia National Technical University (Vinnytsia)
2VVinnytsia Mykhailo Kotsiubynskyi State Pedagogical University (Vinnytsia)

Abstract. Experimental research of the influence of thermal cycling in the fields of external
loads on the formation and stabilization of the substructure in the matrix of the composite in order
to achieve a more strengthened state and expand the improved performance of the material.

Keywords: composite materials, sub-structural reinforcement, internal friction, dislocations,
thermocycling, boron fibers.
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CEKUIA 3. CTPYKTYPHA PEJTAKCALIA Y HAIIIBITPOBIJHUKAX 1
JIEJEKTPUKAX

3AKOHOMIPHOCTI B3AEMO/II MOJIPYBAJIBHOI JJUCITEPCHOI CUCTEMMU 3
OBPOBJIOBAHUM MATEPIAJIOM I YAC TOJIPYBAHHA OITUYHUX
ITOBEPXOHDb

10. J1. (I)i.]IaTOBl, B. 1. Cizmplcol, C.B. KOBaJILOBl, B. B. Fapamemcol, B. A. KoBajiboB’
1IHCTI/ITyT HaaTBepaux MarepianiB iM. B.M. bakyns HAH VYkpainu, Kuis, Ykpaina
filatov@ism.kiev.ua
’HarioHanbHIH TeXHiqHHi yHiBepcuteT YKpainu «KuiBCbKui MOMITEXHIYHUM IHCTUTYT
im. Iropsa Cikopcbkoroy, Kuis, Ykpaina, wikkov@gmail.com

AHoOTaNiA. B pe3zyrbmami 00CNiONCEHHA 3AKOHOMIDHOCHEU GNIUBY  MINCMONEKVAAPHOL
83A€EMOOII MIJIC YACMUHKAMU NONIPYBATILHOZO HNOPOWKY Mda 00pOONI0EAHUM Mamepiaiom Ha
NPOOYKMUBHICMb NONIPYEAHHA ONMUYHUX Oemanel ma eiemMeHmis 3i CKid, CUMAnie, ONMuYHUx ma
HAanienpogiOHUKOBUX KPUCMANI8 6CMAHOBNIEHO, WO HPOOYKMUBHICIb 3HAMMSA 00pOOII08AHO20
mamepiany JiHIUHO 3MeHwylomvbcs npu  30invuwenni  cmanoi  Jligwuys ma nomenyiany
MINCMONEKYIAPHOIL 83AEMOOIT yacmunKu oucnepcHoi ghazu 3 oobpoobarosanoro nosepxuero. llokaszamo,
Wo NPoOYKMUBHICMb NONIPYBAHHS 3MEHULYEMbC NpU  30L1bUEeHH]  eHepeli nepeHeceHHs.
Bcmanosneno, wo 3a ymosu eukopucmauHs OucnepcHoi nonipysanivbHoi cucmemu 3 MIKpo- ma
HAHONOPOWIKI8 00CA2AEMbCST HeOOXIOHUL PiBeHb NPOOYKMUBHOCHI NONIPY8AHHS MA WOPCMKOCHI
00pOONIeHUX NOBEPXOHD.

Kurouosi cnoBa: noznipysanns, oucnepcna cucmema, npoOyKmueHicms NONIPYEAHHS

VY BIAMOBIAHOCTI 10 KiacTepHOi Mojeni moiipyBanHs [1, 2] mpoaykTuBHICTE 0OpOOKH Ta
HIOPCTKICTh OOPOOJIEHHX TOBEPXOHb BU3HAYAIOTHCS KOHIIGHTPAIIEI0 Ta PO3MIPOM YaCTHHOK
[iamy, M0 BUJANSIOTHCS 13 00pOoOIIIOBAaHOI MOBEPXHI, 1 3aJekaTh BiJ €Heprii MIKMOJIEKYISIPHOI
B3a€EMOJIII MK YacCTHUHKaMHU TOJIPYBaJIBHOTO TIOPOIIKY Ta OOpOOIIOBAHOKI TOBEPXHEI0, sKa
BU3HAYAETHCS JICICKTPUIHOIO TPOHUKHICTIO OOpOOIIIOBAHOrO Martepialy, IHUCIEpPCHOi ¢a3u Ta
JUCTIEPCHOTO CepeOBUIIA, a TAKOXK YACTOTAMU BIACHUX KOJMBAHb MOJEKYISIPHUX (PparMeHTiB, 3
SKUX CKJIQJal0Thcsl OOpOOIOBAaHWN Marepiayi Ta MONIpYBadbHUM mMOpomiok. OJHAK MPOIEeCH
B3a€MOIi1 quctiepcHoi (a3u MmoJipyBaIbHOI CUCTEMHU 3 MIKpO- Ta HAaHOTIOPOIIKIB 3 0OPOOIIOBAaHOO
MOBEPXHEIO TPH MOJIIPYBaHHI JETaleld eNeKTPOHHOI TEXHIKH Ta ONTUYHHUX CHUCTEM i3 ONTHYHOTO
CKJIa, CUTaIIB, ONTUYHUX Ta HAIIBIPOBIIHUKOBUX KPUCTANIIB BUBUECHI HEIOCTATHBHO.

MeToro OCTi/DKEHHS € BHBUEHHS 3aKOHOMIPHOCTEH BIUTUBY MiKMOJIEKYJSIPHOI B3a€MOIil
MK YaCTHHKAaMH TOJIIPYBAJIBHOTO TMOPOIIKY Ta OOpOOJIFOBAaHMM MaTepiajioM Ha MPOAYKTHBHICTH
MOJIIPYBaHHS ONTUYHUX JCTallell Ta €JIEMEHTIB ONTOCICKTPOHIKU 31 CKJa, CUTANIB, ONTUYHUX Ta
HAaITiBIPOBITHUKOBUX KPUCTAIIB.

[Ipu MixMonekynspHii B3aeMojili 00poOIIIOBaHOI MOBEPXHI 3 MOJIPYBaJIbHOIO JAUCIEPCHOIO
CHCTEMOIO MiJl Yac MOJipyBaHHS YAaCTHUHKHU IIJIaMy OOpOOJIFOBAaHOTO MaTepialy yTBOPIOIOTHCS B
pe3yabTaTi 30yIKEHHS HOPMaJIbHUX KOJIMBaHb MOJIEKY]1 B OO0OpoOioBaHOMY MaTepiali Ta
YaCTUHKAaX MOJiPyBaJIbHOTO MOPOILIKY, 5KI B3a€EMOJIIOTh BHACTIIOK Jii BaH-J€p-BaaJlbCOBUX CHIL.
Ha ix noBepxHsX 30yKYIOTbCS KJIACTEpH, SIKI CKJIAJAIOTHCSA 3 MOJEKYJISPHUX (PparMeHTIB, 110
3IHCHIOIOTh KOJMBAaHHS 3 XapaKTepHUMHU BIIACHUMH 4acTOTaMU ®z 1 1. [Ipu mpomy enepris
KOJIMBaHb KJIaCTEpIB TMOJIpyBaJbHUX YAaCTHMHOK MEPEBUILYE EHEpril0 KOJUBaHb KjacTepiB
00po0III0BaHOT MOBEPXHI, 1110 3yMOBIIIOE Iepeady €Heprii BiJl YaCTUHKH MOJIIPYBAIBHOTO MOPOILIKY
710 0OpOOTIOBAHOIT TOBEPXHI 32 PaXyHOK JHUTIOJIb-TUTIONBHOT B3a€MO/1T Mi>K HUMHU (DepCcTepOBChKUI
pe3oHaHCHUMI TepeHoc eHeprii). [lepeHoc eHeprii Bil YacTHHKM MOJIPYBaJbHOTO MOPOILIKY IO
00po0:1I0BaHOT MOBEPXHI MOXKE B1I0OYBaTHCh TUIBKHM 32 YMOBH, KOJIM IX XapaKTepHi BJIacHI YaCTOTH
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3aJI0BOJILHSIOTh HEPIBHOCTI ®; < ®p, SKa BIAMOBIJAE 3aKoHy 30epexkeHHs eHeprii. Enepris
B3aemoii U(X) YaCTHHKH MOJIPYBaIbHOIO MOPOIIKY Ta 00pOOIIOBAHOT MOBEPXHI y BiJMOBITHOCTI
no teopii epsrina-Jlannay-®epses-Oepbeka BU3HAUAETHCA B 3aI€XKHOCTI Bix cranoi Jlidmmmms,
po3Mipy d YacTHHKH TONIPYBAJILHOTO IMOPOIIKY Ta BIJCTaHI X MK YaCTHHKOK 1 TOBEPXHEIO.

CepenHe 3HaYCHHS MOTEHLIANTY B3a€EMOJIl YaCTHHOK MOJIPYBaJbHOI'O MOPOLIKY 3 00pOOIIIOBAHOO
d

MOBEPXHEI0 BU3HAYAEThCA y BiAmoBigHOCTI 10 (opmymn W zlj.U (x)dx, a crama Jlidpumms
d 0

3aNIeXKHUTh BiJ CTATUYHHMX JIENEKTPUYHUX MPOHUKHOCTEH MaTepiasiiB 0OpOOIIOBAHOTO E€JIeMEHTa

(€1), moMpyBaNLHOTO MOPOIIKY (€2) Ta AUCIEPCHOTO CepeloBHUINA (€3) BIMMOBIAHO 10 hopmynu AL

= hE(w; — 1) (ze E= [81 _83][82 _83]

[e; +&5]le, +&5]
BUKOPUCTaHHI MOJIPYBAJIBHOI JUCIIEPCHOI CUCTEMH 3 MIKpO- Ta HAHOYACTHHOK CJIiJI BPaXxOBYBaTH,
[0 JucnepcHa (asa CKIAIaeThCs 3 MIKPOCKOMIYHHIX 3€PEeH MOTipyBAIBHOTO TIOPOIIKY, a TUCIIEPCHE
CEPEIOBUILIE € KOJOiAHUM «PO3YHHOM» 3 HAHOYACTUHOK, B 3B A3KY 3 UMM JI€JIEKTPUYHY MPOHUKHICTh
JUCTICPCHOTO CEpEeOBHUIA HEOOXITHO BHU3HAYATH Y BiAMOBIMHOCTI 10 (Gopmymu Binepa-Barnepa

— ¢yskuis gienextpuynoi nponukHocTi) [1, 3]. Ipn

2e,+¢€, —20(g, —¢,)
2(gy +€,)+20(g, —€,)

€;,=¢, (ne €, — mieNeKTpUYHA NPOHMKHICTH PO3YMHHHUKA, ¢ — 00’€MHa
J0JIs1 MIKPO- Ta HAHOYACTUHOK B AMCIIEPCHIN cHCTEMI).

JloclmiDKeHHST  3aKOHOMIPHOCTEHM  TMONIpYBaHHS ONTHYHUX JeTajled Ta  CJIEeMEHTIB
OIITOEJIEKTPOHIKH 3a JJOMIOMOI'O0 JTUCIIEPCHUX CHCTEM 3 MIKpO- Ta HOHOIIOPOIIKIB 3/1HCHIOBAJIOCH
NPy TOJIIPYBaHHI JI€Tajiel 3 ONTHUYHOIO CKJIa, CHUTAJIB, ONTHYHUX Ta HAaIIBIPOBIIHUKOBUX
KpucTaiiB Ha Bepctari moj. 21II-200M 3a 1omoMOro MpUTHPY 3 MIHOMOJIypeTaHy iaMeTpOM
100 MM mipu 3ycHIUTI MPUTUCKAHHSA jaeTani 10 nputupy — 50 H, wactoti obepranus nputupy — 90
00/xB., AOBXkHHI mTpuxy — 80 MM, cepeaHiii Temmeparypi B 30HI KOHTaKTy iHCTpyMEHTa Ta
o0pobimoBanoi aetam 298 K. KoedilieHT MOBEpXHEBOTO HATATY IUCIIEPCHOI CHCTEMH CKiIaiaB 52—
56 mH/M, xoeditieHT TMHAMIYHOT B’S3KOCTi 3MIHIOBAaBCS B JIiala3oHi (0,96—1,19)‘10“3 [la-c, xkytn
3MOYyBaHHs 00POOJIIOBAaHOI MOBEPXHi 3MiHIOBanuCh Bix 21,5° 1o 72,0°, KyT 3MOUyBaHHS MOBEPXHi
IPUTUDPY 3 MiHONOJiypeTany ckianas 38,8°. Konuenrpanis aucnepcHoi Gpasu B AUCHIEPCHIN cucTemi
6,7—-18,7 mac. % (1,9-6,0 06. %) [4]. [TinroToBKa MJIOCKUX MOBEPXOHD CJIEMEHTIB 3 ONTUYHOTO CKJIa
mapku K8 nmiamerpom 60 mm, cutamy mapku CT-50-1 posmipamu 60x48x0,6 MM, actpocuTany
Mapku CO115M niametpom 30 mm (3 3pa3ku), ontuyHoro kpucrtaiy candipy (Al,Os, mnomuna a

[1120]) miameTpom 25 mm, 3 3pa3ku), HaMiBIPOBITHUKOBUX KPHUCTATIIB aHTHMOHINY iHxit0 (InSb)
po3mipamu 18x7,5x2,5 mm (6 enemenTiB) Ta kapOigy kpemuiro (SiC, miommua ¢ [0001], 17
€JIEMEHTIB) 3/IMCHIOBANACh 3a JONOMOIOI0 TPAJAMLIHHUX METOJIB TOHKOI'O Ta HAATOHKOIO
nutidpysanus [1, 5].

Pesynbrat po3paxyHKy mapaMmeTpiB B3aeMmoaii oOpoOJItoBaHOI MOBEPXHI 3 MOMIPYBaIbHOIO
JTUCIIEPCHOI0 CHCTEMOIO IIiJl Yac TOJIPYBaHHS ONTHYHUX ITOBEPXOHb JETalied Ta EJIEMEHTIB
OITOEJEKTPOHIKH 31 CKJIA, CUTAJIB, ONTUYHUX Ta HAIIBIPOBIIHUKOBUX KPHUCTANIIB 3a JOMOMOTIOO
JUCIIEPCHOI CHCTEMH 3 MIKPO- 1 HAHOTIOPOIIIKIB HABEICHO B TAOJIHIII.

Tabnums. Pesynmpratm  po3paxyHKy IapaMeTpiB  B3aeMojaii  oOpoOoBaHOi IMOBEpXHI 3
HOJIip}IBaJIBHOIO AUCIICPCHOIO CUCTCMOIO Ta CKCIICPUMCHTAJIBHOI'O BH3HAUCHHA HpO,Z[yKTI/IBHOCTi
MOJTIPYBaHHS

[TapameTpu B3aemoii O6poOroBaHuil MaTepia

00po6II0BaHOT TOBEPXHI 3

OJIPYBAIBHOIO JUCIIEPCHOIO K8 |CT-50-1|CO115M| Al,O3 InSb SiC

CHCTEMOIO

Koncranra Jlidmms A, 3/x 0,42 0,51 0,37 0,85 0,28 1,15
TToTeHian B3aeMOIii YaCTUHKHU 0,052 | 0,064 0,046 0,106 0,035 0,145
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mucriepcHol dasu 3 (0,32) | (0,40) | (0,29) (0,66) (0,22) 0,9
00poOroBaHo0 oBepxHeo W,

3 x (MeB)

[MpoaykTuBHICTH MoMipyBanus, Q, (0,8+0,3 | 0,7+0,2 | 2,2+0,4 0,9+0,1 5,8+1,5 | 0,7+0,1
mrm/ron, 1072 m¥/c 6,2 5,7 13,0 3,7 13 2,1

B pesynapTari JOCHIIKEHb BCTAaHOBJICHO, IO MPOAYKTHBHICTH 3HATTS OOPOOIIOBAHOTO
MaTepialy Wi dYac TMOJipyBaHHS JeTalneil 31 Ckja 1 CHUTaliB Ta €JIEMEHTIB 3 ONTHYHHUX 1
HATTIBIPOBITHUKOBUX KPHCTANIB JIHIHHO crajae mpu MiABHIICHHI KoHcTaHTH Jlipmumsa Ay, npu
[IbOMY TPOAYKTHBHICTb TOJIPYBaHHS ONTHYHOTO CKJIa 1 CHUTaNiB OLIBII CYTTEBO 3aJICKHUTh BiJ
ctanoi Jlimmist, HiXX TPOTYKTUBHICTh MOJIIPYBAaHHS ONTHYHUX 1 HAIIBIPOBIIHUKOBUX KPHUCTAJIIB
(Tabis.). AHanoriyHa KapTWHA CIHOCTEPIraeThCs Ui TMPOAYKTUBHOCTI 3HATTS OOpOOIIOBAHOTO
Marepiaay B 3aJIeKHOCTI BiJl CEpeIHBOTO 3HAYEHHS MOTEHIlATy B3a€MO1i YaCTMHKH JUCTIEPCHOI
dasu 3 oOpobOmoBanoro moBepxHero W (Tabm.). I[IpoayKTHBHICTH MONIPYBaHHS JIHIHHO
3MEHIIYIOThCS TIpU 301JIBIICHH] €Heprii B3aeMOJIii YaCTUHKU AHMCTIEPCHOI (a3u 3 0OpoOII0BaHO0
MTOBEPXHEIO.

[TokazaHo TakoX, 110 IPOYKTUBHICTH MOIPYBAaHHS JACTAJICH 13 ONITUYHOTO CKJIa 1 CUTaJIiB Ta
eNIEMEHTIB 3 KPHCTANIYHIX MaTepialiB 3MEHIIYEThCS NPH 3pocTaHHi eHeprii mepenecenns Uy

BimmoBigHocti ;o ¢ymkmii 1gQ = — a-lg(U) + P (me a:{l’z, B:{+1,0

0,3 -84
MPOMOPIIHHOCTI, SIKI BU3HAYEHO 32 METOJIOM HalMEHIIMX KBaJpaTiB, MoxuOka anpokcumarii 1 %).
[li 3amexHOCTI CBimYaTh, MO 1 IS aMOppHHUX Tid, 1 JJIA KPHUCTATIYHHX MaTepialliB iCHYE
3QJICKHICTh MK €HEPreTHYHUMHU BUTpaTaMH, HEOOXIHWUMH U1 AUCHEPryBaHHS 00pOOIFOBaHOT
MOBEPXHI Ta YTBOPEHHS YACTHMHOK [UIaMy, Ta IHTEHCHBHICTIO BHJAJIIEHHS OOpPOOIIOBAHOTO
MaTepiany Mij] 4ac mojipyBaHHs.

AHaJi3 MOKa3HUKIB TPOIECY TOJIPYBaHHS ONTHYHUX JCTAlIeH Ta €JIEMEHTIB 3 ONTHYHOTO
CKJIa, CHUTAJIIB Ta ONTUYHHUX 1 HAMIBIPOBIIHUKOBUX KPHUCTAJTIB IMOKa3aB, IO MPOIYKTUBHICTH X
noipyBanus (2,3-13,5)-10° B M3 (0,6-5,8 MKM/TO]1.), @ OPCTKICTh MOJIIPOBAHKUX IMOBEPXOHBL Ra =
(4,9-8,3) HM, 110 BiAMOBIJa€ BAMOTaM 10 ONITHYHUX MTOBEPXOHb.
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V. Bakul Institute for Superhard Materials, NAS of Ukraine, Kyiv
?Institute of Mechanical Engineering National Technical University of Ukraine
"Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv

Abstract. As a result of studying the regularities of the effect of intermolecular interaction
between the particles of the polishing powder and the processed material on the productivity of
polishing of optical parts and elements made of glass, glassceramics, optical and semiconductor
crystals, it was found that the removal efficiency of the processed material decreases linearly with
an increase in the Lifshitz constant and the potential for interaction of particles dispersed phase
with the treated surface. It is shown that the productivity of polishing decreases with an increase in
the transfer energy. It has been established that when using a dispersed polishing system made of
micro- and nanopowders, the required level of polishing performance and roughness of the treated
surfaces is achieved.

Keywords: polishing, dispersed system, polishing productivity

OIITUMUM3NPOBAHHAS SKBUBAJIEHTHASA CXEMA JIABUHHBIX
ONTOSJIEKTPOHHBIX IPEOBPA3OBATEJIEN C YYETOM JE®EKTHO-
NHAYIUPOBAHHOI'O PASBPOCA TAPAMETPOB OBJIACTH YMHOXEHUA

b. A. Aoaukamainos, M. b. Taraes, B. A. Cratos
Kapakannakckuii rocyapcTBeHHbIN yHiBepcuteT, Hykyce, Y30ekucran

AHHOTAUMA. /J[oKnad NOCesiyeH  NOCMPOCHUI0  IKBUBALEHMHBIX — CXeM  JABUHHBIX
gomodemexmopos ¢ yuemom 0eghekmos 8 coe YMHONCEHUS. C UCNONIbI0BAHUEM MEMOO008 PeOYKYUU
epagha cesazeil.

KuroueBbie ciioBa: (GOTOACTEKTOP, JABUHHBIN U0, HEOJHOPOIHOCTH, 00JIaCTh YMHOXKEHHUSI,
HKBUBAJICHTHAS CXeMa

OmauMu W3 BaXHEHIIMX TApaMETPOB OINTOAIEKTPOHHBIX TMpeoOpazoBaTenield SIBISIOTCS
YyBCTBUTEIBHOCT, U Kod(duimeHT BHyTpeHHero ycwieHus. C OITOW TOYKH 3pEHUS IS
PETUCTPAIM ONTHYECKOTO M3TyUYeHUS HU3KOW MOIIHOCTH B BUIUMOM H OJIFDKHEM MH(PPAKPACHOM
JUana3oHax 3HAYUTEIbHBIMU MPEUMYIIECTBAMU B CpPaBHEHHMM €O cTaHpapTHeiMu PIN
KpeMHUEBbIMH ~ poroauogamu. I[loaToMy ¢OTONPUEMHHMKH O3TOr0 THIA HAXOAST IIMPOKOE
MPUMEHEHUE B AaHAIMTHYECKUX a TakkKe adpPOKOCMUYECKHX ycTpoiicTBax. OpHakKo HX
MOTEHLIMAaJIbHbIE IPEUMYILECTBA O CUX HE MOTYT OBITh PeaiM30BaHbl MOJHOCTHIO U3-3a OOJBIION
YYBCTBUTEIHHOCTH IMPOIIECCOB JTABUHHOTO ycuiieHUS (PoToToKa K nedekTaM U HEOJHOPOIHOCTIM
JAaBUHHOW 00JacTH, BKJIIOYas reHepallnOHHO-PEKOMOMHAIIMOHHBIE TPOIIECCHl U IITYMBbI, BEI3BAaHHBIE
WOHM3AINEH TTyOOKHUX IICHTPOB.

OCHOBHBIMU KOMIIOHEHTAaMH CTPYKTYpbl JIaBUHHBIX (OTOAMOIOB SIBISIOTCA 00JIaCTh
MOTJIOMICHUS], C BJCKTPUUYECKUM TIOJIEM, HAIPSIKEHHOCTh KOTOPOrO JOCTATOYHA I pPa3/iesICHUS
(dboToreHepupOBaHHBIX HOCHUTEJECH M WX MepeHoca B 001acTh yMHOKeHus. [Ipu sTom B obnactu
YMHOKEHUSI HEOOXO0AMMO 00ecreunBaTh 3HAYUTENIBHO OO0JIbILIEE OJHOPOIHOE IEKTPUUECKOE IT0JIe
JUIST BHYTPEHHEro ycuiieHus (OTOTOKa 3a CUeT yJapHOW HOHHM3AIMM HOCHUTENEH U JIaBUHHOTO
YMHOXEHHSI. DTO BHYTPEHHEE YyCUJIeHHEe (OTOTOKAa MOXKET JOCTUraTh 10% s KPEMHHEBBIX
JAaBUHHBIX (DOTOIMONOB M BIBOE MEHBIIMX BEIWYHH AJI1 MPUOOPOB HA OCHOBE apCEeHUIA WHIMS-
rajuiis. O4eBUIHON CIIOKHOCTBIO AKCIUTyaTalluu SIBJISETCA MOCpKaHUe HEOOXOANMMOUM pa3HOCTH
MOTEHIIMAJIOB B OO0JacTH YMHOXKEHUS BOJH3M KPUTHUYECKOTO 3HAYEHHUA, JUIS HCKIIOYEHUS
HEKOHTPOJIUPYEMOTO JIAaBUHHOTO MPOOOS M BHICOKHME TPEOOBAHUS KO BXOJHOMY HMITYJIBCHOMY
YCUITUTEN0, OCOOEHHO B pexume cuera (otoHoB [2, 3]. BoOJBIIMHCTBO COBPEMEHHBIX
IPOMBINIIEHHBIX JIABHHHBIX (DOTOMONOB MMEIT CTPYKTYpy P -7-p-n wmmm p’ -z-p-n-n"" | rme
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CJ1a00JIETUPOBAHHBIM  aKUENTOPHBIA  CIOW  COOTBETCTBYeT oOnacTu mnorjomeHus. Panee
MIPEJIOKEHHBIE SKBUBAJICHTHBIE CXEMbl YYUTHIBAJIM MApa3sUTHBIA HMIEAAHC, BbI3BAaHHbBIN
BbI3BaHHbII HAKOIUIEHHBIM 3apsi0M HOCHUTeNlel B 001acTH yMHOXKEHUS [4, 5], maBUHHBIE IIyMBI [0,
7] u psn apyrux 3h(GeKToB, CBS3aHHBIX OCOOCHHOCTSIMH TpPAHCIIOPTa HOCHUTENEH B PEXKHME
JIABUHHOT'O YCUJICHMUS.

[Ipu mocTpoeHMM S5KBUBAJEHTHBIX cXxeM B pabotax [1-7] mpeamosnaraercss jnarepajibHas
OJTHOPOJHOCTH KaK 3JEKTPUYECKOTo Mo, TaK U KodpduuueHTa ymHoxkeHus. Kak nokasanu Hamu
UCCJIEIOBaHMs JTaBUHHO-TIPOJIETHBIX JHOJO0B C MOMOIIBI0 MHUKPOIUIa3MEHHOM Xapakrepuorpaduu,
3TO YCJIOBHE BBINOJIHAETCS HE BCETJa, YTO BBI3BIBACT JIOKAIM3ALMIO MPOOOS M IIYHTHPOBAHUE
TOKOBOTO KaHaa.

Hamu mpemmaratoTcs ONTUMHU3UpPOBaHHAS HKBUBAJICHTHBIE CXEMbI JIABUHHOTO (OTOAMONA C
y4eToM Je(EeKTHO-UHIYIIUPOBAHHOTO pa3dpoca mapaMeTpoB 00JIACTH YMHOKEHHSI a TaKxkKe
NPOCTPAHCTBEHHOW  HEOJHOPOAHOCTH HPOQHIS  JIETUPOBAHMSA, BBI3BAHHBIX  BapHAlMAMU
koappunuenta nuddysuu. [IpenaoxkeHHbIe IKBUBAIEHTHBIE CXEMbI MOT'YT OBITh UCIIOJIb30BaHa JJis
SPICE-monenupoBaHusi 1 aBTOMAaTUYECKOIO CHHTE3a BXOJHBIX YCHJIMTENICH CUTHaja JaBUHHBIX
($h0TOIMO0I0B, B TOM YHCIIE€ B UHTEIPATIbHOM UCIIOJHEHUU.
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OPTIMISED EQUIVALENT SCHEME FOR APD WITH DEFECT-INDUCED
VARIATIONS OF THE MULTIPLICATION LAYER PARAMETERS
B. A. Abdikamalov, M. B. Tagaev, V. A. Statov
Karakalpak State University, Nukus, Uzbekistan

Abstract. The report concerns equivalent scheme for avalanche photodiodes with
inhomogeneities in multiplication layer using graph reduction technique.

Keywords: photodetector, avalanche diode, inhomogeneities, multiplication layer, equivalent
scheme.
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BJMUSHUE I'-OBJ1YYEHUA HA ®OTOJIIOMUHECIHEHTHBIE CBOMCTBA
KBAHTOBBIX SIMAX CDZNSE/ZNSE

M. b. lllapubaes, M. b. Taraes
Kapakannakckuii ['ocynapctsensslii YHuBepcuteT uM. bepnaxa, r. Hykyc,
murat.sharibaev@mail.ru

AHHOTaAUUA. B Oaunoli pabome u3zyueno e6iusHue O0ONYYeHUs Y-KEAHMAMU Co® na
onmu4ecKue XapakmepucmuKku OOUHOYHBIX U HECKOAbKUX cocamo-nanpsicénnvix KA Cd.Zn;.
SelZnSe ¢ cocmasom x=0,2-0,4 evipawieHHbIX MEMOOOM MONEKYIAPHO-NYUKOBOU INUMAKCUU.
H3yuanuce pacnivieanue K8AHMOBLIX AM NOCE 0ONYYEHUS P-K8AHMAMU.

KuroueBblie ciioBa: paauanus, caABUr sHeprun, OJI- UHTEHCUBHOCTH, edopManus.

Opna u3 npo0iem, KOTopasi CAEPKUBAET CO3/IaHUE U KOMMEPYECKOE UCIIOJIb30BAHKE JIa3€POB
IUIs BUIMMOT'O JTMara3oHa Ha OCHOBE TeTepocTpykTypbl ZnSe/CdSe u ero TBEPABIX pacTBOPOB (C
KBaHTOBBIMH siMamH, K5I, B KkadecTBe aKTHUBHBIX 3jeMeHTOB [l]) cBsizaHa ¢ mporeccamu
JierpajJalliy, BbI3bIBAEMBIMU KaK JIA3€PHOM T'€HEpPALUEH, SJIEKTPOHHON MM ONITHYECKOW HAKAYKOU
[2]. [Tpu OwICTpO# merpamanuu J1a3epoB MPOUCXOAMUT IMPOIECC 00pa3oBaHUs, PaCIIPOCTPAHEHUS U
Pa3sMHOXKEHHUS MPOTHKEHHBIX 1e(DEKTOB (IUCIOKAIMN) B aKTUBHOM 00JIaCTH U BHE €€, a 0 MpoLecce
MOCTETIEHHOM Jerpajallud JOMHHHUPYIOT PEKOMOWHAIIMOHHO-YCKOPEHHBIE peakiuu Je(eKTOB B
AKTUBHOMU 30HE.

IKcnepuMeHTaIbLHbIE pe3yJbTaTrhl. Ha Puc. 1 npuBenens! Tunuunsie criekTpbl OJI (T=4,2 K)
IUIsL TeTepOCTPYKTYp ¢ oauHOouHbIMU K (0Opasusl 1-3) 1o u mocne oGmyueHus. IHTEHCUBHOCTD
m3nyuenus K4, (monoca lgw), CyIecTBeHHO MpeBbllIana UHTEHCUBHOCTD U3JIy4eHUsI OapbepHOTo U
Oypepuoro cnos ZnSe. Ilomoca low o0OycioBieHa WU3Iy4eHHEM CBOOOJHOTO 3KCUTOHA,
00pa3oBaHHOTO 3JIEKTPOHOM M TSDKENON ABIPKON (TSKENBIA ADKCUTOH), a Oonee cimabas mosioca,
pacroyio)keHHasi C BBICOKOIHEPTEeTHYECKOW CTOPOHBI, OOYCJIOBJIEHA HW3IyYEHHEM CBOOOIHOIO
HKCUTOHA, 0OpPA30BAHHOTO 3JEKTPOHOM M JIETKOM IBIPKON (JIErKUH 3KCUTOH). DHEpPreTuiyeckoe
nonoxenue low 3aBuceno ot napamerpos K u cmenianocs ot 11=2.602 3B (476.5 uM) (kpuBas a)
1o 1,=2.436 3B (509.0 um) (kpuBas c¢) u manee |, = 2.398 3B (517 um) (xkpuBas d) mo mepe
yBenmyeHus cogepkanus Cd B simax ojuHakoBoi mmpunsl 5 HM. st KA mumpuno#t 9 um ¢ x=0.24
Ha0Ir0a10Ch mojioca ¢ MakcumymoM [,=2.591 3B (478.6 um) (kpuBas b). Ilpu Bo30y)xneHun
a30THBIM J1a3epOM (Aexc=337.1 HM) HOCHTENHM MPEUMYIIIECTBEHHO TEHEPUPOBAIHNCH B TIOKPOBHOM U
OapbepHBIX ciosx ZnSe, Ha rinyoune 1/a+Lg=0.6 Mxwm [ 3], Tne a-koaddunmeHT noriomenns, Ly
mudQy3noHHas JUIMHA HEOCHOBHBIX HocuTenel, paBHas ~0.5 mxm. Crnextper @JI o6pasmos 1-3 B
AKCUTOHHOM oOyacTu ZNSe conepskanu HaOOp MTUHUI O0O0YCIOBIEHHBIX U3Ty4EeHHEM CBOOOIHBIX U
CBS3aHHBIX SKCUTOHOB. Jlyi1 cpaBHEHHMsI Ha O3TOM K€ pHUCYHKEe mpencTtaBieH cnektp OJI
anuTakcuabHOro ZNnSe cios, OC, TommuHOW 1.5 MKM, HaHECEHHBIH Ha IOJIYHU30JUPYIONIYIO
noanokky GaAs mo TexHonoruu, onmucanHoi B [4] (kpusast ¢). Crektp @JI ot ZnSe DC conmepxan
0JIOCY lex"=2.802 B (442.6 uMm), COOTBETCTBYIOIIYIO 3KCUTOHY, PaCLICIUIEHHOMY
HATPSOKCHUSIMHU PACTSHKCHHS Ha JIBE KOMIIOHEHTHI (KOMITOHEHTa lpx OTYETIIMBO HE pa3pemnranach
U TPOSBISUIACH MPH OONbIIEM YCWJIEHHH B BHJE IUIeYa C BBICOKOIHEPreTUYECKOH CTOPOHBI) U
nonocy 1,°=2.796 5B (443,5 HM ), COOTBETCTBYIOIIYIO SKCHTOHY, CBSI3AHHOMY Ha HEHTPATBHOM
nonope. Habmomanace Takke MHTeHCHBHas mosoca ly=2.773 3B (447.1 uM), cOOTBETCTBYIOIIAS
npoTsKEHHBIM AedexTaM [5] u Yo-nonoca ¢ lyg=2.602 3B (476.5 um).

C KOpOTKOBOJHOBOM CTOpPOHBI IOJIOCHI I mabmomanocs momoca Iy, BEPOSITHO TaKXke
00ycIOBJIeHHAs MPOTHKEHHBIMU JedekTaMu. B criekrpax ®JI oT mokpoBHOTO U GapsepHOTo ZNSE
cioeB Ha obOpasnax ¢ K onucanHast Bbllle cepus MOJIOC B OKOJIOKPAEBOM 0OJIACTH COXPAaHAJIACh.
ITo mepe yBenmmuenusi coxaepkanus Cd B K5 (0JHOBpEMEHHO M BEIMYHMHBI PACCOTIIACOBAHHS
napameTtpoB pemérok ZnSe u CdyZn;,Se) yBean4nBaioch >HEPreTUYeCKOe PaclIeIUIEHHE MEXKITY
nomocamu lex™, 1 Iex™, YeMy COOTBETCTBOBAJIO CMEIIEHHE TOJIOCHI lex" B CTOPOHY OOJIBLINX
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sHepruil. T.o. ¢ poctom conepxanus Cd BennuuHa ynpyrux aedopmaruu B cioe ZnSe BOIU3U
KJ1 yBennunBanace.

] r.TE 275

PL intensity (a. u.)

&)

x1.5

iz il 1-1!5 I 1-13 I 1-5I|:|
A, Nm

Puc. 1. Huskoremnepatypusie ®DJI cniektpsl ZnSe OydepHOro cios obdpasna eAMHUYHOM

kBanToBO# ssMbl CdZnSe/ZnSe KX (N3) go (b) u mocne obnydenus (a). Jns cpaBHEHHs

npuBejieH criekTp PJI sanurakcuanbHOro ZnSe ¢iost, TOMMMUHON 1.3 MKM

Ha nexoropbeix oOpasnax moyoca 1, BbINILIENa B BHAE ny0sieTa, 4TO CBS3aHO HATIMYUEM
JBYX THUIIOB JIOHOPOB B IpPEIHAMEPEHHO HEJIETMPOBAHHBIX CIOSX. B psme ciaydaeB mposBisiach
takke nojuoca 1,=2.789 sB (446 HM), TIOJIO’)KEHUE KOTOPOH HE M3MEHSUIOCH OT 00pa3ia K 00pasiry
(T.e. TpPaKTHYECKH HE 3aBUCEJIIO OT HANpPSHKEHUH ) W HE 3aBHCENI0 OT TeMIeparypbl . ITo
CBHUJIETEJILCTBYET B TOJIb3Y CBS3HM MOJOCH |y C mpoTspk€HHBIMU nedextamu. [locne oOmydenus
MpoUCXoamiIo u3MeHeHne Buaa cnektpoB PDJI kak oT samM, Tak u oT ZnSe OydepHoro cios. B
cnektpax HT ®JI or Kf mocne ob6iyuyeHuss IpOMCXOAWIO CMELIECHHE IOJIOKEHUS MaKCHUMyMma
nosnocsl low (TSKENBINA SKCUTOH) Ha 00pa3uax 1 U 2 B CTOPOHY MEHBIIUX SHEPIUH , @ Ha JPYTUX B
CTOPOHY OOJIBLINX PHEPTUll (KpUBBIE C,).

WNuTerpanbHasi MHTEHCUBHOCTh U3ITy4EHUS, KaK MPaBUIIO, yMEHbIIanach ciabo (Ha obpasie 3
OHA MPAKTUYECKH HE M3MEHWIIACH), a TMONYIIUPUHA HECKOJIBKO Bo3pacTaia. [Ipu 3ToM Makcumym
U3JTyYCHHs JIETKOTO SKCHTOHA MEHee MHTEHCHBHOM mosockl, (mepexos lelh) tarke cmemancs B
00JaCTh MEHBIIIHX 3H€EFI/II71, st o0pa3zoB 1, 2; mpakTUYeCKH HE cMmemancs s oOpasma 3.
Benmnunna cmemenus | qw, Kak ImpaBuio, IpeBbIIIaNa BEIMYUHY CMELICHUS OCHOBHOH IOJIOCHI
low. Cnextpsr ®@JI B skcuToHHON 06mactu OydepHoro ZnSe cnoes BOum3u KA mocne obmydeHus
TaKXe TPaHC(HOPMUPOBAIUCE.

BoiBoabl. MexaHu3M paJHaIllMOHHON ycKopeHHo# aerpamammu CdZnSe/ZnSe KSI Obin
00BICHEH C YUETOM (1) CYIIECTBEHHOT'O BIMSHUS 3HAKOTIEPEMEHHBIX MOJICH U UX peaKcaluy;

(if) yckopeHHOH nehOPMALMOHHBIME W KOHIICHTPALMOHHBIMU TpajueHTamMu BOim3u [P
nauddysun Oosee MOIBIKHOTO dIeMeHTa KaTHOHHO# noapemérku Cd;

(ii) HeoTHOPOIHOM IO TITyOMHE UCXOMHOM Je(PEeKTHOM CTPYKTYpOi 00pa3IoB-CKOMIeHHEM V7,
BOmm3u I'P-KS Gapeep. [lpemnokeH paaualiMOHHO-YCKOPEHHBIM MHKpoMexaHu3M uddy3un
3JIEMEHTA KATHOHHOM MOJAPEMIETKH C Y4ETOM BaKaHCHM 3TOM K€ IMOAPEIIETKH.
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THE EFFECT OF I'-IRRADIATION ON PHOTOLUMINESCENT PROPERTIES
OF CDZNSE / ZNSE QUANTUM PITS
M. B. Sharibaev, M. B. Tagaev
Karakalpak State University named after Berdakh

Abstract. In this paper, the effect of irradiation with y-quanta Co® on the optical
characteristics of single and several compressed-stressed Cd.Zn;.,Se/ZnSe is a composition with a
composition x= 0.2-0.4 grown by molecular-beam epitaxy. The breakdown of quantum pits after
irradiation by y-quanta was studied.

Keywords: radiation, energy shift, fl intensity, deformation.

INFLUENCE OF ASSOCIATED STATES OF OXYGEN ON IR ABSORPTION IN
SILICON DOPED WITH MOLYBDENUM

Sh. Kh. Daliev, A. D. Paluanova
Institute of Semiconductor Physics and Microelectronics at the National University of Uzbekistan,
Tashkent, shakhrukhd@mail.ru

Abstract:Using an infrared spectrophotometer, the effect of heat treatments on the
concentration of technical impurity of silicon doped with molybdenum was studied.

Keywords: silicon, impurity, molybdenum, diffusion, doping, growth, infrared
spectrophotometer.

In recent years, interest in silicon doped with refractory elements has increased, which is due
to the search for semiconductor materials with special properties [1-2]. These specially introduced
impurities enter into various interactions with structural defects and various uncontrolled impurities
in the process of technological treatments, which are accompanied by almost any route for the
manufacture of semiconductor devices. It is known that various high-temperature treatments lead to
a change in the defect structure of monocrystalline silicon [3]. This is accom panied by the
formation of various associated states of technological impurities, for example, oxygen atoms in
silicon. Depending on the processing temperature, new phase states of technological impurities are
formed - particles of the SiO; or SiOy type.
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In this regard, the purpose of this work was to study the interaction of molybdenum atoms
with associated states of oxygen - one of the technological, uncontrolled impurities in silicon. The
initial samples were n-Si and p-Si grown by the Czochralski method with an optically active oxygen
concentration No® = 8 x 10*" cm™. The resistivity of the initial specimens was 15+20 Ohm-cm, the
thickness of the polished specimens, depending on the task at hand, was 1+1.5 mm. The oxygen
content No™ was estimated from the infrared absorption spectra in the 1100 cm™ region (oxygen
band at 9.1 um), measured on a Specord - IR-75 infrared spectrophotometer in a two-beam scheme
at 300 K according to known formulas [4].

After measuring No° in the initial silicon samples, a molybdenum impurity was introduced
into them by the diffusion method from a high-purity metallic Mo layer deposited in a vacuum in
the temperature range 1100-1250°C. After diffusion of molybdenum in the same samples, No™' was
again measured by IR absorption.

Analysis of the IR spectra at a wavelength of A = 9.1 um shows that after the introduction of
molybdenum atoms into Si, a decrease in the concentration of optically active oxygen by 15+ 30%
was observed in comparison with the control samples heat-treated under the same conditions as the
diffusion of Mo.

An analysis of these dependences shows that the effect of a decrease in the concentration of
optically active oxygen No® depends on the diffusion temperature and the cooling rate after it, that
is, on the concentration of atoms of the introduced molybdenum: the more Ny, the greater the
decrease in the value of No™",

It is known [5] that during high-temperature treatment at T = 1100°C, oxygen atoms
precipitate, that is, free interstitial oxygen passes into the second phase with the formation of SiO,
particles.

Measurements of IR absorption spectra in heat-treated silicon samples showed that high-
temperature treatment at 1100°C, accompanied by the precipitation of oxygen atoms, leads to a
significant decrease in No™ - by 45+50%. It was shown above that the introduction of a
molybdenum impurity in Si leads to a decrease in the concentration of optically active oxygen No™
by 15+30%. A similar effect was not observed in samples preliminarily subjected to HTT and then
doped with a molybdenum impurity. This is probably due to the peculiarities of the interaction of
impurities of refractory elements with the associated states of oxygen atoms in silicon.

Apparently, molybdenum atoms, when introduced into preliminarily heat-treated silicon,
settle on SiO, accumulations, as a result of which they probably lose their electrical activity. This
explains the difference in the change in the IR absorption spectra in silicon samples doped with
molybdenum with and without preliminary high-temperature treatment.

Thus, it was found that the diffusional introduction of molybdenum into Si leads to a decrease
in the concentration of optically active oxygen by 15+30%. A similar effect was not observed in
preliminarily heat treated silicon containing associated oxygen states.
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INFLUENCE OF NANOSCALE DEFECT CENTERS IN THE SILICON VOLUME ON
DEFECT FORMATION PROCESSES
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Abstract. In this work, it was found that the introducing of impurities of T-ions into the silicon
lattice by high-temperature diffusion inevitably leads to the formation of a number of silicides on the
surface of the samples, which have a noticeable effect on the defect formation processes.

Keywords: silicon, manganese, T-ion, heat treatment, diffusion, defect.

In recent years intensive studies of defect formation processes in semiconductors, basic materials of
modern microelectronics and power electronic engineering, ways to optimise the technology of creating
various semiconductor devices are being investigated, highly sensitive methods of defect detection are
being developed. The growing requirements to semiconductor materials science and instrumentation are
caused by these requirements and can only be satisfied by using new materials and new physical principles
for making high-efficiency semiconductor devices.

At present and for the nearest decade the main material for microelectronics and power
instrumentation remains silicon. Therefore, the problem of crystalline structure defects and impurities in
silicon is one of the urgent tasks of semiconductor physics. Up to now in spite of the great number of
experimental data there is no complete understanding of mechanisms of defects appearance, different lattice
distortions induced by defects and impurities, their electronic structure, interrelation, diffusion mechanisms
etc.

The aim of our work was to investigate the formation of nanoscale defect centres in manganese-
doped silicon. The influence of different technological factors such as temperature diffusion interval,
diffusion duration and post-diffusion cooling rates on the efficiency of deep centres formation created by
manganese impurity was investigated using a set of non-stationary capacitive deep level spectroscopy
(DLTS) and photocapacitance methods.

Silicon alloying of SEP (Silicon-Electron-Phosphorus) was carried out by the diffusion method in a
vacuum from a sprayed layer of metallic manganese of specific purity at 900 — 1200 °C for 2 hours
followed by quick or slow cooling.

From complex studies of defect formation processes in Si<Mn> by DLTS methods it was found that
the diffusion introduction of Mn into Si leads to the formation of four DL with fixed ionization energies Ec-
0.13eV, Ec-0.20 eV, Ec-0.42 eV, Ec-0.54 eV.
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It was found that the introduction of impurity T-ions into the silicon lattice by high-temperature
diffusion inevitably leads to the formation of a number of silicides on the sample surface that have a
significant influence on defect formation processes.

Multiple development of technological regimes made it possible to obtain doped crystals with
reproducible and stable parameters. The results obtained showed that at some modes of high-temperature
diffusion the precipitation of introduced impurities and the formation of their complexes with technological
impurities are observed. In some experiments, for example, in determining the energy spectrum of defects
created by an impurity, it is necessary to avoid formation of precipitates of impurities and their complexes.
In such cases it is necessary to determine the process regimes that allow obtaining samples with the desired
spectrum of defect centres and the required parameters. Having established the precipitation temperature
regime for manganese admixture, in each case we selected the temperature of admixture diffusion, the rate
of sample cooling after diffusion and the diffusion time.

Thus, as a result of working out the technological regimes of silicon doping with manganese
admixture, it was found that only when following a certain sequence of the below mentioned mechanical
and chemical treatments we can obtain silicon single crystals with more or less perfect structure. Failure to
comply with at least one of the operations included in the technological mode of sample surface cleaning
before the diffusion of specially introduced impurities or heat treatment of control samples, as well as in the
manufacture of diode structures based on initial or doped silicon leads to the formation of various
undesirable defects (structural or impurity) on the surface and in the silicon.

References

1. Milns L. Primesi s glubokimi urovnyami v poluprovodnikakh. M., Mir, 1977, 547s.

2. Fizika i materialovedenie poluprovodnikov s glubokimi urovnyami. Pod red. V.l.Fistulya. M.,
Metallurgiya, 1987, 232 s.

3. Zolotukhin 1.V., Kalinin Yu.E., Stongei O.V. Novye napravleniya fizicheskogo materialovedeniya.
Voronezh: Izd. Voronezhskogo gosuniversiteta, 2000. — 360 s.

4. Litovchenko V.G., Lisovkiy I.P., Kladko V.P. Influence of defects on the structure of oxygen
precipitates in silicon crystals. Ukr. J. Phys. - 2007. - V.52, N 10. - P. 958 - 966.

BJINSAHUE HAHOPABMEPHbBIX IE®@EKTHBIX HEHTPOB B OB bEME KPEMHUS HA
HPOLHECCHI AE®PEKTOOBPA3OBAHUA
III. b. YTaMypaszal, K. A. HCMaﬁHOBZ, X. IO. YTeMypaTOBaZ, . P. Papmanos’
1Haqu0-HccnenOBaTenb<:Km71 WHCTUTYT (PV3UKH TIOTYITPOBOTHIKOB M MHKPO3JICKTPOHHUKH
HammonansHoro yHuBepcutera Y30ekucTana iMeHH Mup30 Vnyr6el<a1,
r. Tamkent, 100057, PeciyOnuka Y30ekuctan
E-mail: sh-utamuradova@yandex.ru
2KapaKanHaKCKI/1171 rOCY/IapCTBEHHBIN YHUBEpCUTET MMEHH bepraxa

AuHoTamms. B oaunnoit pabome obmapysiceno, umo eeedenue npumeceti T-uonos 6 peuemxy
KPeMHUsL ymeM BblCOKOMEMNEPANypHOU Ouddy3uu Heu30eicHo nPusooUm K 00pa3oeaHuio yeioeo psod
CUTUYUOO8 HA NOBEPXHOCIU 00PA3Y08, KOMOpble OKA3bIBAION 3aMeMmHoe GIUsHUe HA Npoyeccsl
Oeghexmoobpazoeanus.

KroueBbie cji0Ba: KpeMHUH, MapraHer], T -HoH, TepMooOpadoTka, muddy3us, nedekT.

INFLUENCE OF IMPURITY COMPOSITION ON THE EFFICIENCY OF FORMATION
OF RADIATION DEFECTS IN SILICON

Sh. B. Utamuradova, Z. O. Olimbekov, D. A. Rakhmanov
Institute of Semiconductor Physics and Microelectronics at the National University of Uzbekistan,
Tashkent, Uzbekistan, sh-utamuradova@yandex.ru

92


mailto:sh-utamuradova@yandex.ru
mailto:sh-utamuradova@yandex.ru

3. CTpyKTpyHa penakcallisl y HaliBIIPOBITHUKAX 1 TieNIEKTPHUKaX
Structural relaxation in semiconductors and dielectric crystals

Abstract. In this work, studied the effect of platinum impurity on the efficiency of the
formation of radiation defects in silicon by methods of deep level transient spectroscopy (DLTS).
Keywords: silicon, radiation defect, alloying, deep level, platinum

It is known that the behavior of materials under irradiation is largely determined by the nature
and concentration of impurities interacting with primary radiation defects [1-2]. In addition, the
processes of complexation in irradiated semiconductors are determined by the concentration ratios
of certain defects, their charge state, and the defect structure of the crystal as a whole [3]. It is of
considerable interest to study the effect of irradiation on crystals in which, in addition to the main
impurity, other active impurities with deep levels in the forbidden band are introduced, which
effectively interact with radiation defects.

In this regard, the aim of this work is to study the effect of a platinum impurity on the
efficiency of the formation of radiation defects in silicon by methods of deep level transient
spectroscopy (DLTS). To carry out capacitive measurements on the samples under study, diode
structures were fabricated according to the well-known technique [4]. Measurements and processing
of spectra are also described in detail in [4, 5].

The studied samples were n-Si doped with a platinum impurity by the diffusion method. The
control samples were n-Si samples with the same p =20 Ohm-cm and different oxygen content - the
so-called "oxygen" Si with a concentration of optically active oxygen atoms N = 6-10' + 1.2-10"®
cm™ and "oxygen-free" Si with ¢ No™ <10'® cm™. The samples were irradiated at room temperature
with y-quanta of ®Co with a flux intensity of ~ 3.4-10" kv/cm?*'s.

Earlier [6], we showed that doping of single-crystal silicon with a platinum impurity by high-
temperature diffusion results in the formation of two deep levels with ionization energies Ec —0.21
eV and Ec—0.25 eV in n-Si <Pt>, and on DLTS spectra of p-Si samples <Pt>, 2 deep levels(DL) are
observed with fixed ionization energies in the lower half of the band gap: Ey + 0.20 eV and Ey +
0.41eV.

Analysis of the measured DLTS spectra showed that only deep levels Ec — 0.25 eV and Ey +
0.20 eV are associated with Pt atoms in Si. The levels Ec — 0.21 eV and Ey + 0.41 eV are also
observed in the control heat-treated (without Pt) samples. It was found that the concentration of DL
Ev + 0.41 eV depends on the degree of cleaning of the sample surface before thermal annealing. In
the samples subjected to thorough acid-peroxide washing before diffusion, the concentration of DL
Ev + 0.41 eV is quite insignificant.

Analysis of the measured DLTS spectra shows that as a result of y-irradiation, both in the
control n-Si samples and in the n-Si <Pt> samples, a new level is introduced with an ionization
energy Ec-0.17 eV and an electron capture cross section oy = 1-10™ cm? The values of the
parameters of this DL refer to a known radiation defect - vacancy-oxygen complexes (A-centers). It
follows from the results obtained that the presence of a platinum impurity in the silicon lattice leads
to a slowdown in radiation defect formation: the concentration of the A center in the n-Si <Pt>
samples is 2-3 times lower than in the control samples. Moreover, the higher the concentration of
platinum, the lower the concentration of radiation defects.

Note that y-irradiation at high doses (F=8-10"® kv/cm?), in turn, leads to an increase in the
concentration of Ec-0.25 levels associated with platinum atoms in Si. It is assumed that the increase
in the deep levels of platinum with an increase in the irradiation dose is due to the activation of Pt
atoms in the neutral state.

Thus, the presence of platinum atoms in the bulk of silicon significantly reduces the efficiency
of formation of the known radiation defects of A centers (vacancy - oxygen complexes) and E
centers (vacancy - phosphorus complexes). This effect, apparently, should be associated with the
peculiarities of the interaction of specially introduced impurities with defects introduced by
irradiation.
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THE PROCESSES OF INTERIMPURITY INTERACTION IN SILICON DOPED WITH
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Abstract.. In this work, it was found that the concentration of deep centers associated with
chromium atoms in silicon in Si <Ho, Cr> samples is 3-4 times higher than in Si <Cr> samples.
Keywords: silicon, chromium, holmium, deep center, alloying, defect.

It is known that the presence of rare-earth impurities in the bulk of silicon increases its
thermal stability and radiation resistance [1-2]. We have previously shown that the ability of
transition element atoms to migrate in the silicon lattice leads to thermal instability of the
parameters of deep centers created by them [3]. Therefore, we studied the effect of holmium atoms,
one of the rare earth elements, on the energy spectrum of deep centers created by chromium and the
behavior of its atoms using deep level nonstationary capacitive spectroscopy (DLTS).

For the experiments, we used n-Si and p-Si samples doped with Ho in the process of
growing from a melt with a resistivity p= 1020 Ohm * cm, with orientation in the <I11> direction.
As control samples, we used n-Si and p-Si samples grown by the Czochralski method with an
optically active oxygen concentration of N,°" =8-10'" cm™ with p values close to the resistivity of
Si<Ho> samples.

To study the inter-impurity interaction, Si samples doped with Ho during growth were
additionally doped with Cr by the diffusion method in the temperature range 9001250 °C. Then,
diode structures were created on these samples for carrying out capacitive measurements.
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Measurements of DLTS spectra in Si<Ho> samples showed that no deep centers are
observed in them in an appreciable concentration, although the data of neutron activation analysis
indicate the presence of Ho atoms in the Si lattice in rather high concentrations up to 6 10 em?®,
These data show that Ho atoms are not electrically active in silicon.

Measurements of DLTS spectra in Si<Ho> samples additionally doped with chromium
showed that the presence of Ho atoms in the Si lattice has a significant effect on the defect
formation processes: in the presence of Ho atoms, the efficiency of the formation of deep centers
associated with Cr atoms in Si increases. Note that the presence of a holmium impurity in the
Si<Ho+Cr> samples leads to an even greater decrease in the efficiency of thermal defect formation
in comparison with Si<Cr>.

Analysis and comparison of the results of measurements of DLTS spectra in Si<Ho> and
Si<Ho, Cr> samples show that the concentrations of deep centers associated with chromium atoms
in silicon (Ec-0.41 eV, C: Ec-0.51 eV) in samples Si<Ho, Cr> 3-4 times higher than in samples
Si<Cr>. The observed increase in the concentration of deep centers bound to Cr in Si can probably
be explained by the fact that Ho atoms introduced into Si in a rather high concentration occupy all
sinks and other imperfections of the silicon lattice.

We have previously shown [4,5] that there is a difference of 1.5-2 orders of magnitude
between the value of the limiting solubility of chromium in silicon and the concentration of
electrically active atoms of Cr. It can be assumed that these differences are associated with the
deposition of some of the introduced chromium atoms on some inactive sinks or the binding of
these atoms into neutral complexes. The presence of holmium atoms in the Si<Ho, Cr> samples that
occupied these sinks increases the fraction of electroactive chromium atoms in silicon.

Note that the presence of Ho atoms in the Si lattice prevents the formation of thermal
defects. It was found that the efficiency of the formation of a center with an ionization energy Ec-
0.20 eV, caused by heat treatment, is much lower in the n-Si<Ho> samples compared to the control
n-Si.

The deep centers created by chromium in silicon, as we found earlier, are unstable even at
room temperature. Therefore, it was interesting to study the kinetics of low-temperature annealing
of deep centers associated with chromium atoms in the presence of holmium impurities in the Si
lattice at various concentrations.

Thus, it has been established that holmium atoms, without exhibiting electrical activity in
silicon, increase the efficiency of the formation of deep centers associated with chromium in Si and
stabilize the properties of these centers.
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AHoOTaniAg. FEHnepcemuune mMpakmy@aHHs Kpugoi emomu 'y 6ucnadi  MooughikoeaHoi
sanexcnocmi Cmpometiepa 8UKOpUCMAano 01 GUSHAYEHHS 63AEMO38'A3KY 3 Jiniclo Ppenua, saxa
NPUUMAEMbCA AK ONUCAHHA 008208IYHOCMI HA CMAOii 3apoodicennss mpiwunu emomu. Jlinia @penya
I Kpusa 8momu 3acmocosami 011 no0y0osu cxem NiOCYMOBYBAHHA BMOMHUX NOUKOONCEHb 3d
SMIHHUX PENHCUMIE YUKTIYHO20 HABAHMANCEHHS.

Kuio4oBi cj10Ba; J0BTrOBIUHICTh, BTOMHE PYWHYBAaHHS, 3apOJKEHHS TPINIUHU, CTYIIHYATE
HaBaHTAXXCHHS, CTaJil BTOMH, MiJICYMOBYBaHHS BTOMHHUX MOIIKOJKEHb.

3Ha4yHa KUIbKICTh HasBHUX Y JITEPATypHHUX JUKEpesiaX 3alpOINOHOBAHUX METO/IB BUZHAYCHHS
JIOBrOBIYHOCTI MarepiajiB 3a 3MIHHMX PEXKHUMIB IMKIIYHOTO HaBaHTaXeHHs [l] He nae
OJTHO3HAYHOTO YHIBEPCAJIBHOI'O PIlIEHHS JI NMPOTHO3YBAHHS BTOMHOI JOBTOBIUYHOCTI peabHUX
€JIEMEHTIB KOHCTPYKIIIH 3a eKCIUTyaTalliiHUX YMOB HaBaHTaKeHHs. [le moB's3aHO K 3 HEIOCTATHRO
JOCKOHAJIbHUMHM METOJaMH MOJICITIOBAHHSL EKCIUTyaTalliiHUX pPEXHMIB HaBaHTa)KEHHsS, TaK 1
HECIIPOMOJKHICTIO €IMHUM IiIXOJJOM OXOIUTH BCl MOKJIMBI MEXaHI3MU BTOMHOTO MOIIKOKEHHS
MaTepiaiiB, BpaXOBYIOUH IX PI3HOMAaHITHY CTPYKTYpY, MEXaHI3MH 3apOJIKCHHS 1 pOCTY TPILIMH 3
OTJISITy Ha PI3HY IMOBEIIHKY MaTepialiB 3a yMOB Aii pi3HOI MOCIIiJOBHOCTI 3MiHM LHKJIIYHOI Ta
CTaTUYHOI CKJIaJOBUX HaBaHTaxeHHsA. OJHAaK, 3arajllbHOI0 3aKOHOMIPHICTIO MPOLIECY BTOMHOI'O
MOIIKO/DKEHHS € HAasBHICTh OCHOBHHMX HOro CTailil: JOKaJbHE 3MIIHEHHA YH 3HEMII[HEeHHS
MaTepialy BHACIIJIOK MIKPOIUIACTHYHHUX JAedopmariiii, 3poKeHHS 1 pICT KOPOTKUX TPILIHH
(cTpykTypHO- Ta (pi3MYHO KOPOTKHX), PICT JOBrHX TpinmH. Ha BCiX mMX cTamisx 3aKOHOMIpPHOCTI
BTOMHOTO MTOIIKOJKEHHS Pi3Hi, TOMY iX HEOOX1IHO BUBYATH 1 ONMCYBATH HA KOXKHIN CTail OKpeMo.

Bigmomo, mo B o0jacTi 0araTONMKIOBOI BTOMH OljbIlla YacTHHA LMKIIYHOI JTOBIOBIYHOCTI
MOB'AI3aHA 3 3aPO/KEHHAM 1 POCTOM KOPOTKHUX TpimuH. MOKHa BBaXaTH, 110 MPH BUKOPUCTaHHI B
€KCIIepUMEHTaxX 3pa3KiB Majoro po3Mipy 3arajibHa JOBIOBIUHICTH /10 PYHHYBaHHS CKJIQJa€ThCS
came 3 nux cTafiil. Take mpunyImeHHs NPUIHHATO Y MOCTiAYIOYHX BUKIAIKAX.

Panime namu Oyno 3ampoONOHOBAaHO EHEPreTUYHE TPAKTyBaHHS KpUBOi BTOMH [2] miis
MOJANBIION0 BUKOPUCTAHHS TAaKOTO TPEACTABICHHSA JJIi BU3HAYEHHS JIOBrOBIYHOCTI [0
3apOJIKEHHS TPIIIKUHU BTOMU. JIJI IIbOTO BUKOPUCTAHO MOM(IKOBaHE MPEICTABICHHS 3a1€KHOCTI
Crpometiepa (Strohmeyer) [3], B sKili 3aMicTh TpPaHHUI[l BUTPHUBAIOCTI O, BUKOPHUCTAHO
MOLIKOJKYIOUE HAIPY)KEHHS T, SIKE CTAHOBUTb YAaCTUHY TPAaHUI[l BUTPUBAJIOCTI. 3BEJCHHS B
KBaJpaT TaKOro pIBHSAHHS Ta BBEJEHHS HEOOXIJHMX KOHCTAHT JAa€ MOXJIMBICTb PO3IJIAJIATH
CHEPreTUYHUH aCTIEKT BTOMHU:

(o, —0,)°NF*/2E = C?, (1)
I€ O,- aMILUNTyJa HAmpyXXeHHs; Jg- aMIUNTyJa MOIIKOKYIOHYOro HanpyxeHHs; Ny - KUIbKICTh
LMKJIB 10 pyiiHyBanHs; C i k — excriepuMeHTaIbHi MOCTIHHI.

PiBHsiHHSA (1) MOKHA MPEJICTABUTH y 1HIIOMY BHUIJISIIL:

[(o, — 0.)*N;/2E]- NF*~* = C*, )
SAKE MOXHA PO3TJISAATH K CyMapHy NPYXKHY €HEprito Ha piBHI O, 3a HaNpy>KeHb, MEPEBUIIYIOUNX
HATIPYKEHHS TOMIKO/UKEHHS Oy, TOMHOKEHE Ha KOpuryiody (ymkimito NF*~% mms mpusenenss
CyMapHOi MpYKHOI €Heprii 10 piIBHOCTI Ha PI3HUX aMIUTITY/AaX HalpyX eHb. BUKOpHCTOBYIOUN Take
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NPEJCTABICHHA PE3y/lbTaTiB €KCIEPUMEHTAIBHUX BUIPOOYBAaHb OJIEP’KAHO CHIBBIJHOIIEHHS MiX
JIOBFOBIYHOCTSIMU JI0 TIOBHOTO PYHHYBAaHHSI 3pa3KiB, 3a SIKUMU MT0Oy/1I0BaHA KpUBA BTOMU y BUTJISA1
(1), Ta TOBroBIYHOCTSAMU 110 3apOJKEHHS TPIIIMHU BTOMU. [Ipu iboMy mpUHATO, 10 3apOJKEHHS
TPIIIUHY BIAMOBIAA€ JTiHIT OpeHua:

Ng, = ["-""‘i];:‘ N;. (3)

Og =0

HasBHicTh 3asie’)XHOCTEN JIsi BHU3HAYEHHs IOBHOI HUKIIYHOI moBrosiuHocti (10) Ta 10
3apo/DKEHHS TpilmHU (3) 703BOJIsIE BUKOHYBATH IiJICYMOBYBAHHS BTOMHHMX IIOKOJKEHb 3
ypaxyBaHHAM IIMX CTaJlii BTOMH, NOJI0HO OuTiHIHHOMY 3aKoHY MeHcona — Xandopaa (Manson-
Halford).

[lepeBipka Takoi Mojeni MiJCYMOBYBaHHS IOIIKOJKEHb BHKOHAaHAa 3 BHKOPHUCTAHHAM
pe3yibTaTiB ABOCTYIIHUATHX BUNPOOyBaHb Ha BToMy crtaiei 45 1 1X13. Bukonani po3paxyHKu
CBIUaTh TPO Te€, IO TakKe JBOCTAIiiiHE JHIWHE TIJCYMOBYBaHHS HE BIAPIZHAETHCA BIJ
TPaIULIHOTO JIHIMHOTO MiACYMOBYBaHHS IOIIKO/DKEHb 3 HOro HENOJIIKaMH, TakK sIK MOTpedye
ypaxyBaHHS OCOOJIMBOCTEH TOMIKOKEHHS 32 PI3HOTO MOPSIKY 3MiHH HANpy>KEHb: 3 BHCOKOTO Ha
HU3bKE YU HaBIIAKH, SIK 1€ 3alPONIOHOBAHO aBTOpamu [4].

Tomy nporecToBaHa iHIIA MOJENb ONMUCAHHSA BTOMHOI'O MOIIKO/JKEHHS, sIKA TAKOXX BPAXOBY€
BU3HAYEHY PiBHAHHAM (3) cTaniro 3apokeHHs TpimuHu. [Iponec Bromu mMarepiany po3risaaeThes
SIK Oe3MepepBHUI MPOIIEC 3HIKSHHSI HOTO BUXiHOT (TITOTETHYHOT) TPAHUIl BUTPUBAJIOCTI (T,5) Ha
MOYaTKy HaBaHTAXXEHHS 10 BEJIMYMHU CTaHJAPTHO BU3HAYEHOI'0 3HA4YEHHS Ha JIiHIT PpeHua (Tak gk
niHis OpeHYa BU3HAYAETHCS JOBTOBIYHOCTSIMHU 1 MOIIKOJKCHHSMH, 32 SIKUX IMOYMHAE 3HIKYBATUCS
BUXi/IHA TPAHUISI BUTPUBAIOCTI) 1 [daimi — J0 KiHEYHOTO i1 3HAYEHHS (T, ), SKE BH3HAYAETHCS 32
CMIBBIAHOIIEHHSAM MIDK IIOPOrOBUM 1  KIHIEBUM (NpH pyHHYBaHHI 3pa3ka) KoedillieHTaMu
IHTEHCUBHOCTI HampykeHb. KiHeTHKa 3HMKEHHS TpaHMIl BUTPUBAJIOCTI Y 3aJIEKHOCTI BIJ
aMIUTITYAM HAmpyKEHHs 1 YMClia IUKJIIB HABAaHTAKEHHS OIMCYETHCS CTENEHEBOIO (YHKIIEIO,
napaMeTpu SKoi BHU3HAYAaIOThCSl 32 KPHUBOKO BTOMH, JiHI€l0 (DpeHua, MOPOroBUM 1  KIHIIEBUM
Koe(illieHTaMl 1HTEHCUBHOCTI HampyXeHb. BuHXiZHa TpaHUIsI BUTPUBAJIOCTI MNPUHHATA SIK
KpuTHUHE HamnpyxeHHs (3a npod. B.C. IBanoBo1o). [lokazana HEOOX1IHICTh ypaxyBaHHS PO3KUAY
BUXIJIHUX JaHUX, OJIEPYKAHUX MPH MOOYI0BI KpuBOi BToMH [5].
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APPLICATION OF FATIGUE CURVE ENERGY REPRESENTATION FOR FATIGUE
DAMAGE SUMMATION
G. V. Tsybanov
G.S. Pisarenko Institute of Strength Problems of the National Academy of Sciences of Ukraine,
Kyiv, Ukraine
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Abstract. The energy interpretation of the fatigue curve in the form of a modified Stromeyer
dependence was used to determine the relationship with the French line, which is taken for
description of lifetime at the stage of fatigue crack initiation. The French line and the fatigue curve
are used to construct the schemes for summation of fatigue damages under variable modes of cyclic
loading.

Keywords: lifetime, fatigue failure, crack initiation, step loading, fatigue stages, summation
of fatigue damages.

THE EFFECT OF NICKEL DOPING ON THE PARAMETERS OF SILICON SOLAR
CELLS OBTAINED WITH VARIOUS IMPURITIES (P, B)

K. A. Ismailov, Z. T. Kenzhaev
Karakalpak State University, Ne 1, Ch.Abdirov Str. 230112 Nukus, Uzbekistan
20ir1991@bk.ru

Abstract. The effect of doping with nickel on the parameters of silicon photocells, in which
the p — n junction was created by impurities of 11l (B) and V (P) groups, has been studied. It is
shown that the positive effect of nickel on the photocell efficiency does not depend on the type of
initial silicon and on the nature of impurities used to obtain the p — n junction, but is mainly
determined by the gettering properties of the near-surface nickel-enriched layer.

Keywords: photocell, silicon, nickel, thermal annealing, clusters, lifetime, gettering,
recombination centers.

Introduction. It was shown in [1, 2] that the formation of a nickel-enriched layer in the near-
surface region of silicon solar cells (SC) leads to an improvement in their parameters. In these
works, the p — n junction was obtained using the method of phosphorus diffusion into p-type silicon
wafers.

Diffusion alloying of nickel has a sufficiently high bulk solubility Ns ~ 10 cm™, and a
nickel-enriched Ia%/er 2-3 um thick is formed in the near-surface region, in which the concentration
can reach Ns ~ 10 10 cm™[2, 3].

Most of the dissolved nickel atoms are in an electrically neutral state in interstices and can
form clusters [4]. The concentration, size, and composition of clusters are mainly determined by the
additional annealing temperature and the total concentration of nickel atoms introduced into silicon

[5].

If nickel clusters have gettering properties and remove harmful impurities from crystals, then
the positive effect of nickel on the SC efficiency should not depend on the type of initial silicon and
on the nature of impurities used to obtain the p — n junction.

In connection with the above, the aim of this work was to study the effect of nickel on the
parameters of silicon SC, in which the p — n junction was created by impurities of 111 (B) and V (P)
groups, and to show the presence of gettering properties of the nickel-enriched near-surface layer.

Research technology and methodology. For the diffusion of Group V elements, p-type
silicon wafers with a resistivity of 0.5 Q - cm (380 pm thick and d ~ 76 mm in diameter) were used.
And for elements of the 111 group - n-type, with a resistivity of 0.3 Q - cm (300 pm thick and d ~ 45
mm in diameter).

Diffusion of nickel was carried out before the creation of the p — n junction, similarly to [2]. A
thin layer of pure nickel with a thickness of 1 pm was deposited on the front side of the SC in
vacuum, and then diffusion was carried out in an air atmosphere. Nickel diffusion was carried out
under optimal conditions Tz = 850 °© C for t = 30 min. After nickel diffusion, all plates were cut
into separate samples 1 x 1 cm? in size.
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Diffusion of phosphorus was carried out from the deposited layer of ammonium phosphate in
air at Tgigr = 1000 ° C for t = 30 min (depth of the p — n junction X, - , = 0.5-0.7 pm). Boron
diffusion was carried out in air at 7gix = 1050 © C for t = 30 min (X-n = 1-1.2 um), boron nitride was
used as a source. Control samples were made using the same technology, only the nickel film was
not applied.

After obtaining the p — n junction, all SC samples underwent additional thermal annealing at
Tann = 700-800 ° C for t = 30 min in order to activate the gettering of recombination impurities [1,
6].

Ohmic contacts were created by vacuum deposition of a nickel film. There was no anti-
reflective coating on the surface of the elements.

The current-voltage characteristic of the photocells was measured under illumination with an
incandescent halogen lamp powered by a voltage stabilizer with a radiation power density of about
150 mW / cm?. The parameters were determined from the | — V characteristic of the SC — the
open-circuit voltage Vo and the short-circuit current density Jsc, the maximum output power Ppax,
and the fill factor & of the | — V characteristic.

Results. Table 1 shows the main parameters of the samples of photocells in which the p —n
junction was formed by phosphorus diffusion.

In the samples doped with nickel, a noticeable improvement in parameters is observed. In this
case, the average Vo value in relation to the control increases by 2.5%, and Js. increases by 20.3%.
Pmax increases by 29.1%, which confirms the results of works [2].

Table 1. Average values of SC parameters obtained by phosphorus diffusion

Parameters Control Nickel alloyed
Jsc, MA/cm” 32 38.5
Vo, MV 590 605
¢ 0.64 0.67
Pinax, MW/cm? 12.08 15.61
APmax/Prmax - +29.15%

The main parameters of the SC, in which the p — n junction was formed by boron diffusion,
are presented in Table. 2. In SC doped with nickel, the average V. value in relation to the control
increases by 3.44%, Js - by 16.92%, and Pnax - increases by 28.5%.

Table 2. Average values of SC parameters obtained by boron diffusion

Parameters Control Nickel alloyed
Jse, mA/cm® 32.5 38
Ve, MV 580 600
£ 0.64 0.68
Prax, MW/cm? 12,06 15,50
AP rmax/Prax - +28.51 %

In all SC samples doped with nickel, an increase in the fill factor of the | - V characteristic is
observed by about 4.5-5% relative to the control SC.

Thus, we can assume that nickel alloying of the SC leads to a noticeable improvement in the
parameters, regardless of the nature of the impurity that forms the p — n junction. We associate this
effect with the influence of the nickel-enriched layer in the near-surface region of the SC.

The data obtained make it possible to assert that the improvement of the SC parameters is not
associated with the peculiarities of the interaction of nickel atoms with the studied dopants —
phosphorus and boron.
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Discussion of results. It is known [3] that the concentration of nickel in the near-surface
regions of the sample during diffusion in silicon is very high (Ns ~ 10" cm™). In the bulk, the
concentration is practically constant and relatively low (N ~ 10"" cm™). After the formation of the p
— n junction, as well as additional thermal annealing at Ty, = 700 - 800 © C, the character of the
nickel distribution changes little.

Nickel clusters located in the defect near-surface layers, on the front and back sides of the SC,
can act as effective gettering centers for uncontrolled recombination impurity atoms and oxygen [7].
The gettering properties of clusters in the near-surface region will be very noticeable due to the high
concentration of nickel atoms.

Measurements have shown that doping with nickel atoms with the formation of clusters
makes it possible to increase the lifetime of charge carriers in the SC base up to 2 times. We
associate an increase in the lifetime of charge carriers in the SC with the gettering properties of
clusters of nickel atoms.

Thus, it has been shown that additional doping of silicon wafers with nickel, regardless of
their type of conductivity and the nature of the impurity that forms the p — n junction, is a very
affordable and technological solution for increasing the efficiency of silicon SC. The presence of
gettering properties of nickel clusters makes it possible to use the technology of alloying with nickel
to improve the technological stability of practically any silicon materials during heat treatment.

Based on the results obtained, it can be argued that the introduction of nickel atoms is an
effective method for gettering recombination centers in silicon.

This method, in contrast to other existing methods, has the following advantages:

1. The method of gettering recombination impurities by nickel clusters is an efficient, technological, and

cheap method.

2. The introduction of nickel allows an increase in the efficiency of the silicon PV by 20-25%.

3. When alloying with nickel, there are practically no changes in the electrical parameters of the

material, which makes it possible to use it for all types of electronic devices based on silicon.

The authors are grateful to Academician M.K. Bakhadirkhanov for participation in the
experiment and discussion of the results.
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BIIVIMB HIKEJISI HA HAPAMETPU CUJIIKOHOBHUX COHAYHUX KJIITHUH,
OTPUMAHMUX 3 PI3BHUMMU JJIOMIINIKAMM (P, B)
K. A. Icmaiinos, 3. T. Ken:xaen
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AHoTanis. /[ocniooceno ennue nezy8amms  HiKelemM —HA  NAPAMEMPU  KPEMHIEGUX
domoenemenmis, y sxux p - N-nepexio cmeopiosanu oomiwxu Il (B) ma V (P) epyn. Ilokazarno, wo
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NO3UMUBHULL 6NIUE HIKENIO HA epeKmUusHicmb omoeremMeHmié He 3a1edCums 8i0 muny euxioHo2o
KpeMHilo ma npupoou OOMIWOK, WO SUKOPUCTOBYIOMbC Olisl OMPUMAnHA p - N-nepexooy, a
20JIOBHUM YUHOM BUSHAYAEMBCA 2eMMEPHUMU BIACTNUBOCMAMU NPUNOBEPXHE80I NOBEPXHI, AKd
36aeayena Hikenem.

KurouoBi cioBa: doroeneMeHT, KpeMmHii, HiKellb, TEPMIUHUN BiJMan, KJIacTepPH, TEPMiH
CITyX0H, TeTTep, IEHTPU PEKOMOIHAIII].

INFLUENCE OF TEMPERATURE ON THE PARAMETERS OF
POLYCRYSTALLINE SILICON SOLAR ELEMENTS DOPED WITH NICKEL

K. A. Ismailov, E. J. Kosbergenov
Karakalpak State University named after Berdakh, 230112, Nukus, Uzbekistan
kanatbay.ismailov@gmail.com, ernazar.kosbergenov@gmail.com

Abstract. It is shown that doping the front side of a solar cell based on polycrystalline silicon
with nickel leads to an increase in the values of the short-circuit current density and open-circuit
voltage. Also, in these elements, with an increase in temperature, the photocurrent increases more
strongly, and the open-circuit voltage decreases more weakly.

Keywords: polycrystalline silicon, nickel, photocell, alloying.

Introduction. The introduction of solar power plants into various energy systems has
expanded significantly over the past two decades. The ultimate goal of the development of solar
energy is to provide consumers with cheaper and at the same time environmentally friendly
electricity [1]. It is shown in [2] that alloying a mono-Si photocell with nickel leads to an
improvement in its efficiency. A noticeable increase in the short-circuit current of nickel-doped
photocells (PC) was observed.

In this work, we present the results of a study of poly-Si PCs additionally doped with nickel.

Experimental part. For testing, samples of PCs based on poly-Si manufactured by CNH
Solar were selected. To remove the back contact, front contact and antireflection coating, HCI,
HNOs, and HF were used, respectively. Then these samples were cut into separate samples of 1x1
cm? and divided into three groups. Group | - control samples; group Il - samples in which a 1 um
thick nickel layer was deposited on the back of the structures in a vacuum; group Il - a nickel film
was formed on the front side. All samples were subjected to short-term thermal annealing under the
same conditions at a temperature of T = 1200 °C for t = 15 min. Then, for all samples (without
protective layers and with nickel contacts) under the same conditions, the open circuit voltage Vo
and the short-circuit current density jsc were determined. The parameters of the structures under
study were measured under illumination with a ~ 1000 W incandescent halogen lamp. The distance
between the sample and the lamp is ~ 30 cm. Table 1 shows the average values of V., jsc and peak
power Ppea for each group of samples, as well as Ajsc / jsai - change in short-circuit current density
AVo/V o - change in open-circuit voltage, APpeax / Ppeai - change in the specific peak power of the
samples of groups 11 and 11 relative to the values for the control samples. As you can see from the
table. 1, after the diffusion of nickel in the samples of group II, the value of V. increases by 8.26%
(relative to the average value of Vo of group I), and the value of s increases by 25.7%, i.e., a
noticeable improvement in the parameters is observed. In the samples of group Ill, an even more
noticeable improvement in parameters is observed. In them, the average value of V. in relation to
that for group | increases by 8.91%, and js - by 32.57%.
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Table 1.
Group |
(control samples) Group 11 Group 111
Parameter a'r?r];[aearlitr? ge rmal After Ni diffusion
(1200 °C, 15 min) (1200 °C, 15 min)
Jsc » MA/CM2 17.5 22 23,2
A jsc/ jsc| y % = 25,71 32,57
Vo , MB 460 498 501
A VOC / VOCI 1 _
% 8,26 8,91
I:'peak,
MBr/oM2 .87 10,1 11,15
AP g;ak’ Poeaki - 36,1 44,39
0

Study of the effect of temperature on the parameters of PC doped with nickel. The
standard factory test for the modules is at 25 °C. However, in ambient conditions, the module
usually operates at a higher temperature. In our experiments, the study of the dependence of the
main parameters of the investigated PC on temperature in the range 17... 80 °C showed that with an
increase in temperature above room temperature, the short-circuit photocurrent (jsc) slightly
increases, and the open-circuit voltage (Vo) decreases, which qualitatively corresponds to the
results [4-5]. Figure 1 shows the temperature dependence of the relative change in the short-circuit
current of a poly-Si PV cell (where Ajsc / jsco = (jscjseo) / Jsco is the relative change in the short-circuit
current density, jsco IS the short-circuit current density at 17 °C). As can be seen from figure 1, the
best results were shown by samples of group Ill. At a temperature of 80 °C, the growth of the
photocurrent was 7.5% for the samples of group I, 16.5% for group 11, and 20.5% for group 111 (Fig.

1).
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Figure 1. Temperature dependence of the relative change in the short-circuit current
density jsc of poly-Si PC from 17 °C to 80 °C
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Figure 2 shows the temperature dependence of the relative change in open-circuit voltage of a
poly-Si PC (where AVo/Voo = (Voc-Voco)/ Voo - relative change in open-circuit voltage, Voo -
open-circuit voltage at 17 °C). As can be seen from Figure 2, the best results were shown by
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samples of groups Il and I11. At a temperature of 80 °C, the decrease in the open-circuit voltage was
27.5% for the samples of group I, and 23.5% for group 11 and III.
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Figure 2. Temperature dependence of the relative change in the open-circuit voltage
of poly-Si PC from 17°C to 80 °C

Conclusions. Based on the results obtained, it can be argued that additional doping with
impurity nickel atoms leads to an improvement in the parameters V. and js, while the most
significant increase is observed in the samples of group Ill. In addition, doping with nickel poly-Si
PC changes the temperature sensitivity of the parameters Vo, and js.. Thus, the formation of a
nickel-enriched layer in the near-surface region near the p-n junction of poly-Si-based PC opens up
new possibilities for creating silicon photocells with increased efficiency. Revealing the mechanism
of the influence of nickel atoms on the photoelectric properties of PC based on poly-Si requires
further research.
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AHotauif. [lokaszano, wo ne2y8aHHs IUYLOBOI CMOPOHU COHAYHOI Oamapei HA OCHOSI
NONIKPUCANIYHO20 KPEMHII0 HIKeleM Hpu3s00umsv 00 30iNbUeHHs 3HAYeHb WINbHOCMI CMPYMY
KOpOMKO20 3AMUKAHHA Ma HANpy2u PO3IMKHYmMO20 JNanyrza. lakodc y yux eremenmax i3
NIOBUWEHHAM meMnepamypu omocmpym 3pocmae Cuibhiule, a Hanpy2a po3iMKHYmMO20 NaHYI02a
3MeHuyembCs crabue.

Kurouosi ciioBa: nonikpucTaniyHuii KpeMHIN, HIKEIb, POTOETEMEHT, JIETyBaHHS.

MPOTHO3YBAHHSA INIACTUYHOCTI B YMOBAX JIOKAJII3AIIIL
JTE®OPMAIIL TP OJJTHOOCHOMY PO3TAI'Y TA KPYUEHHI

T. ®. Apxinosa, M. 1. Ilo6epexnnii
Binaunpkuii HallOHAJIbHUNA TEXHIYHUNA YHIBEPCUTET
M. Binauis, Ykpaina, XmensHuipke mmoce, 95, tfarhipova@gmail.com

AHoTauif. Pozenanymo ocobiusocmi, AKI GUHUKAOMb npu  nobyoosi odiazpam
NIACMUYHOCIE 8 YMOBAX OOHOOCHO20 pPO3MA2Y MA KPYUeHHs. 3anponoHO8aHO an20pumm
no6yoosu diazpam naaACmMuyHOCMi 8 THMepeani 3MiH NOKAZHUKA HANPYHCeH020 cmaHy 8i0 ()
00 2 Ha npukiadi KOHCMPYKYIUHUX cmanei. Po3pobieno memoouxy po3paxyHky epaHuyHux
oegpopmayiti 8 obaacmi wutikoymeopeHus. Ha npuxnadi nooyoosu diacpamu niacmuyHocmi
cmani Cm3 noxkazamo KilbKiCHULL 6NIUE OCHOBHUX (DAKMOPI6 HA GeNUYUHY 2PAHUYHOTL
oegpopmayii.

KarouoBi ciaoBa: o0poOka MerTamiB THUCKOM, TpaHHuYHA Jedopmariis, giarpama
MJIACTUYHOCTI, PEHOMEHOJIOTTYHI KpUTEepii pyHHYBaHHS, TOKa3HUKH HAPYKEHOTO CTaHy

Ouinka rpaHnyHOi nedopmariii Mpu pyHHYBaHHI JOCI 3aJMIIAETHCS JTUCKYCIHHUM
nutanasM  [1-3]. B ymoBax mactuuHOro aedopMmyBaHHS 3pa3KiB 3 Marepianis,
PYHHYBaHHIO SIKUX Tepejye JoKamizalis aegopmaliiii y BUIIISAL «IIUHKOYTBOPEHHS», Ha
BEJIMYMHY Trpanu4Hoi aedopmanii e€,(n=1) mac BIIMB 00’€MHICTH CXEMH HaNpPYKEHOTO
ctany. B skocTi mokasHuka HampyxeHoro ctany B. A. OropognikoBuM B po6oTi [4]
3alpPOITOHOBAHO MOKA3HUK, SIKHI BPaXOBY€E BILTUB TPETHOTO 1HBApPiaHTY TEeH30pa HANpy>KEeHb
Ha IUTACTHUYHICT, B YMOBax JioKami3amii aedopmamiii. B obmacTi 3MiHM mMOKa3HUKA
HanpykeHoro crtaHy Big 0 mgo 1 TpeTiii iHBapiaHT TEH30pa HANPYKEHb ITABHUIIYE

IUTACTUYHICTD (puc. 1) y MOPIBHAHHI 3 JIlarpaMolo IJIACTUYHOCTI, sIKa T0Oy10BaHa B YMOBax
15(T,)=0.
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[Ipu crasomy 3Ha4YeHHI IMOKa3HWKA HAMPYXXEHOrO0 CTaHy 1 = CONSt TIaCTHYHICTH
TaKOXX TIJABHINYE rpamieHT nedopmamiii. BB rpamienta aedopmalliid MmaATBEPIKEHO
EKCIIEPUMEHTAIIBHO BUIIPOOYBAHHAM 3pa3KiB 3 KBAJPATHUM Ta MPSIMOKYTHUM TOIEPEIYHUM
mepepizoM. Y Takuil cmoci® pi3He 3HAauYeHHs TpajiieHTa Acdopmallii JOCATAEThCA 3a
pPaxyHOK 3MIHHM PO3MIpiB MonepeyHoro nepepizy. Ha ocHOB1 00poOKHU eKCIIepUMEHTAIbHUX
JTaHUX BUXOSYM 3 IaHUX Teopii qudy3ii JUCIIOKaIllii BUCYHYTO TIIIOTE3Y MPO Te, 110 MPH 1)
= const iHTEHCUBHICTh Jedopmaliiii € MNPOMOPIIOHATBHOK IIUIBHOCTI JUCIOKAIlIH.
Arnipokcumariisi eKCrepuMeHTATbHUX JaHUX 32 BUPA30OM

e, = 0.5(grad e, )31
JI03BOJISI€ BU3HAUYUTH 3HAUEHHS CTAIUX Mpoliecy Audy3ii.

VY Takuil crnoci0 oTpuMaHl pe3yibTaTH JO3BOJIAIOTH BPAaxXyBaTH BIUIMB TIpaJi€HTa
nedopmartii nmpu moOyAoBi JiarpamMu TUIACTUYHOCTI. OCOOIMBOCTI, SIKI BHHHUKAIOTH IPU
noOy/0BI JllarpaMH IJIACTUYHOCTI B YMOBaX OJHOOCHOTO po3Tary (n=1) Ta kpyuyeHus (n=0),
AocmikeHo Ha npukiaal cram Ct3 (OCKUIbKM pYyHHYBaHHIO 3pa3KiB, BUKOHAHUX 3 IIi€i
cTanii, mepeaye jokamizamis aedopmaliii y BUTIIAAL «ITUHKWY). Pi3HI MOKa3HUKH CTETIEHEM
aedopmarii & JO3BOIMIM BU3HAYUTH T€OMETPHUYHI ApaMeTPy Ta XapaKTEPUCTHKH 3pPa3KiB
(Tabmn.). Po3paxyHok rpannyHOi aedopmarlii BAKOHAHO 32 BUPA30M, SIKUH BPaxoBYeE pajiiyc
KOHTypa IIMHKM Ta JlaMeTp Mepepi3y LWIHIPUYHOIO 3pa3Kka Ha NEBHIA BIACTaHI BIJ
MIHIMAJIBHOTO JiaMeTpy IHUKWKU. Po3paxyHOK 3a IIMM BHpPa3OM Ja€ MEHIIY BEIHYUHY
MJIACTUYHOCTI, 110 IUJIKOM BiAMOBiAa€ (HI3UYHUM YSBICHHSM MPO CIAaJaHHS IJIACTUYHOCTI 3
BI/IMOBITHUM 3POCTaHHSM ITOKAa3HUKA ).

Tabnuis — I'eoMeTpuyHi mMapamMeTpH Ta XapaKTEPUCTHKH 3pa3KiB

N h: dm: dU} dvmn.s ] 0 N R;

00p. L v st | oav | o | owm | o | BT [P @ | e e
1 12 14675] 5,1 9,61 | 8,00 9926 209 | 11,58 | 1,3 1,27 59 | 0975
2 14 1,1 6,1 9,61 | 8,05 | 9926 2282 | 1,19 | 0,91 | 6,35 | 0,829
3 16 1 7,7 9,61 | 845 | 9926 34 1,165 10443 | 7,27 | 0,558

[losicHeHHs1 TPYHTYeTbCA Ha aHaii3l BIUIMBY Tpbox Qakrtopis. Ilepun 3 mux ABox
(akTOpiB Ha3BAaHO BUILE — TPai€HT AeopmMalliil Ta TpeTiil 1HBaplaHT TEH30pa HAIPYKEHb.
Tperiii daktop — ne icropis aepopmyBaHHs. BmiuB 1poro ¢akrtopy 3ampornoHOBAaHO
BpPaxOBYBAaTH SIK KOEPIIIEHT, IKUH MOXe OyTH BUZHAYCHHUM 3a BUPA30M:

& (1)
~ e,(n = const)’

I[le mgo3BOMMIIO TOSCHUTH TPUYUHY TIJBUIIEHOTO 3HAYEHHS IJIACTUYHOCTI,
OTPUMAHOTO B TEOPETUYHUX PO3PAXYHKAX, Y MOPIBHIHHI 3 €KCIEPUMEHTATLHUMU JTaHUMHU
MIpU BUMPOOYBaHHI 3pa3KiB B yMOBaX MPOCTUX HABAHTAXKEHb (PO3TAT, KPYUCHHS).

BucnoBok. Ha mpuknani moOyqoBW miarpaMm TUIACTUYHOCTI TMOKA3aHO KIUIbKICHUIN
BIUIUB OCHOBHUX (DAKTOPIB HA BETWYMHY TPAHUUYHOI Jedopmalii B UKL TP OJHOOCHOMY
po3Tsary. CymapHe 3HaUCHHS HAJUIAINKY TpaHUYHOI Aedopmartii ckimagae 30...35%.

JlitrepaTypa
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PREDICTION OF PLASTICITY IN THE CONDITIONS OF
LOCALIZATION OF DEFORMATION WITH UNIAXIAL TENSION AND
TORSION

T. F. Arkhipova, M. I. Poberezhnuy
Vinnytsia National Technical University, Vinnytsia

Abstract. The peculiarities that arise when constructing diagrams of plasticity in the
conditions of tension and torsion are considered. An algorithm for constructing plasticity
diagrams in the range of changes in the stress state index from O to 2 on the example of
structural and tool steels is proposed. The method of calculation of boundary deformations
in the field of cervical formation is developed. On the example of construction of the
diagram of plasticity of steel Cm3 the quantitative influence of the basic factors on size of
limiting deformation is shown.

Keywords: pressure treatment of metals, ultimate deformation, plasticity diagram,
phenomenological criteria of fracture, stress indicators.

MODEL OF A CLUSTER OF NICKEL IMPURITY ATOMS IN ASILICON
CRYSTALLINE LATTICE

K. A. Ismailov’, B. K. Ismaylov?
'Karakalpak State University, Nukus,
“Tashkent State Technical University, Tashkent

On the basis of the obtained experimental results, a new phenomenon of diffusion of clusters
of impurity nickel atoms in silicon was established [1,2]. The established diffusion of clusters of
impurity nickel atoms is of certain scientific interest, since until now in the literature there were no
physical models of diffusion of the clusters of impurity nickel atoms themselves, which take into
account the structure, composition, and number of atoms in the clusters. Controlling the state and
distribution of clusters of impurity nickel atoms in the silicon crystal lattice makes it possible to
create a new class of semiconductor material with unique functional capabilities, as well as to create
a new class of devices for optoelectronics, microelectronics and solar energy on its basis.
Experimental data show that during heat treatment of samples in the temperature range T=700-900
°C, the clusters are ordered. This phenomenon cannot be explained without the displacement of the
clusters from their initial states, i.e. their diffusion in the silicon crystal lattice. Thus, a very
interesting and new physical phenomenon is observed - the diffusion of clusters, which makes it
possible to control their state in the silicon crystal lattice. To elucidate the diffusion mechanism of
clusters of impurity nickel atoms, it was necessary to determine the composition of the clusters
obtained. The composition of the clusters of impurity nickel atoms was determined using the
modern method of energy dispersive X-ray spectroscopy EDS. As shown by the results of the study,
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such clusters contain Ni — 18%, O, — 18%, Si — 74%. This means that the cluster is a piece of
silicon enriched with nickel and oxygen atoms. Therefore, it can be assumed that, during the
formation of clusters, the crystal structure of silicon is not significantly destroyed during the
formation of a cluster. The cluster consists of interstitial nickel and oxygen atoms, which form a
sublattice in the crystal lattice of silicon with a specific structure. This makes it possible to explain
the diffusion of clusters of impurity nickel atoms with a very high diffusion coefficient. Since nickel
atoms are bonded to oxygen atoms in clusters, being in interstitial positions in the lattice at a certain
temperature, they move synchronously with all cluster atoms. This makes it possible not only to
provide a thermodynamically more favorable state of clusters in the silicon lattice, but also provides
a low free energy, i.e. the most favorable state of the system. This is evidenced by the appearing
peaks on the X-ray diffraction pattern, which indicate that the region around the cluster of nickel
atoms has a crystalline structure.

The diffusion coefficient of the clusters of impurity nickel atoms was calculated, taking into
account their density (S ~ 10° cm?) and the distance between them. Then the diffusion coefficient of
the cluster is D ~ 1.2-10° cm?/s, although this value is almost 1.5+2 orders of magnitude less than
the diffusion coefficient of nickel atoms at a temperature of T=800 °C, it shows that clusters of
impurity nickel atoms diffuse in the silicon crystal lattice with an anomalously high diffusion
coefficient.

According to the proposed structure, the clusters were modeled in the Avagadro and Chem3
Dvisualiser programs, where the 3D structure of the cluster formed in the sublattice of the silicon
crystal lattice was investigated (Fig. 1). At the same time, based on the calculation, the distances R
between interstitial atoms inside the cluster (RO-Ni) ~ 4 A, (Ro.o) ~ 4.56 A, (Rnini) ~4.56 A, (Rsi.
si) ~2.34 A, (Rnisi) ~ 5 A. The created model of the cluster is not only in good agreement with the
experimental results obtained, but also explains the diffusion of clusters of impurity nickel atoms in
silicon.

d

/ £ ﬁ/ < = "'/
‘lll lll

4|]|

Fig. 1. Sublattice of clusters of impurity nickel atoms in the crystal lattice of silicon

Thus, the experimental results obtained, as well as the proposed physical model of the
structure of clusters of nickel atoms, show that not only a new physical phenomenon has been
discovered - the diffusion of clusters of impurity atoms in semiconductors, but also the possibility
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of controlling the state of these clusters in a semiconductor. This makes it possible to create a new
class of photonic materials with bulk superlattices based on semiconductors with ordered clusters,
which has unique functional capabilities for creating a new generation of optoelectronic,
nanoelectronic, photoelectric devices and sensors of physical quantities. A more comprehensive
study of their physical properties can open a number of new physical phenomena that do not exist
not only in doped semiconductor materials, but also in semiconductors with clusters of impurity
atoms.
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HaykoBe BugaHHs

MATEPIAJIN
VII MDKHAPOJTHOI HAYKOBO-ITPAKTUYHOI KOH®PEHIIII

CTPYKTYPHA PEJIAKCALIA V TBEPAUX TIVTAX

HageneHi pe3ynbTaTi HaAyKOBUX JTOCIIKEHb pellaKCallifHUX MPOLIECiB 1 IBUII y METallaX Ta
CIUlaBax, HAIIBNPOBITHUKAX 1 JICJEKTPUKAX, TOJIMEpax, BHCOKOCHTPOMIWHUX CIIJIaBax,
KOMIIO3UIIIHHIX, HAHOCTPYKTYPHUX Ta aMOp(HUX MaTepianax, pO3CiIOBaHHS MEXaHIYHOI eHeprii
KOHCTPYKIIIHHUMH MartepiajiaMu, 110 jomnoBinanuchk Ha VII MixHapoaHiii HayKOBO-TIpaKTHYHIN
koH(pepeHmil ‘‘CTpykTypHa penakcamiss y TBepauX Tinax’, ska BinOymack y BiHHHIIBKOMY
Jep’)KaBHOMY TIearoriyHoMy yHiBepcuTeTi iMmeHi Muxaiina KorroOunebkoro 25 — 27 tpaBusa 2021

POKYy.

TemaTuka koHdepeHIii:
1. PenakcariiiHi sBuia y Metaiax i cruiaBax
2. Penakcartiiiti nmporecu y mMaTepianax 31 CKIaJHO MOP(}OJIOTi€I0: KOMIIO3UTH, ITOJIMEPH,
BHUCOKOEHTPOIIIHHI CIJIaBH, HAHOCTPYKTYPHI 1 aMOpQHi MaTepianu
3. CTpyKkTypHa penakcarlisi y HarmiBIPOBITHUKAX 1 TICICKTPHUKAX
4. Po3citoBaHHSI €HEPril KOHCTPYKIIIHHUMU MaTepialaMH.

Conference topics:
1. Relaxation Phenomena in Metals and Alloys.
2. Relaxation Processes in Materials with Complex Morphology: Composites, Polymers, High-
Entropy Alloys, Nanostructured and Amorphous Materials
3. Structural Relaxation in Semiconductors and Dielectric Crystals.
4. Energy Dispersion in Construction Materials.
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