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OIIHKA EBOJIIOIIII ITOP V o-3AJI3I I HEUTPOHHUM
OITPOMIHEHHAM

Pesynomamu  moolentosanns KiHemuku Kiacmepié MmMOUYKo8Ux oOeghekmis memooom
K1ACmMepHOi OUHAMIKU BUKOPUCTOBYIOMbCSL Ol OYIHKU e80I0Yil nop Y 3431 ni0 HelmpOHHUM
ONpOMIiHeHHAM. B pamkax mooleni Midc3epeHHO020 PYUHYBAHHA OYIHEHO 6NaU8 3MiHU
menepamypu Ha MeXxaHiuHy cmabilbHOCMb 3aAli3a, sIKe ONPOMIHEHO 8 HAYKOBO-00CIIOHOMY
peaxmopi bBP-2.

Kuro4oBi c10Ba: HEUTPOHHE OMPOMIHEHHSI, €BOJIIOLISI TIOp, KJIacTEpHA AWHAMIKa, 3MiHa
TEeMIIepaTypH, o -3ai30.

1. Beryn

3MiHa MEXaHIYHUX BJIACTUBOCTEH KOPIYCY pEeakTopa aTOMHMX CTaHIi BiIOyBaeTbCs
BHACHIIOK HU3KHU (PI3UYHUX MPOIECIB HA HAHO-, MIKPO-, M€30- Ta MaKpPOPIBHSAX SIK y Yaci, TakK 1
npocropi. Meron monekynsipHoOi auHamiku, meton MonTe-Kapio Ta KBaHTOBOMEXaHIUHHIA
merox (ab-initio MeTom) 3acTOCyBarOThCSA Ui JOCHIDKCHHS KacKaaHOi CTaiii B3aeMomil
ONPOMiHEHHs (€IEeKTPOHIB, HEUTPOHIB Ta 10HIB) 3 peaKTOPHUMHU MaTepialaMu, sika TPUBAE BiJl
10" 1o 10'? cexynn B 06macti posmipom 10 10 HM. MeTo/ KacTepHOT JMHAMIKH JI03BOIISE
BHUBYATH JIOBIOTPUBAIY KIHETUKY KJIACTEpiB TOUKOBUX Ae(EKTiB (BakaHCIH Ta MDKBY3Jei), a
TaKOX KJIacTepiB Ta MPEIUIITATIB, 0 CKJIAQy SKiX BXOJATh TOYKOBI JEPEKTH Ta JEeryroui
€JIEMEHTH PEaKTOPHHUX CIIIaBiB. 3a TAKMMHU pe3yJIbTaTaMH pPO3PaxyHKIB KJIACTEPHOI JUHAMIKU
K KOHIIEHTpALlis, CepelHii po3Mip Ta YHUCeIbHA MIUIBHICTH KJIAcTEpiB Ta MPELUIIITATIB
MOJKJIMBO PO3paxyBaTH 3MiHY MeXi TEKy4OCTi, 3yMOBJIEHY ONpPOMIHEHHSIM. AJie JOTernep
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aKTYaJIbHOIO 33/1a4€I0 PEaKTOPHOTO MaTepialo3HaBITBA € BPaXyBaHHs BIUIMBY ONpPOMiHEHHS
Ha (i3WYHMNA MeXaHi3M iX IutacTuaHoi nedopmanii ta pyinyBanus. IIpencraBiena crarts
MPUCBAYCHA OJTHOMY 3 aCMEKTiB pyWHYBAaHHS ONPOMIHEHHUX MaTepiaiiB, sIKUil 0a3yeThCs Ha
BpaxyBaHHI BUHUKHEHHS Ta €BOJIIOLIT Op MPH HaBAaHTAXKEHHI.

2. OuiHka eBoJIONLil MOP

VY [1] 3anpomonoBaHa (i3MKO-MeXaHIYHA MOJENb MIK3EpEHHOTO PYWHYBaHHS, SIKE
CIPUYMHEHO EBOJIIOLIEI0 TIOp, Ul OIIHKH MEXaHIYHOI CTaOLIBHOCTI PEaKTOPHUX CTaJeH.
Kpurepiii MikporuiacTiuHoro kosutanca (KpuTepiii MiK3epeHHOro pyiHyBanHsa) y [1]
3aIUCY€THCS Y BUTIISIL

dF, do, ds
. :(1_82) : ~ Oy . J (l)
dk, dk, 7 dk,

ne R, — inTencusHicTh Hanpyrn F,, = ,/gSijSij , Sy =F;—F,0, F,=F/3,S; - BinnocHa

IJI01Ia [Op, TOOTO IIONIA TIOP, BIIHECEHA JI0 OJMHMILI IUIOIII 1e(pOPMOBAHOI IPaHi 3€pHa, T,
F

— IHTCHCHBHICTb C(EKTHBHHX HAlpPYXCHb O, = 2, k,— IHTEHCHBHiCTH HpHPOCTY

1-s, °

nnacTuyHoi nepopmanii K, = Id Eq, deg =def /3.

Benuunna BiTHOCHOT IUIOIK Sy 1OpP 3HAXOMUTHCA 3 PIBHAHHA (2):

S d? S
Sy = 3 . gz 23 = . 23 :CSSgb’ (2)
(dg +Vg,d?) Ve
d

g
JIe TUTOIIIA TTOP Ta 00 €M Ha OJMHHUITIO TUTOITI (Sgb Ta Vgh) BU3HavaroThes popmynamu (3) Ta (4),
BIJIIIOBIIHO:

s®=n§]R¥fpj )
Vy, =5 7 ) X (R, )

Tyr RY

;' — pajiyc mopu j-ro Tumy, TOOTO MOpH, KA 3aPOJAMIIACA HA J-MY YacOBOMY

inTepani HapaHTaxeHHs, d, — po3Mip 3epHa MONKpHCTaa, E¥eq — WBHAKICTH HEMPYKHOT
nedopmartii; Py = O (ésreq)jAtj — KIJIBKICTh ITOP HA OJMHHUIIIO IUIOIIH, II[0 HAPOAMUIKCH HA |
- My eTami HaBaHTaxkeHHs 3a 4ac Atj; h(y)=(1/(1+cosy)—0,5cosy)siny, ¥ — KyT Mik
JIOTUYHOT JIO TIOBEPXHi MOPH Ta IUIONIMHOK IPaHMILI 3€pHA, Ha AKiH po3MilleHa mopa; oy —

IIBUKICTh HAPOHKEHHS MOP IPU HEUTPOHHOMY OMPOMIHEHHI, SIKa BU3HAYAETHCS 32 PIBHAHHAM

(5):

ay =y ((0,+A0) /o, )m : (5)

e« IIBUJIKICTh HApOJUKEHHS TOp B BIJCYTHOCTI HEWTPOHHOIO OIPOMIHEHHH,

int
o, =200MIla — Mexa TeKy4ocTi JUIi KOMEPLIHHO YMCTOro o-3amisza [2], M — KOHCTaHTa
MaTepiasa, Ac- 3MiHa MeXI1 TEKy4OCTI, 1110 3yMOBJICHO HEUTPOHHUM OIPOMIHIOBAaHHSIM.
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YacoBa 3aexHICTb AG U pexKUMY OIpoMiHeHHs [3,4] B HAYKOBO-AOCIIITHOMY peakTopi
BP-2 (M. Mo, benpris) Bu3Havyanach 3 pe3ysibTaTiB KIACTEPHOI TUHAMIKU MO0 €BOJOIT
CEpeHBOT0 PO3MIPY Ta YHCEIHHOI MIIIBHOCTI KiIacTepiB y [5] Ta miaxomy [6] s mocTidHOT
temneparypu 300°C xopmycy peakropa Ta ii 3menmenns Big 300°C mo 123°C (Puc.l).
EBourortist po3mipa opu R po3paxoByeTbest 3 piBHSHHS (6):
A
<R it R ) o ®

eq
]

Tyr M >1, R} =R,

Ay o VL LAY (A 3 r
fl(g,qmj—h(w){zl( Rj f[ - 4}0,3(%) exp(1,5qm)} (7)
f(%{mm/\{ R Hl_g( R ﬂj ;A=(DAGJ b, 9D,
R R (R+A) [ 4\R+A) ) 4] £ KT,

Tyt A— mapamerp mudy3iiHOro NUIAXY, M0 BU3HAYAE PO3MIP 30HH, 3POCTAHHS SKOI
o0ymoBiieHo qudy3iero BakaHciit [7], € — atomuuii 00'em, S, — mudysiiiHa TOBIIMHA TPAHHII

3epHa, D, — koediuieHT 3epHOrpaHndHOi qudy3ii, T, —abcoaroTHa TemuepaTypa.

EBoumroniist BITHOCHOT MJIOMIMHU MOP Y @-3aJ1131 1] HABAHTAXXEHHSIM 1 OIPOMIHEHHSIM B
HayKOBO-J0CTiAHOMY peakTopi bP-2 3a pexxumowm [3,4] mpu 3MeHIIIEHHI HOTO TeMITepaTypH BifT
300°C mo 123°C y mopiBHSHHI 3 MOCTiHHOT Temiiepatypu peaktopa (T=300°C) mis 3Ha4eHb
mapametpis: Dyv=7,36x102° m?/c; dg = 2,5%10% m; | €2 =Cre pec = 1,779%x10% M3, gm=1; 6 =
2x10"Ma; &b = 2,5%<10° m; aine = 10°Cc Mm% &or = 107 = 90% RYj = Ro= 5x107"0m; m = 2
HaBeJIeHa Ha pucC. 2.

10e4+09 -
—— OnpomiHeHHS 3a pekuMoM [3,4];

- LOE+08 - temmeparypa 300°C
E
o)
i
‘Eﬁ M
= i
5 1,0E+07
(]
=
%
D]
=
g 1,0E+06 ! ‘ ‘ ‘
:23 0 10 20 30 40

Yac HaBaHTa)KeHHS, t/TonuHN

Puc. 1. PozpaxoBaHa MeTOI0M KJIaCTEpHOI TMHAMIKM 3MiHA MEXi TEKY4YOCTI a-3aji3a,
1110 3yMOBJIEHA OIIPOMIHIOBAaHHSIM HEUTPOHAMHU y 3aJIeKHOCTI BiJ 4acy, KOJIM TeMIleparypa
HayKOBO-ZlocIifHOro peakropa bP-2 6yna 3menmena Bix 300°C o 123°C 3a pexumom y
HOPIBHSAHHI 3 BUIMIAJAKOM HocTiiHOT Temmepatypu 300°C.

Fig. 1. Calculated by the method of cluster dynamics change in yield strength of

a - iron, which is caused by neutron irradiation, depending on the time when the
temperature of the research reactor BR-2 was reduced from 300°C to 123°C in comparison

with the case of a constant temperature of 300°C.
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Puc.2. EBomronis y yaci BiJHOCHOI IIIONII 1Op, Sy y G-3aJ1i31 il HABAHTAKEHHSM, 1110

OTIPOMIHEHO 3a peKUMOM [3,4] B HayKoBO-JocaiAHOMY peaktopi BP-2 mpu temneparypi
300°C ta mpu 3menmeHHi remmnepatypu Bix 300 go 123°C.
Fig.2. Evolution in time of relative pore area, S, in iron under load, irradiated under

the regime [3,4] in the research reactor BR-2 at a temperature of
300°C and at a temperature decrease from 300 to 123°C.

OTo3 BITHOCHA TUIOIIA TIOP Y 3a1i31 Ipu BHYTpiIHbOMY THCKY 20 MIla, sike mae Micue
B aTOMHHUX PEaKTOpax BOJ0-BOASIHOT'O THITLY, Ta OPOMiHEHHI 3 HeUTpoHHUM ¢utakcoM 1,39x10°
" dpa/c (9x10% u/m?/c, E > 1MeB) [3,4] 3poctae 3a aBi 1o6u 10 0,0004 Ta 0,14 mpu mocTiitHii
temmepatypi peakropa 300°C Ta mpu 3menmenHi remmeparypi Bix 300 go 123°C, BiamosigHo.
Otox Marepiaid peakTopa MPH 3MEHIICHHI HWOTO TEeMIEpaTypu CTae OUIbIl MEXaHIYHO
HeCTaOUIbHUM HIXK y BUIAAKY MOCTIMHOI TEMIIEpaTypy peakTopa.

3. BuchHoBkm
3MeHIIIeHHsI TeMIIepaTypu KOpIyca HayKOBO-IOCHimIHOTro peakropa bP-2 (M. Mo,
Bensris) Big 300 g0 123°C npu onpominenHi 3 HeifrporHnM dakcom 1,39x107 dpa/c (9x10Y7
H/M?/c, E > 1MeB) npu3BOIMTH O 3pOCTAHHS BiHOCHOI IUIOmA TOp y o-3aii3i (BTpaTH
MEXaHIYHOT CTaOUTBHOCTI) y MOPIBHSIHHI 3 BUIAJKOM €KCIUIyaTallii BKa3aHOTO peakTopa Mpu
nocTiiiHii Temneparypi 300°C.
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ESTIMATION OF THE EVOLUTION OF PORES IN a - IRON UNDER
NEUTRON IRRADIATION

Summary. Changes in the mechanical properties of the reactor body of nuclear power
plants are due to a number of physical processes at nano-, micro-, meso- and macro-levels both
in time and space. The molecular dynamics method, the Monte Carlo method and the quantum
mechanical method (ab-initio method) are used to study the cascade stage of interaction of
irradiation (electrons, neutrons and ions) with reactor materials, which lasts from 10-15 to 10-
12 seconds in the size range up to 10 nm. The cluster dynamics method allows to study the long-
term kinetics of point defect clusters (vacancies and internodes), as well as clusters and
precipitates, which include point defects and alloying elements of reactor alloys. Based on the
results of cluster dynamics such as concentration, average size, and numerical density of
clusters and precipitates, it is possible to calculate the change in yield stress caused by
irradiation. But so far, the urgent task of reactor materials science is to take into account the
effects of irradiation on the physical mechanism of their plastic deformation and destruction.
This article is devoted to one of the aspects of destruction of irradiated materials, which is
based on taking into account the origin and evolution of pores during loading. A physical and
mechanical model of intergranular fracture, which is caused by the evolution of pores, is
proposed to evaluate the mechanical stability of reactor steels. The time dependence of the
increase of the yield strength for the irradiation regime in the BR-2 research reactor (Mol,
Belgium) was determined from the results of cluster dynamics for the evolution of the average
size and numerical density of clusters for a constant temperature of 300 °C of the reactor vessel
and its decrease from 300 °C to 123 °C. The evolution of the pore size and the magnitude of the
relative plane of pores are calculated from the kinetic equations.

Keywords: neutron irradiation, pore evolution, cluster dynamics, temperature change, o.-
iron.
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NUCLEATION AND COMPETITION OF COMPOUNDS IN STRONGLY
INHOMOGENEOUS OPEN SYSTEMS — NEW DEVELOPMENTS”

Competitive nucleation of an intermediate phase in a sharp concentration gradient
proceeds usually at the initial stages of the solid-state reaction between materials. Theory of
nucleation at such conditions has almost 40 years of history briefly reviewed and discussed in
the present paper. This theoretical treatment is based on two basic ideas: (1) kinetic
suppression of the emerging embryos/nuclei by the fast-growing neighboring phases, (2)
thermodynamic suppression of nucleation by sharp concentration gradients. Here some new
theoretical and simulation results in this field are presented, as well as their experimental
verifications.

Keywords: diffusion, nucleation, phase growth, supersaturation, concentration gradient,
Monte Carlo method, solid solution.

1. Introduction

With nucleation in a sharp concentration gradient is meant, at least in this paper,
nucleation of intermediate phases in the contact zone of two solid materials. So, we consider
nucleation at the initial stage of solid-state reactions. In most cases, the initial contact zone is a
region of nanometric sizes around a 2D-contact (initial interface) [1], but it can be as well a
nanometric zone around a 1D (linear) contact or even OD (point) contact [2- 4]. Chemical
phenomenon of solid-state reaction, from the physical point of view, can be considered as a
chain of competitive phase transformations in the evolving composition profiles with initially
sharp concentration gradients. If the driving force of the phase transformation is large, then the
nucleation barrier is low and nucleation is not the controlling stage of reaction. Yet, reactions
can, generally, proceed via different, alternative evolution paths (alternative chains of
reactions). As known from the Ostwald rule and its modern interpretation [5,6], nature chooses
the evolution path with maximal nucleation rate (which commonly corresponds to the minimal
nucleation barrier). Therefore, we should compare the nucleation barriers for all possible paths
even if all these barriers are low. Moreover, very often the appearance of the first phase to
nucleate and grow at the contact may drastically change the nucleation rates for subsequent
transformations.

* This paper is supported by grant of Ministry of Science and Education of Ukraine “Multiscale modeling of
competitive nucleation, growth and coalescence of phases in isothermal reactions and SHS reactions”
(0118U003861)
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Thus, nucleation of intermediate phases during solid-state reactions have two main
peculiarities:

(1) The nuclei/embryos of the intermediate phase are formed in the presence of external
fluxes. It follows that nucleation can be kinetically suppressed or kinetically promoted by these
external fluxes.

(2) Nucleation proceeds in the very sharp gradients of chemical potential and
concentration. It follows as a consequence that, in general, these gradients affect the value of
the nucleation barrier. Here we do not mean the Cahn-Hilliard gradient terms leading to a
diffusive interface between nucleus and parent phase(s), but the gradient terms related to
various driving forces of transformation in the “left boundary”, “central” and “right boundary”
regions of the nucleus. In order that such a mechanism can be effective, the contact zone should
be of a size of few nanometers, but it is just the situation at the initial stage of solid-state
reactions!

The first attempt to take into account the peculiarity 1 (kinetic suppression of nucleation
by the divergencies of external fluxes) was made in [7] and developed further in [8-12]. This
approach provides us with the prediction of possible phase formation sequences and of the
kinetic suppression periods for each phase starting from the second phase to form (however, it
could not predict the incubation period for the first phase to form). For example, the formation
and growth of phase 2 nuclei are kinetically suppressed by the growing neighboring phase layer
when its thickness satisfies the following condition:

AX, < AX, =126 DAC, o )

1-C, D,AC,
where 1,"is a longitudinal size of the phase 2 critical nucleus at the interface 1/B. Here
D,AC,,D,AC, are the Wagner integrated diffusivities [13-16]. An account of peculiarity 2

(thermodynamic constraints on nucleation in a the sharp concentration gradient) was made by
us first simultaneously with Pierre Desre [17-20] and later jointly with P. Desre and F. Hodaj
[21-24]. In brief, the results can be summarized as follows: The influence of concentration
gradient in the nucleation region on the dependence of Gibbs free energy on nuclei size or
volume depends on the so-called nucleation mode (polymorphic, lateral, or total-mixing one).
It differs for two possible thermodynamic conditions at which such processes may occur:

(1) The composition of the intermediate new phase can be provided by the common
down-hill diffusion within the old metastable phase (Fig.1).

Gy TG

7777777777777777777777777777777777777

Fig. 1. Right: Composition dependence of the Gibbs free energy of the metastable parent
phase with full metastable solubility and new intermediate phase, and also local driving forces
of nucleation by: polymorphic — a, transversal (lateral) — b, and total mixing (longitudinal) — ¢

modes. Left: Evolution of the concentration profile within the metastable parent phase with
full solubility — a spatial region within which the nucleation is favorable, is widening with
time.

10



Cepist «Pi3uxo-mMaTeMaTH4Hi HayKm», 2019

The solubility of the two-parent phases (i-1) and (i+1) is limited, so that the new phase
“1” can be formed only as the result of two simultaneous decompositions in two metastable
phases divided by an interface, i.e., phase (i-1) is supersaturated with B and phase (i+1) is
supersaturated with A (Fig.2).

Gy

_____________________________________________

____________________________________________

nucleation
zone

Fig.2. Stable and metastable equilibria in a binary system with limited solubility in the parent

phases & and 4. Compositions within intervals (c,,.c,, ), (c,,.C,, ) correspond to

metastable (supersaturated) alloys and provides the decomposition starting from nucleation of

the y-phase in the reactions ™" — a+y, B™* — B+ y at both sides of the initial o/ 5 -
interface. The right part of the figure shows the concentration dependencies for Gibbs free
energies of all phases. The left part presents the typical concentration profile provided by
interdiffusion before nucleation of the intermediate phase. The spatial interval between o™

and A" around the concentration step shows the region within which nucleation is favorable.

For case (1) we discovered a new relation for the work of critical cluster formation adding
the fifth-power size term to the well-known Gibbs dependence:

AG(R)=aR?- R +y(VC)'R®. (2)
Here the coefficient y is positive for polymorphic and transversal modes and negative

for total-mixing mode. This relation can be further advanced. Actually, more correct is a
dependence on the nucleus volume plus the nucleus shape dependence on volume — this
problem was thoroughly analyzed in [1, 18, 21-24] and will not be discussed here. The main
consequence of our result expressed by eq.(2) is a suppression of nucleation unless the
concentration gradient becomes smaller (due to diffusion) than some critical value.

For case (2) the dependence is somewhat different — it contains a fourth-power term
instead of fifth-power. In addition, it also contains a combination of concentration gradients on
both sides of the initial «/ - interface:

AG(R)=a'R* - f'R*+y'q°R*, 3)
2 _ AaAﬁ _ _ 829 _ _ azg
q a Aa + Aﬂ ! Aa - (C}’a Caﬁ) ac2 , (VC)‘CQ/} ’Aﬁ - (Cﬂa C}ﬁ)acZ ., (VC) Cpa

(notations coincide with the those used in Fig.2)
In 2011 we came back to kinetic suppression ideas, but on more rigorous basis than in
1982. Namely, we introduced the concept of Flux Driven Nucleation (FDN) which can be
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actually denoted also as FAN (Flux Assisted Nucleation) or FIN (Flux Inhibited Nucleation)
[25].The main idea of this concept is using Fokker-Planck (FP) approach for the theoretical
description of nucleation in the cluster size space (just as in classical nucleation theory (CNT))
but with two terms for the drift of nuclei/embryos in the size space:
Avtotal ~ Avinternal + Avexternal
: (4)
The first term in the right-hand side of eq.(4) is a common drift term caused by the size
dependence of the Gibbs free energy change due to nucleation:
Avinternal (n) — Ln) . (_%j
KT on
(n is the number of monomers — say, atoms or molecules inside nucleus). The second term is
caused by the divergence of external fluxes. For example, as shown in [25], in the case of disc-
like nuclei of phase 2 formation at the interface of the growing layer of phase 1 and material B
the first and the second terms are:

Avinternal (nz) — v (nZ) . (AghBez _gj;sonzzl?,j

KT 3 , (5a)
2 U3 93 2/3
Ay ol :_7Z'R2 /Q DlACl :_(”/Q) N, [Lj %
C,-C,  AX C,-C Ay AX, (5b)

(here Ry is a radius of disc-like nucleus of phase 2, yi, Ay, y-various combinations of surface
tensions between phases — for details see [25])

In [25] we demonstrated that the inclusion of external fluxes into the FP-scheme provides
us with an effective nucleation barrier of the form

AGH (n)zAG(n)—kTi%:i)(n’)

In the case of compound 2 nucleation at the interface 1/B of the already growing phase
layer 1, this effective dependence can be reduced to the form similar to eq. (3):

D,AC
eff _ 2/3 1 1 1 ,~4/3
AG (nz ) Qg Ny = R Mo + Qi n,

— Ssurf 12 AXl . (7)
(exact definitions of coefficients a,,, a,,, &, are givenin [25])

Simple analysis shows that this dependence is monotonically increasing (nucleation is
kinetically suppressed) if the thickness of the growing layer 1 is less than some threshold value
given by

dn’. (6)

* 32a‘surf
AX; <AX, =——a,;,;, D,AC,

2

A (8)

The substitution of the realistic parameters into this equation results in values of the
threshold thickness in the range from tens to hundreds of nanometers [25].

A comprehensive review of the developments connected with the account of peculiarities
1 and 2 in nucleation in solid-state reactions was published in 2010 [1]. In the present paper,
we will discuss some new developments in theory and simulation as well as experimental
verification of the above-described concepts.

2. New developments of the kinetic suppression concept

2.1. Suppression of silicide nucleation at the point contact reaction between nanowires

About 12 years ago, a new type of nano-reactions was discovered — silicide formation due
to the contact of a silicon nanowire and a metal (first of all, Ni) nanowire or nanoparticle [2-4,
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26-27]. In this case the contact is formally point-like (actually, nanometer-sized or even
Angstroem-sized) — see Fig.3.

SiO;

Si

—
Ni

Fig.3. Growth of the intermediate phase proceeds far from the point contact, and the
growing phase is not the common Ni.Si phase.

Moreover, silicon nanowire (with typical diameter about 20 nm) is covered by the natural
amorphous oxide of 1-2 nm thickness. Most probably, in the place of contact this very thin
oxide layer is damaged, and metal atoms penetrate into Si nanowire via this damaged “window”
of atomic size. The results and kinetics of this reaction are very interesting. For example, in
case of Ni the NiSi silicide appears inside Si nanowire and grows, which is expectable. Yet, the
phase which was nucleated, the place of nucleation, and the way of further growth seemed to
be unexpectable. Indeed, in typical Ni-Si thin film couples the first phase to grow is Ni2Si,
second is monosilicide NiSi, and third is NiSi> (usually at sufficiently high temperatures). On
the contrary, in point contact reaction the nucleated phase is monosilicide, NiSi. In the thin-
film couples the new phases are nucleated at the interface Ni-Si. On the contrary, in point
contact reaction, nothing is nucleated near the contact point — instead, NiSi is nucleated far from
the contact - typically, at the end of Si nanowire or between the contact points in case of multiple
contacts. After nucleation, the further growth of silicide proceeds in stop-and-go mode: each
new atomic layer waits a few seconds before nucleation of the island and then very fast lateral
growth of atomic layer takes place — see Fig.4.

(- 30
a Si
&&
~
-
b Si
\\
f( )
= 7

Fig.4. Stop-and-go growth of silicide along the nanowire
Such growth mode with repeating nucleation of 2D-islands was explained and described

in [3], but the absence of nucleation at the contact was not discussed. We will do this here and
now.
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Si

Fig. 5. Nucleus of silicide around point contact with Ni as a traffic-jam configuration
for Ni-flux, leading to decomposition of nucleus due to interstitial diffusion of Ni into Si.

Let us suppose that just around the contact place inside silicon the critical nucleus of
Ni2Si is formed (Fig. 5). For simplicity, the nucleus is considered to be a hemispherical shell
with an inner radius R,, =R =0.2nm and an external radius R,, =R, . It’s critical size

contact

can be evaluated from simple thermodynamic considerations:

2
AG =-Ag 3_9( Ro: — Ri ) + Vst - 2TRGe + Vi - 2R + (7i/5ioz ~ Vsirsioz ) : ”( Rex —Ri ) :

OAG —0=R, = 2isi +(7i/3ioz _75i/5ioz)Q .
R Ag
Since this phase, in our virtual model, appears like “traffic jam” hindering the supply of
Ni into silicon, very important is, what is the flux passing through this spherical shell. Taking
steady-state approximation in spherical symmetrical case [28], one gets for the total flux

Rext J total

- o [ Bdc 5AC
J total — _ZﬂrZD E ~ Const overr = R";{’ST = —272':?-(:—1 = _2”RextRint R R '
- - ext it
err Rint ReXt

Ri nt

As we can see, the total flux is controlled by the window radius R, .
Thus, the flux densities at the internal and external boundaries are easily determined:

j B J total L Rext IjAC J B J total L Rim DAC
" 27Z-Ri$1t Rint I:aext - I:zint e 27Z-Rezxt Rext Rext - Rint

The velocity of motion of the external boundary is determined by the flux balance equations
with difference of nickel flux densities at both sides of i/Si, divided by the difference of molar
fractions of nickel at the same sides of the interface.

2 | dR R, DAC i L CIT_C,,
——C..(Si ext _ _int _ Dln_terst Sj Ni Ni . 9
[3 Ni ( )j dt R erxt _ Rint Ni ( ) Rext ( )

ext
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Here C>'"is the equilibrium concentration of Ni at the silicon side of the interface
silicon/silicide, C,, is a concentration of Ni in silicon. Nucleation of Ni2Si at the point contact

. .. OR . . . .
IS suppressed if d—:*‘ <0 (each newborn nucleus at the point contact is immediately dissolved

by diffusion of nickel into the silicon matrix), which means

R, DAC
Rece = Rine DA™ (SI)

In other words, C,,"™ is the concentration of Ni in silicon which should be reached to

make possible the successful nucleation of the silicide at the “window” (place of point contact
between silicon nanowire and metal nanowire or nanoparticle). Three peculiarities of the point
contact assist to fulfill this condition:

C_Ni < C_Nicl’it1 CNicrit — CSII/I _ (10)

int

A. Traffic-jam effect due to small ratio, h<<1. In the planar case, this parameter

ext
would be UNITY.
B. Wagner integrated diffusivity, DAC, for nickel silicide (which can be expressed in
terms of bulk tracer diffusivity of Ni in silicide and interstitial diffusivity of Ni in Si) is much
less than the interstitial diffusivity of nickel wvia silicon lattice, so that

DAC Dy Ag <«<1
Dli\Titerst (Sl) Dli\Titerst (Sl) kT

C. There is no back diffusion of silicon into Ni.

Before reaching the level of concentration corresponding to critical conditions given by
eq.(10), this concentration inside silicon nanowire will satisfy the condition of NiSi nucleation
outside the contact area. Thus, suppression of silicide nucleation will continue till reaching
saturation. In a saturated solution nucleation is more probable for heterogeneous nucleation of
NiSi at the defect places of silicon nanowire [29].

2.2. CusSn suppression criterion for solid copper — molten tin reaction

The formation of the CusSn phase in soldering reactions increases the probability of
failure at the solder contacts. It happens due to Kirkendall voiding caused by different diffusion
rates of copper and tin through the IMC layer plus non-ideal vacancy sinks at Cu/CusSn
interface. A criterion of suppression of this phase nucleation by the fast-growing scallop-like
CusSns compound is presented below.

In soldering of copper by the liquid Sn-based solder the thickness of the CusSn phase is
much lower than that of the CusSns phase. The reason of this phenomenon is the different nature
of diffusion within CusSn and CueSns layers during the reaction between molten solder and
copper. Diffusion across CusSn is a solid-state diffusion. Contrary to this, CusSns layer has a
different morphology and different diffusion mechanism: the growth of CusSns scallops takes
place at the solder/metal interface by rapid liquid state diffusion through nanometric liquid
channels between CusSns scallops, leading thus to a rapid growth rate of this phase [30,31].
The first phase that forms and grows at the liquid solder/Cu interface is n-CusSns phase and it
is only afterward that the growth of the e-CuzSn phase occurs at Cu/CueSns interface.

Let us assume that e-phase layer of some minimal constant thickness lcr (say ler = 2 nm)
has just formed by nucleation and lateral growth and now is trying to grow normally between
n-phase and Cu (Fig.6).
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n-Cu,Sn,

=1 ler | |

e-Cu,Sn

Fig. 6. Schematic morphology of the reaction zone during solder reaction. ¢ is a width
of the liquid channels between the scallops of Cu,Sn;.

A simple analysis of the flux balance at the interfaces Cu/CusSn and CusSn/CusSn5 of
CusSn phase leads to the following growth rate equation [32]:

dax _( 1 1 jﬁ%ch 1 sDr
dt = \c°-c” 1-Cc°) If c’-C" R?
Thus, the nucleation of the e-phase layer stops only under the following condition:

(CI/g_CI/n). (ll)

_Cn 3 (€) eq
o (oo (12
R*C*-C” (c-cr)(1-c7) I
it means, for a sufficiently large mean scallop size:
CI/E_cI/r] 1_C6 melt
R>R = ( )( )~DC“ o-l:. (13)
1-C” D®ACH

Experimental verification of this prediction is discussed in Section 4.

3. Monte Carlo simulation

3.1. Nucleation in homogeneous solid solution

At first, we verify the predictions of our model by simulations of nucleation considering
the standard case of homogeneous nucleation in a metastable (supersaturated) solid solution
with positive mixing energy. To have realistic estimates of the supersaturation, we cannot use
the approximation of the regular solution, since Monte Carlo simulation automatically takes the
correlation effects into account. Therefore, one should, first of all, simulate the equilibria in
solid solutions and construct the Monte Carlo (MC) phase diagram. It was done in [53].

Monte Carlo simulations employ an exchange mechanism of diffusion, first coordination
shell interactions for the decomposition of the solid solution and two shells for nucleation of
the ordered phases, Metropolis algorithm, periodic boundary conditions for a model sample
containing 15x15x15*4 sites of the FCC lattice.

A model system in a computer experiment was characterized by two parameters -
temperature and concentration of parent phase. Incubation time was obtained as average in the
ensemble of 1000 tests with the system at same parameters. The results of the computer
experiment are represented at Fig. 7.

The obtained dependencies correlate with the classical nucleation theory. According to
CNT, the incubation time should be inversely proportional to the flux of nuclei in the size space
and, accordingly, proportional to the exponent of the height of the nucleation barrier divided by
KT . The nucleation barrier in CNT is proportional to the cube of surface tension and inversely
proportional to the squared bulk driving force. This driving force is determined by the rule of
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parallel tangents and at small supersaturation it is proportional to it. Thus, CNT predicts that
the logarithm of the incubation time is a linear function of the inverse squared supersaturation

> (supersaturation appears to be better represented by In(C/ Ceq) than by
(n(crcy))

(C-Cy)-
The dependencies presented at Fig.8 can be approximated as
nr=a—* _4+p, (14)
(In(crcy))
where « is the proportionality coefficient between In(7) and ;2; [ is a constant.

(n(crcy))

The value of B, in theory, should be common for all dependencies for the systems of the fixed
size, but in this case, we have some deviation from the constant. However, these deviations are
small.

Computer experiments using the Monte Carlo method indeed provide us with the linear
dependence of the logarithm of incubation time on inverse squared supersaturation at the
decomposition of solid solution (eq. (14)). Our results of computer modeling are consistent with
the predictions of CNT, in which the nucleus is born at once with almost optimal composition,
and then just grows. These results are also consistent with MC simulations in [33]. The

interpretation of the temperature dependence of the slope a (Fig.8) in eq.(14) will be discussed
elsewhere.

| KT/6E,,;.
6 1-0.72
2-0.69
: 3-0.67
. 3 4-0.64
5-0.62
1 6-0.56

0 5 10 15 20 25
1/In(S)?
Fig. 7. Series of dependencies of the logarithm of incubation time on the inverse
squared logarithm of supersaturation S =C/C,, at various reduced temperatures.
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KT/6E, .
Fig. 8. Dependence of proportionality coefficient a in eq. (16) on the reduced
temperature.

3.2. Nucleation in a concentration gradient: MC-simulation

Now we simulate nucleation in a sharp concentration gradient. We realize it for two cases
— nucleation of the ordered phase AB of FCC-lattice (structure L1o) and nucleation of the
ordered AB (alpha-brass) phase B2 of BCC lattice in the nanometrically narrow diffusion
couple with fixed boundary compositions. To make the intermediate phases more distinct, we
introduced interactions within two coordination shells, with negative mixing energy for the

nearest neighbors (E. /KT =-0.280) and positive mixing energy for the next-nearest

mix

neighbors (E. /KT =0.653).

3.2.1. Formation of L1, ordered phase in the sharp concentration gradient

We generated diffusion couples of nanometric width and kept the compositions at the left
and right boundaries constant. Our couples were 0-1, 0.05-0.95, 0.1-0.9, 0.15-0.85, 0.2-0.8,
0.25-0.75. We calculated the sum of absolute values of the local order parameters over the
central plane. We fixed the formation of the intermediate phase when this sum exceeded the
threshold value.

At Fig. 9, we show the logarithm of the waiting (incubation) time versus the squared
concentration difference between left and right boundaries. It is proportional to the squared
mean concentration gradient. Results are shown for three choices of the threshold order values
(0.75, 0.775, and 0.8). These dependencies are well-approximated by linear functions which
correlate well with the squared gradient term in eq. (2) for the nucleation barrier.
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52—
3:eta=0.8 y=0.8493x +4.2285 3

2:eta=0.775y = 0.7522x + 4.0564
l:eta=0.75 y=0.6899x + 3.8755

Int

: E—— ' | |
0.2 0.4 0.6 0.8 1
(2-dC)?
Fig.9. The logarithm of L1, intermediate phase formation time linearly depends on the
squared fixed concentration step in nanometric diffusion couple. A linear fit is made for three
cases with threshold order in the contact plane equal to 0.75, 0.775, and 0.8.

3.2.2. Formation of B2 ordered phase in a sharp concentration gradient

We repeated the same simulations for the nanometric couple with BCC lattice forming
the intermediate phase with B2 (alpha-brass) structure. The results are similar and shown at
Fig.10.

: 3:eta=0.75 y=0.9143x +2.9092
| 2:eta=0.775 y =1.0382x + 2.6253
l:ieta=0.8 y=1.0604x+2.4266 o)

Int

- o ! | |
0.2 0.4 0.6 0.8 1
(2-dC)?
Fig.10. The logarithm of B2 intermediate phase formation time linearly depends on the
squared fixed concentration step in nanometric diffusion couple.

Thus, direct computer experiments of phase formation in the contact zone correlate with
our theoretical prediction of nucleation inhibition by sharp concentration gradients. Now, let
us see, what real experiment tells us (Section 4).
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4. Experimental verification of the concepts of kinetic and/or thermodynamic
suppression of nucleation in concentration gradients

4.1. SSAR

One of the first arguments in favor of the concept of critical gradient and phase
competition was the diffusion-driven amorphization at low temperature (SSAR- Solid State
Amorphization Reactions). A typical example of SSAR is a reaction of nickel with zirconium
[9,37,38]. At temperature 300 °C, the first phase to grow in a Ni-Zr reaction is a metastable
amorphous layer with a composition of about 50 percent, instead of the “legal” (stable)
crystalline intermetallics. This picture is observed when both Ni and Zr are polycrystalline
providing triple grain-boundary junctions as the natural formation site for amorphous phase.

The amorphous layer starts to transform into intermetallics only after reaching a thickness
of ~200 nm. The explanation seems natural: the amorphous phase has a lower driving force
than the stable intermetallics but, nevertheless, it can be easily formed at the triple junctions of
grain boundaries (which have very irregular structure close to amorphous) and therefore starts
to grow first. Diffusion across the amorphous phase is much faster than across intermetallic,
which immediately leads to the fast growth of the amorphous phase layer. This quick growth
kinetically suppresses the formation of the intermetallic nuclei at the boundary of the
amorphous layer according to eqg. (1), as shown in [9,29].

This scenario explains the suppression of nucleation at the interface but not of nucleation
inside the layer. In this case, the nucleation of intermetallics inside a preexisting amorphous
inhomogeneous layer is thermodynamically suppressed by the sharp concentration gradient in
a ~200-nm-thick amorphous layer, as demonstrated in [19,20] as well as in [9,39].

4.2. Phase formation and competition in multilayers

In the works of J. Perepezko’s team the phase formation sequence was studied in
multilayers with various wavelengths (see, for example [40,41]). In Ni-Al multilayers with
large and intermediate wavelengths, the first phase formed was AlgNi2. For short wavelengths,
the first phase formed has a composition close to the average composition. The formation of
metastable phases proves that the nucleation reaction can be controlling (metastable phase
appears first if it has minimal nucleation barrier, in comparison with stable phases). For alloy
systems with extensive solubility, intermediate phase nucleation proceeds by interdiffusion,
which provides the supersaturation required for new phase formation. This is equivalent to the
existence of the threshold concentration gradient, necessary for the phase nucleation.

4.3. Nucleation of the first phase in Co-Al reaction

Initial stages of Co-Al reaction were studied in detail in [42]. In this reaction, the first
intermediate compound to form is AlsCo, the intermetallic phase. Yet, by 3D atom-probe
tomography it was shown that, initially, only metastable solid solution of few nanometers
thickness was formed. The intermetallic compound was formed only after the thickness of solid
solution exceeded some critical thickness. It is direct proof of the concept of thermodynamic
suppression of nucleation by the sharp concentration gradient.

Moreover, experimental data on the formation of the AlgCo. phase cannot be prescribed
to the transversal nucleation mode introduced by P. Desre [19, 20]. On the contrary,
polymorphic nucleation mode, introduced in [17] and modified to shape optimization in
[18,21], describes the experimental results well.
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4.4. Phase formation in Cu-Si system [43]
The nucleation of the Cu3Si phase was studied by 3D atom-probe tomography in the

sandwich Cu/Si/Cu “at the top of the tip” samples. The interface formed by deposition of Cu
on Si is substantially broader than the interface formed by deposition of Si on Cu (5.3nm> 2.4
nm). According to our concept of nucleation in a concentration gradient, a broader interface
leads to a decrease in the nucleation barrier for the Cu3Si phase. This situation is well described
by the polymorphic nucleation mode, contrary to the predictions of CNT, as well as the
transversal nucleation mode.

4.5. Phase formation in Ni-Si system [44]

The reaction starts with the formation of a disordered layer with an atomic fraction of
copper about 2/3. Only after this the nucleation and growth of Ni>Si compound is detected. So,
this also confirms the concept of critical concentration gradient.

4.6. Phase Formation in Ni-Al system

The first verifications of the concept of critical gradients in Ni-Al reactions were obtained
by Perepezko’s team [41]. Possibility of metastable liquid phase formation (metastable contact
melting) at temperatures below the melting point of Al was found by molecular dynamics (MD)
simulations in [45]. The study of the interaction between nickel and aluminum in the SHS
processes, with the formation of liquid nickel solutions in aluminum, was performed in [46].
Namely, the MD simulation of homogeneous nucleation of the NiAl intermetallic phase from
the liquid solution due to cooling demonstrates the suppression of NiAl formation in the field
of sharp enough concentration gradients. The gradient was simulated with keeping constant
composition at the interface. It was shown that the sharper is the composition gradient, the
higher is the nucleation barrier and the larger is the critical size of the nucleus. At that, the shape
of the nucleus becomes more asymmetric. These results are well described by the polymorphic
nucleation mode for a disc-like nucleus.

4.7. Phase formation in copper—liquid tin systems

As we predicted in [32], the threshold scallop size, eq.(13), necessary for formation of the
CusSn phase, should be about 500 nm. This prediction was checked recently in [47]. Copper
samples were placed for very short times in a molten tin at 250°C and the studied at SEM and
TEM. Exposing a foil in the liquid tin for0.04s resulted in a single n-CusSns layer of 500 nhm
thickness at the copper/liquid tin interface. Exposing a foil in the liquid tin for 1 s has led to the

formation of two intermediate phases: ~500-nm-thick 77 —CugSn, and 100-nm-thick &—Cu,Sn

phases. Thus, our prediction of kinetic suppression of Cu,Sn by the fast-growing Cu,Sn, phase
is now proven experimentally.

5. Conclusions

Solid-state chemical reactions in the contact zone of two materials can be analyzed from
the physical point of view as the alternative chains of sequential or simultaneous phase
transformations in a very inhomogeneous diffusion zone. The actual chain of transformations
is chosen by the condition of the fastest nucleation at each new step. Nucleation of the
intermediate phases in the contact zone is controlled by two main peculiarities: (1) kinetic
suppression by the diffusion fluxes across the competing growing phases, and (2)
thermodynamic constraints due to sharp concentration gradients in the parent phase(s).

Kinetic suppression explains the phase formation sequence (starting from the second
phase to form) in solid-solid interactions, solid-liquid interaction (soldering), point contact
reactions.
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Thermodynamic constraints (suppression of nucleation) explain mainly the selection of

the first phase to form and grow and work mainly via the polymorphic nucleation mode in the
initially formed disordered contact layer until it grows to some threshold thickness.
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HYKJIEAIIIAA TA KOHKYPEHIIA CITOJIYK B CHWJIBHO HET'OMOI'EHHUX
BIIKPUTUX CUCTEMAX - HOBI MOJEJII

AHoTaui. Konxypenmua HyKneayis npomixcuoi ¢hasu 6 nouai pizkozeo epadicHma
KOHYeHmpayii npomixkae 3a36udail Ha NOYAMKOBUX CMAOIAX MEepPOOMINbHUX Pearyii Midic
mamepianamu. Teepoominbhi XiMiuHi peaxyii 6 30Hi KOHMAKM) 080X Mamepianie Mo*CYmb
Oymu npoananizoéari 3 QizuuHoi MouKu 30py K AIbMEPHAMUBHI TAHYI2U NOCTI008HUX A0
OOHOYACHUX (hA308UX NEPemBOPeHb ) PI3KO HEeOOHOPIOHIU Ou@ysitinil 30HL. DaxmuyHull
JIaHYI02 Nepemeopetsb 8UOUPAEMbCS YMOBOI0 HAUUBUOULIO20 3APOOKOYIMEOPEHHS HA KOHCHOMY
Hosomy kpoyi. Teopia HyKkIeayii ¢ KOHMAKMHIl 30HI NpU peakyitHiu ougysii mae matisxce 40-
PiuHy icmopito i KOpomKo po32110aEmuvcsi ma 002080poemvcs 6 yill pooomi. Brazana
meopemuyHa iHmepnpemayis KOHKYpeHYii ¢paz 6azyemvcsi Ha 080X OCHO8HUX idesx: (1)
KiHemuuHe NPUSHIYeHHs BUHUKAIOYUUX OOKPUMUYHUX/3AKPUMUYHUX 3APOOKIE 34 PAXYHOK
weuokoz2o pocmy cyciouwix ¢az, (2) mepmoounamiune npucHiueHHs HyKIeayii pi3KUM
epadienmom konyenmpayii. Kinemuyune npueniuenHs nosacHioe nociioosHicms (hazoymeopets
npu 83a€EMO0ii MEepOOMiIbHUX PEeHOBUH, MBEPOOMINbHOI peuosuHyu ma piouHu (nauka), 6
Peaxkyisax moyko8020 KOHMAKMY Midc HaHoopomuHamu. TepmoouHamiuni obMedcenHs
(npucHiuenHs 3apoOOKOVMBOPEHHS) NOSACHIOIOMb OCHOBHUM YUHOM 6ubip ¢hasu, sKa
VMBOPIOEMBCA 1 pocme nepuloro, wo 8i00Y8aembcs NepesadcHo ULIAXOM NONIMOPHHO2O
3aPOOKOYMBOPEHHS 8 CHOPMOBAHOMY HA NOUAMKY HEBNOPAOKOBAHOMY KOHMAKMHOMY Wapi.
3apookoymeopenns cmae ModHCIUBUM, KOIU Yeli HeBNOPAOKOBAHUL NPOUAPOK 8upocme 00
0esKoi nopo2o6oi moswuHu. ¥ pobomi npedcmasieHi HO8i meopemudti poO3paxyHKu a maKoic
pe3yiomamu, OMPUMAHI  ULIAXOM  KOMN'IOMEPHO20 MOOENO8AHHS, WO NIOmMeepICceHi
excnepumenmanvio. Memooom Monme-Kapno docniodiceno 3anedxicHicms HyKIeayitiHo2o Yacy
8I0 nepecuuenHs npu po3naodi 2OMO2eHHO020 CNIAsy ma 3aledCHiCmb 4acy hopmysants ¢as
B2 ma Llo 6i0 epadienma xonyenmpayii npu ynopsaoxkyeawHi HeoOHopionozo cnuasy. L[i
pesyavbmamu niomeepodiceti excnepumenmanvio ¢ maxux cucmemax sk Cu-Si, Ni-Si, Ni-Al,
MiOb-pioKe 0110860.

Kurouosi ciioBa: nudysis, Hykieanis, picT ¢a3, nepecuueHHs, IpaIieHT KOHIICHTpaIlii,
Mounrte-Kapno meron, TBepAuii po3unH, IpoMikHa (asa.
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CTAJIMHICTH KOMIPKOBOI'O PO3IAJIY IEPECUYEHOI'O TBEPJIOT'O
PO34YHUHY Co - 13 ar. %0 W

3anpononosano cnoci6 mamemamuiHo20 AHANI3Y 30MEPMIYHUX OULAMOZPAM CHIABY
Co-13 am. % W, sicmapenoco 6 inmepgani memnepamyp 660-820°C 3a Komiprosum
mexauizmom. Tlooannsam 6xionux excnepumeHmanibHux izomepm y koopounamax dl/dz-1g(t), oe
| — Ooeorcuna docniosxcysanozo 3paska, T — 4ac CMAPIHHA CHIAABY, 00EPIHCAHO MONCIUBICIMb
MOYHO20 BU3HAYEHHS YACOBUX [HMeEPB8ANié KiHeMmuuHux cmaoili KOMIPKOBOI peakyii.
Bcmanosneno, wo cmapinns cniagy 8io6ysaemucsa 6 Xo0i nep8uUHHOI ma 6MopUHHOI peaxyiti 3a
6cix memnepamyp excnepumenmy. Ilpooykmom wacmynnoi cmadii Komipkogoi peaxyii, wo
PO3NOYUHAEMBCL NO 3ABEPUIEHHI NONepeOHbOol peakyii | npomikae 3a ICMOMHO HUNCUOT
WBUOKOCMI, € KOMIPKOBI KONOHII 3HAUHO MeHutoi oucnepcrocmi. 3a memnepamypu 675°C, wo
Xapaxkmepuzyemscsi HAUBUWOI0 WBUOKICIIO Npoyecy CMApiHHA CHAA8Y, 3apeecmpo8aHo
MpemuHnHy KOMIPKO8)Y peakxyiro.

KiarouoBi ciaoBa: crutaB Co-W, KOMIPKOBUM po3Maj, IWIATOMETPUYHHN aHai3,
MIKPOCTPYKTYpa CIUIaBiB, CTaJil po3namiy.

1. Beryn

3arajJbHONPHUHATOIO € TOYKA 30pY, 3THO SKOI 32 HU3bKUX I'OMOJIOTIYHUX TeMIIeparyp
¢a30BOro mnepexoqy MOBHOTO 3HATTS NEPECHUYCHHS HE JOCSTaeTbcs, TOOTO MicCIs POCTY
KOMIPKOBOI CTPYKTYpH CHCTEMa BCe 1€ 3aIMIIa€ThCsl HEPIBHOBAXHOIO [1-6]. Tomy MOXiHBi
z[pyral HAaBiTbh, TPETS cTajii orpy0OaeHHs KOMIPKOBOI CTPYKTYPH, SIK1 IPOXOATH MOCTIIOBHO 1
31 3HaYHO MEHIIMMHU IIBUAKOCTAMH pPyXy (poHTy mneperBopeHHs. CTymiHb 3HATTA
NePEeCUYEHHs, B MPUHIUII, MOXe OyTH JOBUIbHUM. [HIIIOIO OCOOMUBICTIO € Te, IO 3ajaya
KOMIPKOBOT'O PO3Majy NMepecuYeHoro OiHapHOTO TBEPAOI0 PO3UYMHY MA€ B CBOEMY PO3B’SA3KY
iHBapiaHT, SKUH JOpiBHIOE TOOYTKOBI KBaJpaTa MIKIUIATIBKOBOI BiJICTaHI y KOMIpIi Ta
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MBUAKOCTI 11 pocty.  HalOinblnl TOBHO €KCIIEPUMEHTAIBHUM Ta TEOPETUYHHHA ONHC
0COOJIMBOCTEH KOMIPKOBOTO po3Maay HaBeJeHo B [7-12].

CraniliHICTh KOMIPKOBOTO pO3Maay METAJeBUX MEPEeCHUYCHUX TBEPAUX PO3UHHIB
CIIOCTEPITAJH 1€ y PaHHIX JOCITIHKEHHSAX JTaHOTO MPOIECY METOAOM ONTHUYHOI MeTanorpadii
[1]. YTBOpeHHs KOMIpOK 3HAYHO MEHIIOI IUCIEPCHOCTI MIKPOCTPYKTYPH JOCIIKyBadi
IMEHYBaJIM TIPOLIECOM KOAJIECLIEHIIi1, He OepydH J0 yBard HEIIKOBUTE 301IHEHHS BUXITHOTO
MEPECUYEHOr0 TBEPJOr0 PO3YMHY B XOXI HOro mepBHHHOI craaii posmamy. Came BOHO
CTAaHOBHJIO COOOI0 PYIIiHHY CHJIy BTOPHHHOI KOMIPKOBOI pPEakIii, B XOMdi SKOi 3a3BHUYaii
JOCSTAEThCS PIBHOBAKHA 3 JTAHOI TEMIIEPATypy CTapiHHS KOHIEHTPAIIisl TBEPIOTO PO3UYHHY.
Baranabe [2] OyB OmHMM 3 TepIIMX, XTO BU3HAUMB peaibHy (i3MuHYy MpHUPOITY T.3B.
«KOQJIECICHIII1» MEPBUHHUX KOMIPOK SIK MPOLIECY BTOPUHHOI KOMIPKOBOI peaxilii, a iHKOJIN i
PO3BUTKY TiCJsA HEi TPETUHHOI peakilii 3a HasBHOCTI MEBHOI'O OCTATOYHOTO MEPECUUYEHHS
TBEPJIOTO PO3UMHY 3a IaHOI TEMIIEPATypy CTapiHHSA CIUIABY.

[lo3asik BTOpMHHA KOMIpKOBa peakilisi BiAOyBaeTbcs y 301THEHOMY B XOJII MEPBUHHOI
peaxirii TBEpIOMYy PO3YMHI, KOHIIEHTpAIlisl SIKOTO 3a3BHYail € BUIOI PIBHOBAKHOI 3a JTaHOT
TEeMIepaTypH CTapiHHs CIUTaBY, HIDKYAM NEPECHUEHHSIM TBEPAOTO PO3UMHY 3yMOBIIOIOTHCS
HIDKYA MIBUIKICTh BTOPUHHOI KOMIPKOBO1 pPeaKilii, K 1 IUCIEPCHICTh HOBOI MIKPOCTPYKTYPH.
He 3Baxatoun Ha Te, 1110 IpolEeC BTOPUHHOI KOMIPKOBOI peakilii sBjsie co00I0 MOIIUpEHE 1
BiJIOM€ SIBHIIIE, HOTO CUCTEMATUYH1 JOCTIPKSHHS i 0 HUHI He TTpoBaawincs. Jluie y criaBax
CBUHEIH-0JIOBO 3a pe3yJbTaTaMU 130TEPMIYHUX PE3UCTOMETPUYHUX AOCIIKEHb KIHETHKH
KOMIpKOBOTO po3maay OyJio 3alpOIIOHOBAHO METOMKY PO3MEKYBAHHS MaHHUX JIISl IEPBUHHOI
1 BTOpuHHOT peakitiit [12].

MeTor0 naHoi pOOOTH € eKCIIEpUMEHTAIBHE JTOCIIPKeHHS qutatorpam cimiaBy Co-13 ar.
% W, 3icrapeHoro B iHTepBayii Temrepatyp 660-820°C 3a KOMIPKOBHUM MEXaHI3MOM.
ExcniepuMmeHTaIbHI J1aHI CTOCOBHO CTaIMHOCTI KOMIPKOBOTO pO3Maay IpOaHalli30BaHI Ha
OCHOBI1 PO3pOOJICHOT TTPOIIEIYPH aHAIII3Y MOXIAHUX 32 Yacy BiJ] 3MEHIIEHHS 00’ €My CIUIaBy.

2. Onuc eKCriepuMeHTy

3BHUYAiiHI KIHETHYHI 3aJIeKHOCTI fK, HaNpHUKIaA, AWIATOMETPUYHI 130TEpMU
KOMIPKOBOTO pO3Majy cruiaBy kobansta 3 13 atr.% Bonbdpamy (puc. 1) onmucyroTh juiie
3araibHUM eeKT 3MeHIIeHHs 00’ eMy CIUIaBy BHACIHIJIOK BUIAJaHHs BOJb(pamy 3 TBEPAOTO
pO34YMHY 1 HaJAIOTh BIJIOMOCTI MPO YaCOBHUH IHTEpBa] MPOTIKAHHS I[LOTO MPOIECY 3a JIaHOi
TEeMIIepaTypH Biamaity.

Po3pobiiena MeTonmka Ha OCHOBI MPOIEAYpH aHaii3y IMOXIIHUX II0 Yacy BiJ
JTUIATOMETPUYHUX 3MiH 00’€My CIUIaBy € HOBITHIM ITIJIXOJIOM JI0 KIJIbKICHOTO OOpOOJICHHS
KIHETUYHUX JaHUX CTapiHHA CIUIaBIiB.

Pa3oM 3 TM 3a pe3ynbTaTaMu TOCIIPKEHHS 3arajibHOl KIHETUKA KOMIPKOBOTO PO3Mary
B iHTepBani 660-820°C Bumamae MOXIUBICTh BHU3HAUYEHHS TEMIIEPaTypH MaKCUMAabHOI
IIBUKOCTI MPOTIKaHHA AaHOTO mporecy. Ha puc. 2 mogaHo TemmepaTypHy 3ajle€KHICTh 4acy
HaMiBpO3Maay TBEPAOTO PO3UMHY B JOCTIXKYBAaHOMY CIUIaBl 32 TUJIATOMETPUYHUMH JTaHUMU.
3 HaBeJIEHOI 3aJIeKHOCTI BUAHO, 110 MAKCUMYM 3arajibHO1 IIBHJIKOCTI KOMIPKOBOT'O PO3MaTy
npunaaae npubauszHo Ha 730°C.
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Puc.1. Ilunaromerpuuni i3otepmu crapints craBy Co-aT.13%W 3a pizHuX TemnepaTyp
Biamainy (Bci i3otepmu, okpim 700°C, 3mimeHH1 BITHOCHO IMOYaTKy KOOPIUHAT MIPaBOpPyY).
Fig.1. Dilatometric isotherms of aging of alloy Co-at.13% W at different annealing
temperatures
(all isotherms except 700 ° C are offset from the origin to the right).
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Puc. 2. TemmneparypHa 3aJIe)KHICTh 4acy HaliBpO3Maay TBEPAOTo pO3UHHY 32 KOMIPKOBUM
MexaHi3MoM y cmaBi Co-at.13%W.
Fig. 2. Temperature dependence of solid solution half-decomposition by cellular
decomposition mechanism in alloy Co-at.13%W.
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3. Pe3yabTaT po3paxyHKiB IaHHX eKCIIEPUMEHTY Ta 00r0BOpPEeHHsA

MiKpOCTPYKTYPHUMU JOCHTIKEHHSIMH BUSBIICHO, 1110 3arajibHa YaCTUHA TIEPETBOPEHOTO
00’emy B x0J1i KOMipKoBOro po3mnany craBy Co-at.13%W, sk 1 y cruiaBax CBHUHEIb-OJIOBO,
CKIIa/la€Thcsl 3 TIEPBMHHOI Ta BTOPMHHOI KOMIPKOBHX peakiiiii, a 3a Temmeparypu 675°C
CIIOCTEPIraeThCs IIe i TpeTUHHA peakilis. [[pobdiaemMoro € Te, o 4acoBi iIHTEpBAIHN WX PEaKIIii
32 3BHYAHMMHU KIHETMYHMMH i30TepMaMu (y JaHOMY BHIIAAKY JAWIATOMETPHYHUMH)
BU3HAYUTH HEMOXKIIMBO i3-32 X MOHOTOHHOI TIOBEIiHKH.

Jlisi TOYHOTO BHM3HAYCHHS YacOBUX IHTEPBAJIB MOCTIIOBHHX CTaliii KOMIpPKOBOTO
pO3May 3aCTOCOBAHO AITOPUTMHU YHCEIBHOTO AudepeHititoBanHs QyHKIT y(X), AKa 3a0a€ThCS
aHamiTHYHO abo TabenpoBaHo [12]. TlouaTkoBa inmest moiyisirae B 3aMiHi JaHOT (YHKIIT
IHTepHOJAMIHNM omiHOMOM P(X). [Jlaii, TociKyI0ThCsl TIOXiHI 3aCTOCOBAHOTO MOJIHOMA
d"P(x)/dx"=d"y(x)/dX", mo BumoOyBarOThCS aHamiTHYHO. Hamm 3acTOCOBAaHO YHCEIbHE
TU(epeHIIFOBaHHs 32 pIBHOMIPHO PO3TAILIOBAaHUX TPHOX CYCIJIHIX BY3JI1B 3a CIIBBIJHOILIEHHSIM:

Y G+ ph)s = (P -08)y., ~2p%, +(p + 08y, )

ne p = (x-Xo)/2h, h —inTepBan npupoIeHHS X.
3arajaoM piBHSHHS YUCEIbHOTO TU(EpeHLIIOBaHHS Ta0eIbOBaHOT Ha PIBHOMIPHIN IIKai
GbyHKIiT Y(X) eTeMeHTapHili 3a HaBeJeHOTro CriBBiqHOIIEHHS (1), M03asiK p y By3iax HaOyBae
(ixcoBaHoro 3HaueHHs. OCOOJIMBO MPOCTUM 1 IOBOJII TOYHUM € PIBHSHHS IS [IEHTPATHHOTO
By3ia (p=0):
y'= (- y1)/2h )
y" =y, -2y, + y_l)/hz (3)
CroiBBigHomeHHss (2) 1 (3) € 3py4HHMH JUIsI 4YHCEIbHOrO JAuepeHIlitoBaHHS
Ta0yJIbOBaHUX (PYHKIINA y Touli x = xo . OT)Ke BOHM MPUIATHI JJIS OTPAIFOBAHHS HE JIUIIIC
pEe3HCTO-, OWIATO- 1 BOJIOMOTpaM, ajie ¥ TOMIOHMX EKCIIEPUMEHTAIbHUX pPE3yJIbTaTiB
CTOCOBHHX 3arajibHOi KIHETHKHU (Da30BUX IMEPETBOPEHD Y METAJIEBUX CIUTaBaX (IUB. pHC. 3).
Otpumani miku Ha Tpadiky 3amexsHocti dV/dr-lg(t) (ikCyioTh BIacHe CTamidHICTh
MPOTiIKaHHS KOMIPKOBOTO po3nany. Haitbinbmr mikaBuM € rpadik, 1Mo BiIMOBIIAE PO3MAI0BI 3a
temmeparypu 675°C (puc. 4), OCKITbKH Ha HBOMY CITOCTEPITal0ThCS TPU MIKH, 10 CB1A4aTh TIPO
Tpu cramii mpomecy. 3a Temmepatyp 804°C Ta 820°C, HaOmmKeHHUX 10 BEPXHBOI
TeMIepaTypHOi MeXI1 MPOTIKAaHHS KOMIPKOBOTO po3Manay, (DIKCYeTbCs JUIIE OJHA CTafis
MpoLEeCy.
OckinbKM TMIKM PI3HUX CTajJiil HAKIAJalOThCsl OJUH HAa OJHOTO, 3 OJepXKaHUX

AV
3aJIeKHOCTEH T — 7 HEBAXXKO BU3HAYUTHU HpH6HH3HHﬁ 4acC 3aK1IHYCHHS B1AITIOBIJHHUX pea1<u1171.

[IpoTe 3 BIEBHEHICTIO MOKHA TOBOPHUTH MPO TOH (DaKT, [0 BTOPHHHA KOMIPKOBA pEakKilisi Ha
puc. 4 pO3MOYMHAETHCS MaikKe Bijpa3y Iicis 3aBEpIICHHsS TEPBUHHOI, B TOH K€ Yac SK
MOYaTOK TPETUHHOT 3HAXOAUTHCS HA MEXI 3aKIHYCHHS! BTOPHMHHOT PEaKIIii.

Takoxx ocoOnuBy yBary Ha puc. 4 mpuBepTae Maiike piBHA JUISHKA 332 TPETIM IIKOM.
Bona cBiguuTh mpo Te, 10 B cUCTeMi He BiOyBaIOThCS MPOLIECH, SIKI O XapaKTepu3yBaIucs
3MiHOI0 00’eMy. OCKIIBbKY 111 TOYKU HE JIeXKaTh Ha Bici aOCIUC, a 3HAXOATHCS NapajelbHo 1
Ha MEBHIN BiZICTaHi, TO II¢ MOXKE CBIIYMTH PO HWKUYY Yy TJIMBICTh TUIATOMETPUYHOTO METOTY
JIOCITI/DKEHB, TOPIBHAHO, HAIIPUKJIIAJ, 13 pe3rucroMmerpieto. Ha neit akr Bka3zye i Te, 1mo rpadix
MOYMHAETHCS HE 3 TOUKH MEPETHHY BiceH.

[Tomanpiie po3MexyBaHHs MiKiB HA OKPEMi CKIIAZOB1 AaCTh MOXKIIMBICTh BUSIBUTH TOYHI1
4acoBi MeXl1 mepeliry CTaJifHOCTI peakiid, OCKUIbKM (I3WYHUHA 3MICT ApPYyroi MOXigHOI
XapakTepu3ye MPUCKOPEHHS MEBHOrO MPOIECy 1 Ja€ 3MOry 3pOOMTH BHCHOBOK, IIO Y pasi
3aKiHYEHHs B1IMOBITHOI peakwii Jpyra MmoxijgHa Mae 00epTaTUCs Ha HyJIb.
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Puc. 3. TToxigHi Bix 3MiHU ITepeTBOPEHOr0 00’ €My 3aJIeKHO BiJl 4acy 3a Pi3HHX TeMIepaTyp
Bignany: a) m —720°C, @ —735°C, o —745°C; 6) m — 765°C, @ — 804°C, o — 820 °C.
Fig. 3. Derivatives from changing the transformed volume depending on the time at annealing
temperatures: a) m — 720°C, @ —735°C, o —745°C; b) m — 765°C, @ — 804°C, o — 820 °C.
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Puc. 4. IloxigHa Bif 3MiHU IEPETBOPEHOr0 00’ €My 3alIeXkKHO BiJl 4acy 3a TeMIEpaTypu
Bignany 675°C.
Fig. 4. Derived from changing the transformed volume depending on the time at annealing
temperature 675°C.

Pe3ynbraTH BiNOBITHUX PO3PaxyHKiB HaBeIE€HO y Ta0. 1, Jie YiTKO BUAHO, 1110 TOYAaTOK

HACTYIHOI CTajii po3paay TBEPAOTrO pPO3YMHY BiOYBaeTbcs depe3 IEBHUM wyac Tmicis
3aKiHYEHHS MOTEePeIHbOI.
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Taomums 1

IaTepBanu crazniit komipkoBoro posmany crnaBy Co — 13 ar. % W 3a pi3HUX TeMIieparyp

BiJ(IIaIy.
Table 1

The intervals of the cellular decomposition stages of the Co - 13 at. % W alloy at different

annealing temperatures.

Cragis peakuii (yacoBuii iHTepBal nepediry peakilii, cex)
Temnepatypa, °C 1 2 3
ITouarox | Kinens | IToyatok | Kinens | ITouarok | Kineun
675 48 4200 4800 13200 | 14400 | 25200
720 54 4800 5400 8400
735 54 4200 6000 9600
745 58 5200 8400 12300
765 63 5400 9600 15600
804 75 15600
820 71 16200

4. BuCHOBKH
B pesynpraTi TIpOBEACHHS UIATOMETPUYHUX JOCTIDKEHb Ta 3aCTOCYBaHHS

pOo3p0o0IeHOT YMCENTBbHOT TPOLIeypr 0OpOOIICHHS TaHUX BU3HAYEHO CTAMIMHICTH KOMIPKOBOTO
po3nany y ciiari Co — 13 at. % W B inTepBam Temnepatyp Biamany 675 — 820°C. Jlns anamizy
3aCTOCOBAHO 3aJIeKHOCTI TEPIIOi TMOXIMHOI BiJ 3MIHH TIEPETBOPEHOTO O0’€MY BiJa Hacy.
Bcranosineno, mo 3a remneparypu 675°C mnporiec KoMipKOBOT'O pO3Ma Ty MPOTIKAE y TPH CTadil.
B inTepBami Temmepatyp ao 765°C cmocrtepiraeTbes IBOCTAIINMHICTG pO3Maay TBEPAOTO
po3uuny, a 3a Temneparyp 804°C 1 820°C, HaOmmKEeHUX 10 BEPXHBOI TEMIIEpaTypHOI MEXi
MPOTIKaHHS KOMIPKOBOTO PO3many, (GiKCY€eThCs JUIIE OTHA CTais PO3Mady.
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STAGING OF THE CELLULAR DECOMPOSITION OF THE
SUPERSATURATED SOLID SOLUTION Co - 13 at.2%oW

Summary. The process of cellular decomposition staging of metallic supersaturated
solid solutions was observed since the early investigations of this process using the method of
optical metallography.The secondary cellular reaction is taking place in depleted reaction in
the process of solid solution where concentration is usually higher than the equilibrium
temperature of alloying aging. The lower supersaturation of the solid solution causes the lower
rate of the secondary cellular reactions, as well as the dispersion of the new microstructure.
Although the secondary cellular response process is widespread and well-known, its systematic
studies have not been conducted yet. According to the results of isothermal resistometric studies
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of cellular decomposition kinetics in lead-tin alloys the new method of distinguishing data for
primary and secondary reactions was proposed.

The purpose of this work is an experimental study of dilatograph of alloy Co-13 at. %
W, aged in the temperature range 660-820 ° C by the cellular decomposition mechanism.

The experimental data on the stage cellular decomposition are analyzed on the basis
of the developed procedure of time derivatives analysis after alloy volume
reduction.Submission of initial experimental isotherms in the coordinates dl/dv-Ig(t), where -
is the length of the test sample, t - is the time of the alloy aging, it is possible to accurately
determine the time time interval kinetical stages cellular decomposition.It was found that the
alloy aging occurs during the primary and secondary reactions at all temperatures of the
experiment.The product of the next stage of the cellular reaction, which begins at the end of
the previous reaction and proceeds at a substantially lower speed, are cell colonies of much
less dispersion.

As a result of dilatograph investigation and application of the developed numerical data
processing procedure, the stability of stage cellular decomposition in the Co - 13 at % W alloy
temperature interval of aging 675 — 820°C was determined.It is established that at 675°C the
process of cellular decomposition stage proceeds in three stages. In the temperature range up
to 765°C, there is a two-stage decomposition of the solid solution, and at a temperature of
804°C and 820°C, close to the upper temperature limit of the cellular reaction behavior, only
one decomposition stage is recorded.

Keywords: Co-W alloy, cellular decomposition, dilatometric analysis, alloys
microstructure, decomposition stages.
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JIA®Y3IA Y 3AJI3I TA HOI'O CIUIABAX IICJISI HACUYEHHS
IHOBEPXHI IOHAMM API'OHY TA KPUIITOHY IIPU BIAITAJIAX TA
IMITYJIbCHUX HABAHTAKEHHAX

3a donomozoro memody paodioakmusHux iHOUKAMOPIE BUBHUEeHUl BNIUE NONEPEOHbO2O
88€0eHHs [HepMHUX 2a3i6 y Memanu Yy NIA3MI 24Cedpilouo20 po3pady Ha ougysiwo
(maconepenecenHs) npu pisHUX 308HiwHIX enaueax. lIlokaszano, wo HAsABHICMb NONEPEOHbO
88€0€H020 THePMHO20 2A3) 8 3Ai30 Ma CHIABU HA U020 OCHOBI NPU380OUMb 00 3MEHULEHHS.
PYXAUBOCMI amomie Npu i30MepMiuHUX GIiONANax, HU3LKOMEMNEPAmypPHOMY IMNYIbCHOMY
HABAHMAIICEHH] 8 WUPOKOMY iHmepsai weuokocmeti oeghopmayii ma nooarbulomy iOHHOMY
bombapoysanni y dicegpitouomy po3padi. bap’epna 0Oia esedenoco 2azy nos’sizyemocsa i3
CMPYKMYpHO-ha308umMu 3MIHAMU Y NPUNOBEPXHEBUX UUAPAX.

Karouosi ciaoBa: audysis, pyxJIuBICTb aTOMIB, 1HEPTHI Ta3u, KEBPIIOYMH po3pan,
IMITyJIbCHI HABaHTAKECHHS.
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Cepist «Pi3uxo-mMaTeMaTH4Hi HayKm», 2019

1. Beryn

BigmoMo, 1o BBeNEHHA IHEPTHUX Ta3iB y METaIM NUIAXOM OOpOOKM Yy Ta30BHX
po3psiiax — IiiecnpsiMoBaHe abo0 3a eKCIUTyaTaIllfHUX YMOB — 3MiHIO€ BIACTHBOCTI METAITy Ha
MOBEPXHI Ta MPOTATOM Bei€l Audy3iiiHOT 30HH, sIKa MOXKE JOCATATH MaKPOCKOIIYHUX 3HAYEHb
[1-4]. BoHO CynpOBOIKYETHCSI TIOSBOO Y IIPUITIOBEPXHEBOMY IIapi HEPIBHOBAYXKHOT CTPYKTYPH,
SAKa XapaKTepU3YETbCS BUHHUKHEHHSM TBEPJOr0 pPO3UYMHY METaI-IHEPTHHH Tra3, pPIi3HHX
pamiamiitHuX Ae(eKTiB Ta HAMOBHEHUX ra3oM MikpoOyisOamok [1]. Bce me BrumBae Ha
CTaOUIBHICTh MaTepialiB miayac MOJANBIIOT eKCIUTyaTamii, 0COOIMBO MpH il MiIBUIICHUX Ta
BHCOKHX TEMIIepaTyp, 3HAKO3MIHHUX HAIPYKEeHb, IMITYJIbCHUX TUIACTHYHHX Je(opMartiii Tomo
[1, 3]. KpiM TOro momepenHi JOCTIKEHHs IMOKa3aid, M0 JedeKTHa CTPYKTypa IIapy Ta
HasBHICTb aTOMIB 1HEPTHOTO ra3y MOXKE CIPUUYMHIOBATH Oap’e€pHUiIl BIUIMB Ha audysiiiHe
MPOHUKHEHHS JITYFOUMX aTOMIB IPH HACTYITHIH IMITyJIbCHIN XiIMiKO-TepMiuHiit 00po0ii [4, 5].

ITocranoBka npodsemu

OckibKM TBEpAMNM pO3YMH, KU BHHUKAE B MeTalll B Ipolieci 0OpoOKM y IuIa3Mi
YKEBPIIOYOTO PO3PSTY, € METACTAOUTHLHUM 1 YTBOPIOETHCS 3a TUIIOM BUIyueHHs [ 1], nudy3is B
HbOMY ITOBUHHA XapaKTepU3yBaTUCS ACIIO 1HITUMHU 3aKOHOMIPHOCTSIM, HIX Yy YMCTOMY METaJl
abo TBepAOMY pPO3UMHI, SAKHM OTpUMaHMH 3a PIBHOBOXHUX yMOB. OT)Ke 3HAIOUM 3MIHU Yy
IIBUIKOCTI IEPEHOCY PEYOBUHH TPH MTONIEPETHHOMY HACHYCHHI MOBEPXHI Ta TIPU MMOBEPXHEBUX
11apiB MeTaJly IHEPTHUM ra30M 4H 3a paXyHOK IE€pepO3NOiTy BBEIEHUX aTOMIB IHEPTHUX T'a3iB
3a YMOB pI3HUX 3OBHIIIHIX BIUIMBIB, MOXXHa I€BHUM YHMHOM IPOrHO3YBAaTH MOJAJIbIIY
MOBEAIHKY KOHCTPYKIIMHUX MaTepiaiiB, sIKI MICTSATh aproH, KPUIITOH TOIIO.

Mera

3 orsily Ha BCE BUILEBUKIIAJCHE BUIAETHCS NMEPCHEKTUBHUM JOCHIKEHHS BIUIUBY
10HHOTO OOMOapAyBaHHSI B HEUTpaIbHOMY CEpEIOBHINI (aproH, KpHUITOH) Ha TaKUH
CTPYKTYPHO-UYTJIMBUH TIPOILIEC, K MOAaJbIa AUQY3isd y HACHICHOMY IHEPTHUM Ta30M MeTali.

2. Marepiaiu Ta MeTOIUKA

ExcriepumenTi mpoBoAWIIN Ha 3ai1i3i apMKo, ctaii Y8 Ta crmasi 3amiza 3 30% Hikerto, 3
SIKMX BUTOTOBJISUTH LWJTIHIPUYHI 3pa3ku. Ha dacTuHy 3pa3KiB y BUXITHOMY CTaHy HaHOCWIIU
rajbBaHIuHI MMOKPUTTS 3 3aJli3a UM HIKEJI0 TOBIIUHOIO 10 1 MKM. J[JI1 HAHECEHHS HIKEIO MpHU
KIMHATHIH TeMIiepaTypi 3aCTOCOBYBAJIM HIKEJIEBUN aHOJI 1 €JIEKTPOIIIT, KU ckiagaBcs 3 95%
cipuanokuciioro Hikemaro NiSOs, 5% xmopuctoro Harpito NaCl ta kinbka kparmenb BOIHOIO
po3uuny NiSO4, MiY€HOTO IO HIKEITIO ®3N1, m1st JOCATHEHHS HEOOXiTHOTO 3HAUSHHS pH =55,
y €JIEKTPOJIT J0JIaBajii HE3HAYyHy KUIbKICTh JMMOHHOI KHCIOTH CeHgO7. st HaneceHHs
3aJTi3a 3aCTOCOBYBAJIM TUTATIHOBHMM aHOJ Ta €JIEKTPOJIIT, IO CKiIamaBcs 3 XjopHoro 3aiiza FeCls
3 kinbkoma kpamnamu FeCls, miueHoro mo 3amisy >°Fe, Ta cOJNsHOI KHCIOTAa Y KilIbKOCTI,
HEOOXimHIW a1 orpuMaHHsa pH = 6. PiBHOMIpHICTP MOKPUTTIB KOHTPOJIOBAIHM IIUISIXOM
aBTOpaiorpadyBaHHs MMOKPUTHUX TOBEPXOHb. lIpu IIbOMY pI3HHIS y 3HAYCHHSX CTYICHS
MOYOpHIHHS (oTolmIapy y pI3HUX TOYKaxX IOBEpxHI He mepeBuinyBana 5%. HaneceHHs
raJibBaHIYHUX IMOKPHUTTIB HA METAJIH IICJISI HACHYCHHS IHEPTHUM T'a30M MPOBAAMUIIOCS 33 TUMHU
xe pexxumamu. J[ns ogqHOuacHOi 0OpoOKM 3pa3ku OyinM po3TallloBaHI Ha CTalbHINA OIpaBIli
(kaTo/i) CHMETPUYHO BITHOCHO aHoja. HacuveHHs MpOBOIMIM 3a TPiogHOIO cxemoro [1, 6].
Kpim Toro st mopiBHSHHS OyJi TPOBECHI TOCIIIH 32 TI€0 K€ CXEMOIO Ha alroMiHii Ta Mii,
K1 TTONepeIHbO 0OPOOIIOBAIM Y CyMillli aprOHY 1 paAi0aKTUBHOI'O KPUIITOHY.

Jlpyry dacTMHy 3pas3KiB MiJylald I[EeMEeHTalli y CepeAoBUIll MOPOIIKONOIIOHOTO0
kap6ropuszatopy Ba*COs.
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TpeTto yacTHHY 3pa3KiB BUKOPUCTOBYBAIIU JJISl BBEICHHS aproHy UM KPUITOHY 3 METOIO
CTBOPEHHS METacTa0IbHOT'O PO3UMHY METa-IHEPTHI ra3 /i BUBUYCHHS IPOHUKHEHHS apTOHY
Ta KPUOTOHY Yy BXK€ ICHYyIOUMd po3unH. Pexumu oOpoOku Oyiu aHANIOTIYHHUMH THUM, IO
BUKOPHUCTOBYBAJIMCH P MONEPEAHBOMY HACHYCHH] IHEPTHUMH T'a3aMH.

XapaKkTepUCTHKHU 3aCTOCOBAHUX Pai0aKTUBHUX 130TOMIB HaBeleHi B Ta0m. 1.

Tabmuns 1
XapaKkTepUCTUKU BUKOPUCTAHUX y POOOTI p/a i30TOmiB

Table 1
Characteristics of r/a isotopes used in the work

Isoton | Tun posnany [lepion namiBpo3nany | Enepris  pB-uactox, 'Y-KBaI'{TiB Ta
XapaKTePUCTUYHOTO PEHTI€HIBCHKOTO
BUIIPOMIHIOBaHHS, keB

14C B 5 000 pokis 150 (B)

AAr B,y 110 xBWIMH 2500 (B), 1500 (y)

*Fe € 3 poku 52 (X-rays)

3Ni B 125 pokiB 65 ()

&Kr B,y 10 pokis 680 (B), 517 (y)

lonHe 60MOapTyBaHHS TOPIEBHX TOBEPXOHB 3pa3KiB MPOBOAMIHN Mpu THCKY ~1,3 -10° ITa
B CEPE/IOBHII aproHy, KPUIITOHY Ta CyMIllli CTAaOUTBHOTO aproHy 3 PaJl0aKTUBHUM 130TOTIOM
kpunTony (6i1s 0,1 % pamioaxtuBHOTO i30Tomy ®°Kr) y mna3mi eBpiouoro po3psmy.

Hampyra Mik aHOZOM Ta KaTojoM cTaHoBHMia | kB, mimbHicTH cTpymy 50 MA/cM2.
TemmnepaTypa moBepxHi 3pa3kiB He iepeButryBaia 473-493 K. TpuBanicts 00poOKU cTaHOBUIIA
30 roa. Buacmigok Takoi 0OpoOKH y Mpu mOBepXHEBHH mmap ToBuMHOK 30 — 35 MM Oyino
BBe/IeHO 710 2 — 3 % 1HEepPTHOro rasy, po3noaiIeHoro y nudy3iiHii 30H1 32 €KCIIOHEHIIHHOI0
3aJIC)KHICTIO BIJl KBaJpaTy BIACTaHI Bix moBepxHi metany [7]. Lle mpu3Beno 10 yTBOPEHHS B
MPUIIOBEPXHEBOMY IlIapy TBEPAOrO PO3UMHY BHIIYyYEHHS aproHa Ta KpUIITOHY, ajie 3
BUIIAJICHHSAM BiJ TOBEpXHi, npuOmu3Ho tmiciass 20% riauOuHM TPOHMKHEHHS, BiH
MIEPETBOPIOETHCSI HA TBEPAUI po3unH 3amilieHHd. OJHaK 1€ He BIUIMBA€E Ha €KCIOHEHLINHY
3anexHicTh Koedimienta nudysii Big rmubunn Tobto y Koopamnarax gD —X? mae micie

npsiMa JIiHIs, TOMY 1€ MO)KHA BBa)KaTH MPOsiBOM 00’ eMHOT mudy3ii. Po3mosin iHepTHOTO Ta3y
Ha TOBEPXHI XapaKTEPU3YEThCS HASBHICTIO KOHIICHTPHUYHO PO3TAIIOBAHHMX 30BHINIHBOI Ta
BHYTPIilIHBOI 0Omacteii (puc. 1 a). lo pedi, came BHYTpilIHS 00JIaCTh MICTUTh IPAKTHUYHO BECh
BBeJcHMI a3 [1, 4, 8].

Hacuueni 3pasku Oynu migAaHi 30BHINIHIM BIUIMBaM: 130TePMIYHHIA BiAmanx Mpu
temnepatypax 973 + 1173 K nporsrom 1 + 120 roa., yiapHe cTHCHEHHs i3 mBuakocTsamu 107
— 10* ¢! B inTepBami 293 + 673 K, sKe 37ifiCHIOBAIOCH PI3HOMAHITHUMH CIOCOOAMH
(ynpTpa3BykoBa yaapHa oOpoOka, MajiHHS BaHTaXy Pi3HOI Baru 3 pi3HOi BHUCOTI, MarHiTHO-
IMITyJIbCHE CTUCHEHHS, BUOYX TOIIO), MAPTEHCUTHI MEPETBOPEHHS 32 BUOYXOBOIO KIHETHKOIO
IIPU HU3BKUX Ta KPIOI€HHUX TemIeparypax, ioHHe OoMOapiyBaHHS y IUIa3Mi KEBPiHOYOT O

po3psy.
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3. Pe3yabTaTu 10CaiTKeHb

[Ticna BBeeHHS B 31130 Ta HOTO CIUIaBH CTAOUIBHUX 130TOIIB aproHy YM KPHUIITOHY Ha
YACTHUHY 3pa3KiB HAHOCHJIM HaHOCHIU TOHKI mapu (10 0,1 — 1 MKM) pajioakTUBHHX 3ajTiza Ta
Hikemro. [lokpuTTs 31ificHIOBaNM, SIK Ui 3pi3KIB Y BHUXIIHOMY CTaHi, €JIEKTPOJITHYHHM
crioco6oM i3 Bomuux posunnis °FeCls Ta 3NiSO4. Bixe migyac eneKTpoNiTHIHOTO HAHECEHHS
METAIYHUX TIOKPUTTIB, MI0 MICTATh p/a 130TOMH, BHSBHWIUCA OCOOJIUBOCTI, SKi
XapaKTepU3yIOTh NPOIEC OCAHKCHHS IIapiB METaliB Ha MeTaj, MONEepeAHbO HACHYCHHU
iHepTHIM ra3zoM. B mepury depry 1ie mposiBIsS€ThCS Y BHHUKHEHHI HEOTHOPIIHOTO PO3IOILTY
0Ca/DKEHOT0 130TOIy HAa TOBEPXHI OOpOOIEHOrOro 3pasKy, SIKMM 3aJIeKUTh BiJ CTYIIECHIO
PO3MMIICHHS Ta BiJl BMICTY aprOHY Yd KPUNTOHY y OyAb-KOMY MicTi Ha moBepxHi (puc. 1 6), B
TOM Yac sIK BIIMIHHOCT1 y KOHIIEHTpaIlii p/a 130TOMiB 3a1i3a ab0 HIKeJI0 Ha OBEPXHI BUX1AHOTO
apMKO 3aJ1i3a 4M CIUIaBiB Ha Horo ocHOBI He nepeBuiyBaiu 3 %. Kpim Toro, /uid oaepkaHHs
HEOOXI1THOT aKTUBHOCTI IIapy NpPH HAHECEHHI HAa METaj 3 aproHOM IMOPIBHSHO 3 YHUCTUM
MeTanoM Oyiu MOTpiOHI 3HAUHO OUIBII BUCOKI TYCTUHHU CTPYMY IIPU CTBOPEHHI rajbBaHIYHOTO
nokputTsa. Ciif 3ayBakUTH, IO Takli X camMe OCOOJIMBOCTI MAarOTh MICIE TaKOX IS
retepoaudys3ii Hikens y 3aii30 (puc. 1 6). Kpim Toro He Mae 3Ha4eHHS, aprOHOM YU KPUIITOHOM
Oynu monepeaHbOro HaCHMUYEeH1 3pa3Ku Ta sika KIJIbKICTh ra3y Oyiia BBeAEHa y Mexax Bia 1 1o
3%. Takox He OyB OMITHUM BIUIMB Ha PO3IOJILI 110 MOBEPXHI KIJIbKOCT1 Ta30HAIIOBHEHUX I1OP
Ta TBEPAOTO PO3UHHY.

Puc. 1. MakpoaBTopaaiorpaMmu MoBepXHi 3a1i3a, K€ MICTUTh IHEPTHHI ra3, 710 (a) Ta
miciist (0) 3IEKTPOIUTHICCKOTO HAHECEHUS TIOKPBITHUS, U PacTpe/ie]iCHIE Ha ITOBEPXHOCTH
HHUKEJIA ITOCJIC €0 MPOHUKHOBCHUS B KEJIC30, COACPKALIECC aprOH, IIPH IMOCICAYIOIIEM
omxure (B): a— 2°Kr, 6 — 5°Fe, B — ©Ni

Fig. 1. Macroautoradiograms of the iron surface containing inert gas before (a) and after
(b) electrolytic coating, and distribution on the nikel surface after its penetration into the iron
containing argon, with subsequent annealing (c): a — &Kr, b — *Fe, ¢ — ®Ni

[IpoBeaeHi eKCiepuMEHTH MTOKa3aIH, o AU(Yy3is 3a1i3a B TBEPAOMY PO3UHHI BIUTYYCHHS
Fe - Ar BinOyBa€eTbCsi Ha MEHIII TVIMOWHY 1 3 MEHIIIOKO MBUAKICTIO, HIK Y BUXIJTHE apMKO 3aJ1i30
(Tabm. 2), Xxo4a BiJIOMO, 1110 HAJUTMIIIKOBI CTPYKTYpPHI BaKaHCIi, IPUCYTHI B TBEPJOMY PO3UHMHI
BIJIYUYCHHS, CIIPUSIOTH 3pOCTaHHIO KoedimieHTiB audy3ii i camoaudysii, K e MoKa3aHo,
HanpuKkiaj, Ha cuctemi Fe - Al [9].
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Tabnuus 2

I'nubuny nponuknenHs (X, Mxm) i koedinientu mudysii ( D er, cm?/c*) 3amiza °Fe y
3aJ1i31 Ta TBEPJIOMY PO3UMHI aproHy aproHy y 3aji3i 3a H30TEPMIYHHX BiAIaliB.

Table 2

Depths of penetration (X, um) and diffusion coefficients ( D e, cm?/s*) of iron *°Fe in
iron and argon solid solution in iron by isothermal annealing

3aiizo 3aJ1i30 — aprox
T’ K X D et X D et
973 90 9,5-1013 30 3,3-1013
1073 115 7,0 -10"2 45 3,0-10%?
1173 150 42-101 60 1,5-10%

*BUKOPUCTOBYEThCSI €EKTUBHUN KOEPIIeHT 00’eMHOI AMQY3ii, OCKUIbKH € JesSKUl
BHECOK Yy MOTIK peYOBUHM JTU(Yy31i O CTPYKTYPHUM JepeKTam

Jlemio iHIIa KapTHHA CHOCTEpIraeThecsl B pasl audysii Byriemto. ['nOuHa NMpOHUKHEHHS
aToMiB pajioakTUBHOro Byriemo *C B 3ami3o0 i cTamb, WO MiCTATh aTOMH aproHy,
301IbIIY€ETHCS OLIBIIL, HIXK Ha MOPSIIOK B MOPIBHSAHHI 3 TIIMOMHOIO TPOHUKHEHHS aTOMIB 3ai3a
B 1eil Matepian. HasgBHICTH 1HEPTHOTO Ta3y B KPUCTAIIYHINA PELIITII 3aji3a MPOSBISETHCS
TUTbKU Ha TMOuHax 10 200 MKM, J1e KOHIIEHTpaIlisl aToMiB ByTJielio B Fe - Ar Hwk4e, HIK B
Fe. ToOTo HE TUIbKK aTOMM aproHy, po3TallOBaHi B MIPUIIOBEPXHEBOMY IIapi TOBIIMHOO ~ 30
MKM, a ¥ HasBHI Ha BEJMKHUX TNIMOMHAX pajialiiiHi MOIIKOMKEHHS KPUCTAIIYHOI PEelIiTKU
3MiHIOIOTH MPOHUKHICTB 3ai3a i cTajii. OJHaK B iIOMY MHMOMHM NPOHUKHEHHS aToMiB *C B
TBEPJIOMY PO3UYHHI 3J1130-apTOH 1 YUCTOMY 3aJ1i31 TPAKTUIHO 30iraroThes (puc. 2).

. _3 . 0‘

N-10-3 inm/e N, vm/c 2) N-10%inme N ivme 6)

50

40

60

30F 4 X, MKM

20

10}

1 1 1 1 1 1
0 200 400 600 X mxv O 200 400 600 X, MKM

Puc. 2. Konnenrpaniitui npodini ponoainy aromiB 14C 1 X moyaTKOBI JUISHKH B
3amizi (1) i TBepaOMy po3urHi aprouy B 3aii3i (2) npu Bianaini npotsaroMm 1 roa. npu 1073 K:
a — 3a130, 0 — cranp Y8.
Fig. 2. Concentration profiles of the distribution of **C atoms and their initial sites in
iron (1) and argon solid solution in iron (2) on annealing for 1 h. at 1073 K:
a - iron, b - steel U8.

[Ipu mepexopi BiJ CTAaI[lOHAPHOTO TEPMIYHOTO BIIMBY Ha JOCHIIKYBaHHH MeTan 0
IMIYJBCHOTO JAe(opMyBaHHS MiJl 4yac BIJACYTHOCTI HArpiBy TaKOX CIIOCTEPIra€ThCsl BILIMB
iHepTHOro ra3y Ha audysito. st mBuakocTelt miacTuyHoi aedopmarii B intepsaii Bix 0,1 1o
10* ¢}, sk i 11 pi3HMX TemmepaTyp Biamany, MPUCYTHICTh B METalli aTOMiB iHEPTHOIO rasy
MPU3BOAMTH /10 3MEHIICHHS TTMOMHU MPOHUKHEHHS 1 IIBUAKOCTI MIrpailii aToMiB B TBEpAOMY
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pPO34MHI B TIOPIBHSHHI 3 4UCTUM MeTalioM (Tabn. 3, puc. 3). OmHak ciij 3a3HAYUTH, IO 3
MOPIBHSIHHS PE3yJIbTaTIB, IPEICTABICHUX B Ta0NI. 2 1 3, BUIUTUBAE, 110 MIPHU MIrpaiii aTOMiB B
MeTali, 0 MICTUTh IHEPTHI ra3u, TeMIepaTypa Hajgae OiIbI caOKuii BIUIMB Ha JUQYy3it0, HIK
MIBUJKICTh IIacTU4HOI aedopmarii. KpiM Toro, Ha BinMiHy BiJI TeMmImeparypu IJIacTU4HA
nedopMailisi 3 pOCTOM BEIMYUHU £ TPHU3BOIUTH JIO 3MCHIICHHS BiIMIHHOCTEH B 3HAYCHHSIX
KoeilieHTa MacoIepeHeCceHHs 3aji3a B 3aji3i 1 TBEpJOMY PO3UMHI IHEPTHOTO Ta3y B MeTall
D,S,e(pe_ ary- AU i30TEPMIYHOTO BiANAly HE3AIEKHO BiJ TEMIEPaTYpu L DPI3HULA HE
-1

nepeBuIye ~ 2,5 - 3 pasiB, Tomi fK 3 pocToM MmBHAKOCTI medopmarnii Big 0,1 mo 10% ¢

BiJTHOILICHHSI D,\f,e(Fe) / D,\';e(Fe_ ar) 3MEHIIyeThes Bin 10 j0 1,5.

Tabmuus 3

BHiuB MIBHAKOCTI IIACTHYHOT AedopMartii Ha MPOHUKHEHHS aToMiB “°Fe u °Kr y
3a71i30 i TBEpWMit po3unH aprony y 3amizi mpu 300 K (D wm, cm?/c*).

Table 3

Influence of plastic deformation rate on the penetration of >°Fe and ®Kr atoms into iron
and argon solid in iron at 300 K (M, cm?/s*).

3amnizo 3anizo — apron
£, ¢ %Fe SKr %Fe 85Kr
0,2 1,8-10% | 3,1-10%| 2,0-10° -
50 51-10° | 1,1-10° | 1,7-10° | 2,0:107
400 42-10% | 1,2-10* | 9,8-10* | 54-10°
3000 15,5 3,5 10,0 2,0
107 28 7,5 20 6,6

*BukopucToByeThCss Koe(DIIIEHT MacornepeHeceHHs, skui, 3rimao 3 [10, 11], MmoxHa
BBa)KaTH PIBHUM Koe(ilieHTOB1 00’ eMHOT U ]y3ii.

Jlnst mirpariii aToMiB B MeTajax 3a IMITYJbCHOT 00poOIll XapaKTepHHM, SK TPaBUIIO,
piBHOMIpHMI po3noain 3a 06’emom 3epHa [10,11]. Jlns 3'sicyBaHHS BIUIMBY HAasBHOCTI B
Marepiaji IHepTHOTO ra3y Ha XapaKkTep TPOHUKHEHHS aTOMIB JIOCIIIKyBajIacs Mirpaiis aToMiB
Hikemo B 3ami3i. Tak, mepeposmoxin aromis “Ni B HacHueHOMy aproHoM 3aji3i Hpu
6araTopasoBoMmy JehopMyBaHHI 3 yabpTpaszBykoBoro gactororo (0,2 ¢, 30 xI'if) B inTepsani
temneparyp 305 - 673 K mporsirom 1 ¢ BiOyBaeThcsi TakoX 3a 00’€MOM 3€peH, IO
MIITBEP/DKYEThCS JaHUMHU aBTopajiorpadiunoro aHamizy (puc. 4 a). Slk BUIHO 3 pUCYHKaA, Ha
rouHl ~ 10 MKM B TUIONIMHI, TTapaJIeNIbHIM MOBEPXHI 3pa3Ka, CIOCTEPIraeThCsl MEPEBAKHE
MIOYOPHIHHS B 00’ €M1 3epHa, B TOM Yac K Ha TPAaHUIIX CTYIIHb MOYOPHIHHS ICTOTHO HUXKYE.
[Ipuuomy npu aedopmarii B ymMOBaXx KIMHATHOI TEeMIIEpaTypH 3MEHILIEHHS KOHIICHTpaIlii
HIKEJIIO B TPAHMIISAX IMOPIBHSIHO 3 00’€MOM 3€pHA BHPaKEHO MEHI moMiTHO. L{i BiaMiHHOCTI
MOXXJIMBO TIOB'SI3aHI 3 pOCTOM ICHYIOUMX B HAaCHYCHOMY I1HEPTHUM Ta3oM MeTaii
ra3oHaINoOBHEHUX Tip (0COOIMBO B TPaHUIAX 3€PEH), IO MEPEHIKOHKAIOTh MIrparii aToMiB
HIKEITIO.

KpiM Toro mijBuIlEeHa KOHIEHTpAIlid TOYKOBHUX Je(EKTiB, MEPEBAKHO BAKaHCIH, 110
BUHUKAIOTh, SIK BIJIOMO, B MIPOIIEC] YIBTPa3BYKOBOI yIapHOT 00pOOKH, TaKOXK MOKE BILTUBATH
Ha MIrpauilo aroMiB MpH MiABUIIEHUX Temreparypax. [loJiOHUM 4YMHOM MIrpyrTh aTOMH
panioaktusHoro Hikemo ®Ni B 3amizomikenesoro cmmasi (Fe - 30% Ni, ¢aza), B
MPUIIOBEPXHEBOMY Iapi SKoro mnepedyBaio 1m0 ~ 2% aproHy, B Mpoleci IMIyJIbCHOTO
nepopMyBaHHs yapoM 3i mBuakicTio 20 ¢,
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Puc. 3. Konnenrpartiitai npodini posnoairy aromiB S5Fe u 85Kr B 3ami3i Ta TBepaomMy
PO34MHI aproHy B 3aJli31 P IMITYJIbCHOMY HABAHTAKEHHI:
a—1-55Fey Fe, 2- 55Fey Fe - Ar (50 c-1, 293 K);
0—1-55FeyFe,2-55FeyFe-Ar,3-85KryFe, 4-85KryFe— Ar (3.103 ¢-1, 323 K).
Fig. 3. Concentration profiles of the distribution *>Fe and ®Kr atoms in iron and argon solid
solution in iron under pulsed loading:
a-1->FeinFe, 2->®FeinFe- Ar (50s-1, 293 K); b - 1 - **Fe in Fe, 2 - *>Fe in Fe - Ar,
3 - ®Krin Fe, 4 - ®Kr in Fe - Ar (3.103 s-1, 323 K).

3 MPHUIIOBEPXHEBOTO APy MPOTHKHICTIO 01M3bK0 (0,5 MKM aTOMH HIKETIO MPOHUKAIOTh
Ha Tmbuny 10 30 MxM. [Ipudomy HaBiTh mpu 301IBIIIEHHI MBUAKOCTI AedopMalrii Ha aBa
TIOPSIIKK, TTPOHUKHEHHS Bi0OYyBAa€ThCSA TAKOXK 3a 00'€MHHMM MEXaHI3MOM, PO IO CBITYHTH
nokamizanis aromiB ©Ni Bcepenuni aycreHiTHHX 3epeH (puc. 4 6), B TOif yac K iX Mirpais,
CTUMYJIbOBaHA TIJTLKH 10HHOI 0OpPOOKOI0, Ma€ YiTKO BHUPAKECHUM 3€pHOTPAHUYHUN XapaKTep
[8]. ITpu nboMy mIBUAKICTh AU(Y3ii HIKEIIO B CIUIAB, KK MICTUTh 1THEPTHHUM Ta3, Maike B 5

pa3iB HIDKYE, HIXK 1€ Ma€ MICIIE PU MPOHUKHEHHI B CIIJIaB, SIKUH HE MICTUTh apTrOH, 1 CTAHOBUTH
5,2:107" em?/c.

Puc. 4. MikpoaBTopasiorpamu 3aii3a (a) u cruiaBy Fe-Ni (6), siki MiCTSTh aproH, micJist
nponukaenHs atomis ®Ni (7 = 473 K), x 300.

Fig. 4. Microautoradiograms of iron (a) and argon-containing Fe-Ni (b) alloy after
penetration of ®Ni atoms (T = 473 K), x 300.

Jlocnimkenns MaconepeHeceHHs (augysii) kpuntony ®°Kr y romoreHHux cruiaBax
Fe+30%Ni ta Fe+33%Ni y BUXiIHOMY CTaHi Ta IICJIs HACUYEHHS y KEBPIIOUOMY pPO3psii
aproHoM (~1%) 3a yMOB MAapTEHCUTHUX THEPETBOPEHb (MOYATOK MAapTEHCUTHOIO
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nepeTBopeHHss My craHoBuTh BignoBimHo 233 Ta 93 K) mokaszano, mo mpu Takiii cxemi
IMITJIbCHOTO HABaHTA)KEHHS HAsIBHICTh 1HEPTHOTO Ta3y TaKOX 3MEHINYE PYXJIMBICTh aTOMIB
(tabn. 4). Kpim Toro mae micue aecopOuis 3HAYHOI YaCTUHU aproHy i3 CIUIABIB ITi4ac
MIEPETBOPEHHSI HABITh MPH TaKUX HU3BKUX TeMiepaTypax. Ciil TaKoX 3ayBaXkKUTH, 110 OLIbII
Brucoka pyxiuBicte npu 93 K mopiBasiHO 3 233 K HE € MOMHIIKOIO, OCKIJIBKHA 3pPOCTaHHS
KoeilieHTa MacOIePeHECEHHsI MPH 3MEHIICHHI TeMIIEPaTypH IMITYJIbCHOTO HaBaHTAXCHHS
HIK4e aeskoro noporosoro 3HaueHHs (100 K < T< 130 K) Oyno ekciepuMeHTaIbHO T0BEICHO
aBTOpamu podoru [12].

Tabnuis 4
Table 4
Crnas | Fe +30 % Ni_| Fe +30 % Ni+1 %Ar | Fe +33 % Ni_| Fe +33 % Ni+1 %Ar
I30TOm D -10% cm?/c D 108 cm?/c
SFe 15 0,23 210 3,4
8Ky 0,93 0,065 1,3 0,0025

BiiMIHHOCTI y NMPOHMKHEHHI KPUMNTOHY MiJ JI€I0 10HHOrO OomOapayBaHHS y IuIa3mi
YKEBPIIOUOTO PO3PSAly Yy 3ali30 Ta HOro CIuiaBi 1 B Il K MaTepiajid MICHS MONEPEeIHbOrOo
HAaCUYEHHS aprOHOM IMIPOTATOM JBOX A10 LTIOCTpYyrOThCs JaHuMu Tabi. 5. Koediuientu nudysii
3MEHIIYIOThCS B 4 — 5 paziB. Cii oJfHaK 3ayBa)KUTH, 1110 TaKe 3HAYHE YMOBUIbHEHHS AUPY3il
aTOMIB KpPWUIITOHY Y HACHYECHOMY MeTajl YM CIUIaBl YAaCTKOBO IIOB’SI3aHE 3 PO3MHJICHHSIM
MOBEPXHI, SIKE € TUM CHJIBHIIINM, YUM OlJIbIIa KUIBKICTh BBEJIEHOT'O a3y, OCKUIbKH HASIBHICTh
ra3oHANOBHEHUX MOp Ta TBEPJOr0 PO3YMHY METal-IHEpTHUM ra3 poOUThH MPHU MOBEPXHEBUI
map OuThbI MyXKUM. | TOMy pO3NUIIEHHS 3pOCTAE, 110 3MEHIIIYE BEIUYUHY KOHLEHTPALIHHOTO
podiIr0 IPOHUKHEHHS KpUNTOHY. KpiM TOro Ha moBepXHi 3aBKI1 Mae Miclie AecopOris rasy.

Taomus 5
BrumiB HasBHOCTI IHEPTHOTO Ta3y B MPUIIOBEPXOBOMY I1api Ha KoedirieHT audy3ii
kpunToHy “*Ar npu nmoganeImii 06po6Li y miasmi xkespitodoro pospsay (~ 500 K)

Table 5

Influence of the inert gas in the surface layer on diffusion coefficient of krypton “*Ar during
further treatment in the glow discharge plasma (~ 500 K)

Marepian Fe a-(Fe-Ni) |y -(Fe-Ni) (a+y)-(Fe-Ni)
Buxiguwnii

CTaH Des - 104, cm?/ 51 30 14 45
[Ticnsa 1,2 55 3,1 11
HACUYEHHS

ExcniepumenTH, npoBeAcHI Ha altoMiHIT Ta Mifi, IOKa3ajid, 0 MPOHUKHEHHS aTOMIB
KPUNITOHY TIPpH 6 TOJI. 00POOKK XapaKTepU3yeThCs 3HAUCHHAMH KoedimienTtiB audysii 9,7 -10°
1 1a 2,510 cm? /c BimmoBimHO. OO6poOKa Mmicist MONePeIHbOI0 HACHYCHHS CAMHM aprOHOM
MPOTATroM | ToJ. mpu3Bena 0 3MEHIIECHHS PYyXJIMBOCTH aTOMIB KPUIITOHY ITiJ] 4aC HACTYITHOT'O
O6oMOapayBaHHs y cyMili ra3iB. Tak 3HaueHHs KoediieHTiB qudy3ii 3HU3UIUCH A0 3,3 101
ta 8,1 -10'% cm? /c BimnoBigHo. OTKe 1IeH e(eKT Ma€e TaKOXK MICIIe Ha PI3HUX MeTajiax.

4. BucHOBKH

Takum ynmHOM, GOMOapayBaHHS METaJliB 10HAMHM 1HEPTHHUX Tra3iB CTBOPIOE Oap'epHUii
epeKT B MPHUIOBEPXHEBOMY IIapi, MO MPHU3BOAMTH OO 3MEHIIEHHS Horo nudysiiHol
MIPOHUKHOCTI SIK B yMOBaX CTaLllOHAPHUX 130T€PMIUHUX BiAMNANIB, TaK 1 IMIYJIbCHUX BIUIMBIB.
Taka nig HasBHOCTI Ta3y MOXJIMBO CIPUYMHEHA BUHUKHEHHSIM IEPECHUYCHMX TBEPIUX
PO3UHMHIB, Fa30HAMIOBHEHUX MOP, PI3HUX CTPYKTYPHUX JE(PEKTIB.
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DIFFUSION IN IRON AND ITS ALLOYS AFTER SATURATION OF THE
SURFACE WITH ARGON AND KRYPTON IONS DURING ANNEALING AND
PULSED LOADING

Summary. The effect of the preliminary introduction of inert gases (argon and krypton)
into iron and its alloys in a glow discharge plasma on diffusion (mass transfer) under various
external influences was studied using methods based on the use of radioactive isotopes and x-
rays. The studies were carried out by methods of x-ray diffraction analysis, layered radiometric
analysis of residual integral activity, macro-, micro-, electron-microscopic and activation
autoradiography. Isotopes of iron 55Fe, nickel 63Ni, carbon 14C, argon 41Ar and krypton
85Kr were used. The following external effects were applied to the metal (alloy) in the initial
state and after saturation with an inert gas: galvanic coating, isothermal annealing, athermal
martensitic transformation with explosive kinetics and a large volume effect (~ 3%), ultrasonic
impact treatment, compression due to deformation when the load falls, magnetic pulse
deformation, etc. It is shown that the presence of a pre-introduced inert in iron and alloys based
on it leads to a decrease in the mobility of atoms during annealing, low-temperature pulsed
loading in a wide range of deformation rates, and further ion bombardment in a glow
discharge. No difference was found in the effect of the type of inert gas — argon or krypton —
on the change in atomic mobility, surface distribution, and the shape of the concentration
profile. The barrier effect of the introduced gas is associated with structural-phase changes in
the surface layers by the occurrence of gas-filled pores and a subtraction solid solution in the
surface layers, which transforms into a substitutional solid solution away from the surface.
Additional studies have shown that the barrier effect of the introduced inert gas on diffusion
during subsequent exposures is observed not only on iron, but also on copper and aluminum.
This effect is especially pronounced during the subsequent ion bombardment of copper and
aluminum saturated with one or another inert gas in a krypton or argon medium as compared
to the subsequent pulsed compression or deformation under martensitic transformations. This
suggests the universal nature of the discovered regularity.

It should be noted according to autoradiographic studies that the presence of an inert
gas, which slows down the transfer of matter during subsequent treatments, does not change
the nature of the distribution of atoms. There is diffusion over the grain volume with some
depletion of the surface layer, and the concentration profiles are described by an exponential
dependence on the square of the penetration depth. Therefore, the mechanism of volume
diffusion is preserved over the entire range of temperatures and strain rates, and also does not
depend on the type of external influence applied. This is true for native atoms and atoms
forming solid solutions of various types: substitution (nickel), interstitial (carbon), subtraction
(argon and krypton).

Keywords: diffusion, atomic mobility, inert gases, glow discharge, pulsed loading.
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EJEMEHTAPHA MOJEJIb ITPAMOTI'O 3’€JHAHHSA MATEPIAJIIB IIPHA
HU3BKIA TEMIIEPATYPI

B pobomi 3anpononosano naiinpocmiuty MoOenb KiHEMUKU 3a8epuldibHOi cmaoii
3’conanns 060x nogepxonvb. OnuUcamo OCHOBHI NPUNYWEHHs MoOeli ma BUBEOeHO
MamemamuyHi piGHAHHS NPOYecy 8 HAOIUNCEHHI MOHOPO3IMIDHOCII NOP.

KurouoBi cioBa: nopwu, crikanHs, qudy3iiiHa TOB3YyYiCTh, KIHETHKA, TUQY3is B3I0BK
iHTepdeiciB.

1. Beryn

[Ipobnema Oe3mocepeHLOTO 3’€IHAHHS MarepianiB (HANPUKIAL, Mib-Milb) TpH
BIJIHOCHO HU3bKiH TemIiepaTypi 1 6€3 BUKOPHUCTAHHS MPHUITOIB OCTaHHI POKH CTaja 0COOJIHMBO
aKTyaJIbHOIO Y MIKpOeleKTpoHiri. B poborax [1-5] mpoaeMOHCTPOBaHO CYTTEBHIA IPOTpec y
JOCSITHEHH1 XOPOIIOTO 3’ €IHAHHS MPH 0€31M0CcepeTHhOMY KOHTAKT1 JIBOX MIAHHUX ITPOBITHUKIB.
Bkazana mpo0iiema 10 TIEBHOI MipH aHajOriyHa 3’€JHaHHIO MaTepialiB Ipu crikaHai [6-7].
Onnak, icHye 6araTto BiIMIHHOCTEH, BKIIOYAIOYHU POJIb OpiEHTAIIIT 3epeH, 00pOOKH MOBEPXHI Ta
iHIe. YSBUMO €001 KOHTAKT JIBOX IOBEPXOHb 13 MaJOK MIOPCTKICTIO (HEPIBHOCTI MOPSAKY
JIECATKIB HAHOMETPIB) mia TUCKoM. [lo aHasorii 31 crKaHHAM MOPOIIKIB [6], MOKHA YSBHTH
TP OCHOBHI CTaJii IpoIeCy:

1. Ha mepmriii ctagii yTBOPIOETHCS MHOKHMHA 130JbOBAHUX KOHTAKTIB, KUIBKICTH 1
KOHTAKTHA TUIONIA SKUX 301IbIIYETHCS 3 YaCOM 3aBJISKH THUCKY 1 3 ypaxyBaHHSIM KamIIpHUX
e(heKTiB.

2. Ha nactynHiil cragii MOXHa OYiIKYyBaTH yTBOPEHHsI IBO(A3HOI KBa31ABOBUMIPHOL
KOHTAKTHOT 30HH, sIKa CKJIQJIAEThCS 13 IBOX B3a€EMOIMPOHUKAKOUNX MEPKOJISIIIIHHAX KIIACTEPIB —
KJIacTepa KOHTaKTHUX JUISHOK 1 KJIacTepa mop.

3. Ha Tpertiii ctazii MOJKHaA OYIKYBaTH YTBOPEHHS BXKE€ MaiyKe MIOBHOI'O KOHTAKTY KpiM
JIeSKOi KUIBKOCTI 130J1bOBaHUX MOp Ha iHTepdeiici. Lli mopu 3 yacom 3a1iKOBYIOThHCS 3aBJISKU
TUCKY Ta 3 YpaxyBaHHSM KalUIIpHUX e(eKTiB.

“ CTarTi0 HamMcaHo 3TiHO 3 JEPKOFUKETHOK TEMOK “MysbTHMAacIITabHe MOJETIOBAHHS KOHKYPEHTHOI
HyKIIealii, pocty i koanecueHmii ¢a3 B i3otepmiunnx peaxiisx Ta CBC-peakuisx” (Ne 0118U003861).
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Hamma po6oTa mpucBsiueHa HaIpoOCTiIii MOJesNi TPEThOi CTaIil.

[TpuiimMatoun 10 yBaru crerudiky KOHTaKTy MK JBOMa BiJIOJIPOBAHUMH ITOBEPXHSIMH,
IIOPCTKICTh KX 00YMOBJICHA, 30KpeMa, TepacaMu, CXOJUHKAaMHU Ta KIHKaMH, MOKHA YSBUTH
MOYATKOBUN KOHTAKT HE SIK MHOXHHY «TOUYOK», a SIK MHOXKUHY <«CTiHii». 3BUYaitHO, HA TIepIIii
cTamil KOHTaKTHA MpoIla Hadararo MeHIIa 3a MOBHY IUION[y MalOyTHHOTO KOHTakTy. Mu
MPEJCTABISIEMO IIO TUIONTY HE SIK MHOXKHHY 130JIbOBAaHUX «ILUISIM», & K MHOXKUHY «TOBCTHX
TiHII», SKi TepeTUHAIOTHCs. B Hamil exeMeHTapHiil Moeni (ITOKH 1110) MU Oy1eMO pO3TiIsaaTH
NEepiONYHY KBAJIpaTHY MEpeXy TOBCTUX JIiHIH, SKI BCl PO3MIMPIOIOTHCS OJHOYACHO 1
OJTHAKOBO. TUM CaMUM MM TOKHU IIIO HEXTYEMO SIBUIIEM KOAJICCICHIII1, KOJIU OJHI KOHTAKTHI
MOpY MOXYTh POCTH 3a PAaXyHOK MOimaHHS MeHmuX. B poOoTi (HhopMyIrOrOTECS OCHOBHI
PIBHSIHHSI MOJIEJI Ta IEMOHCTPYIOThCS pe3yIbTaTH HAMMPOCTILIOT Mporpamu, Moy J0BaHOiI Ha
0a31 BKkazaHoi Mmojeni. Ilpu 1bOMY JOCHIIKYETbCS camMe KIHETHKa 3MEHIICHHS Iop 1
301IbIIEHHS 101 KOHTAKTY.

2. Mopean
Bun 3Bepxy Haiioi MOHOpO3MipHOi Mozesi Toka3aHo Ha Puc. 1.
_ — 3OHA KOHTAETY
; =1 f
f \
L
_
*‘-
——— Tlopn
L.
h
1 ]
L i)

Puc.1. CxeMa KOHTaKTy B MOHOPO3MIpHIii MoIei.
Fig.1. Plan view of contact in the monosize model.

[lepion cTtpykrypu piBauii 2L. Jlatepanbauii po3mip (B30BXK IJIOLUIMHN KOHTAKTY) BCIiX
MOp MO3HAYAEThCS Ly, TOBIIMHA KOKHOT AUISHKM KOHTAKTY piBHA 2Ly. Ha minsgHkax koHTakTy
MaeMo BKe TOTOBH iHTepdeiic mia Ai€ro eeKTUBHOTO TUCKY:

LZ
BN

[IpuiimMaemo, 1110 KOXHA 1MOpa CUMETPUYHO 3aXOJHUTh HA TJIMOMHY h B KOKHHIM 3 1BOX

p — Pexternal (1)

MmarepianiB. A caMe, KOXKHa Iopa — Iie apaelenines i3 3MiHHUMH po3mipamu 2L, -2W - 2h,

ne mpuHy W y KOHKpETHHX po3paxyHKax mpuiimaemo sk 2Ly (aus. Puc.2).
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Puc. 2. [lonepeunuii nepepis iHTEpdeiicy, 110 MICTUTh KOHTAKTHI AUISHKU Ta MOPH.
Fig.2. Cross-section of interface containing contact areas and voids.

[lix miero THCKy (30BHILIHBOTO 1 JIAIJIACOBOTO — BiJl MOP) aTOMHU 3 000X KOHTaKTYHOUHX
MarepiajgiB «BUYABIIOIOTHCS» HAa BHYTPINIHIO TOBEPXHIO TMOpP 3aBAAKU JU(]y3ii B3IOBXK
KOHTakKTHOro 1iHTepdeiicy Ta MoBepXHEBId audy3ii B3JOBXK BIUIBHUX IIOBEPXOHb IIOP
(HaragaeMo, 110 MM PO3IJISIIAEMO BUIAJIOK JOCTaTHHO HU3BKUX TEMIEpaTyp, KOIu Judy3is B
00’emM1 Marepiajqy 3aMOpOXKEHA, TaK 110 aTOMH MOXXYTh MITPYBaTH B3JIOBXK 1HTepdeicy Ta
B3JIOBXK BUIBHHMX IOBEPXOHB). AUQY31HiHYy IIUPUHY iHTepdeicy NPUHMAEMO Oy NMPHHMAEMO

THTIOBOIO TS 3a7a4 iHTepdericHoi nudy3ii 1 piBHOIO HAaHOMETP (32 MOPSAIKOM BEIMYUHHM). SK
MoKa3aHo Ha Puc. 2. BUYABIIOBaHHS aTOMIB Y MOPH OJAHOYACHO MOBHHHO MPH3BOIUTH [0
BIJMIOBITHOTO 3MeHIeHHs: BucoTH mop dih. 3 iHmoro 60Ky, BHYaBJIEHI aTOMH 3PEIITOIO
OCI/Iaf0Th Ha BHYTPIIIHIN MOBEPXHI MOPH — SK HA OOKOBUX MOBEPXHSX, TaK 1 HA BEPXHIN 1
HKHINA (quB. Puc. 2). 3mimeHHss 60KOBUX MOBEPXOHb MO3Ha4aeMo OLy, 3MillleHHsS BEPXHIX i
HIOKHIX TOBepXOHb Oph (muB. Pmc.2). O4YeBMOHO, IO MIBUAKICTh BKA3aHMX 3MIIICHb
BHU3HAYAETHCS MMOTOKAMU Ta iX JMBEPreHIlE€r0, a caMi TTOTOKH BH3HAYAIOTHCS B TIEPIILY YEpry
PI3HUIIEIO XIMIYHUX MOTEHIATy MK Toukamu 1-2-3-4 Ha Puc. 3.

Puc. 3. Tpu ocHOBHI OTOKH Mik 4 6Ga30BUMH TOUKAMH.
Fig. 3. Three main fluxes between 4 basic places.
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Mu mpuiiMaEMo, 110 CTUCKAaHHS BiJOyBa€ThCs B3IOBXK OJAHIET OCi Z, BIAMOBITHO, B
OJTHOPI1THOMY MaTepiaji TeH30p HANpyT Ma€e BUTIIS:

0 0 0 1 Pexternal
OA'iJ-Z O 0 O ,—gsp&:T (2)
O 0 _Pexternal

XiMIYHAN TIOTEHIIial Ha KOHTAaKTHOMY iHTep(eiici MOBMHEH BKIIIOYATH IOAAHOK i3
THUCKOM, BpaxOBYIOUHW, IO €(PEKTHBHUN THUCK BHINE 3a 30BHIIIHIM BHACTIIOK OOEpHEHOi
MPONOPIIHHOCTI 0 KOHTAKTHOI Tutomi (1uB. piBHsAHHS (1)), TOMY:

1 external LZ
= o+ p-Q, p=Z P = 3)
3 L L
Mu 36upaemocs BpaxyBaTH BIUIMB [TIOBEPXHEBOT'0 HATTy Ha KIHETUKY €BOJIIOLT 110D, ajie
HE MOXKeMO 0e3nocepeHbo 3acTocyBaT (hopmyiy Jlamnaca 3 pajgiycaMu KpUBU3HH Yepe3 Te,
10 B MOJIeJIl BUOpaHa npsMokyTHa ¢hopma mop. Tomy moBepHEMOCS 10 BUX1THOTO O3HAUEHHS
noteHuiany ['i66ca-TomcoHa, ik 101aTKOBOI (B1’€MHOT a00 10/JaTHHOT) TOBEPXHEBOI EHEPT ],
sIKa BUHUKAE MPU J10JaBaHHI aTOMIB Ha 1CHYIOU1 IIOBEPXHI.

ZA

o

2L, X
dV=-0
Puc. 4. ®iznuna npupoxaa norenmiany ['i66ca-ToMmcona Ha "niBiit" CTIHIN MOPU BHACTIAOK
3MiHU TTOBEPXHEBOI €HEPrii 32 paXyHOK JI0aBaHHs Ta PO3MOJILITY aTOMIB B3JIOBX ITi€T
MOBEPXHi.
Fig. 4. Physical nature of GT-potential at the “left” wall as a result of surface energy change

due to adding and distributing atoms over this wall.

Criouatky pO3MICTMMO OJUH J0JAaTKOBUK aToM (ab0 MOJb aTOMiB) Ha BHYTPIMIHIN
MOBEPXHI MOPHU B TOULI 2 1 PO3MaKEMO HOro piBHOMIPHO MO «TiBii» BHYTpIIIHINA MOBEPXHI
nopu, wiomero 2h-2W (sk BKazaHo Bumle MM IpH po3paxyHkax Oepemo 2W =2L,).

PSSyHLTaTOM TakKoro J10aaBaHHA 1 pO3Ma3yBaHHA €:

1. 3menwenns 06 emy nopu dV =-Q=2h-2L,-d,(2L,), Tax, wo dl(ZLV):—ﬁ

anL,
(Tyr € - e aTOMHMI (SKIIO JOJAEMO aTOM) a00 MOJBHUH (SIKIIO JOJAEMO MOJIb aTOMIB)
00’em.)

2. 3MeHIIEHHS IBOX «TOPU30HTAILHUX» MOBEPXOHb ZX Ha Benyuny 2h - d, (2Lv ) Ta Ha
TaKy >k BEJIMYHUHY JIBOX «BEPTUKAJIBHUX» MOBEPXOHb XY, a TAKOXK 10 OJHOYACHOI'O 3pOCTaHHS
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IUTONII TOPH30HTAILHOTO KOHTAKTHOTO iHTepdeiicy Ha 2L, -(—dl(ZLV)). Toni Bkian edekry
['i66ca-Tomcona y XiMiYHHIA TOTEHITIAT MOKe OyTH JIETKO 3HAWICHUN:

ANy, =2y -2h-d, (2L, )+2y,, 2L, -d, (2L, ) + 745 - 2L, (_dl(ZLv))

Q

d, (2L, )=—— 4

Asurface :_Q(Zyzx‘2h+2yxy‘2LV_7/GB'2LV):_Q ﬁ_i_}/_xy_yﬂ

2 4hL, L, h 2h

[ToBHU XiMiuHUE TIOTEHITIaN B Toulli 2 Ha Puc. 3 6epemo y BUTIsIi:
j/zx 7xy yGB

=4, +0+Q | - =4 == 5
Hy = Hy ( L h zhj 5)

HynboBuit npyruit tonanok y ¢popmyii (5) BKa3ye Ha Hallle IPUITYIIEHHS PO LIJIKOBUTY
pelakcallio Harpyr B HEHTp1 OOKOBOI MOBEPXHI MOPH.

AHaNOriYHo, MM MO>KEMO 3HANTH MOBEPXHEBI JAOJAHKHU JJs XIMIYHOIO MOTEHIATy B
tourtli 4 Ha Puc.3 (nuB. Puc.5).

aV =-Q
A T
z _ e
>
7
)
2h yl HERARNARN
A ) I
/|
d,(2h)
0] 2|_V X -

Puc. 5. ®izuuna npupozaa norenmniany ['i66ca-ToMcoHa Ha «CTeli» BHACTIIOK 3MIHH

MMOBEPXHEBOT €HEPrii 3a paxyHOK JI0JaBaHHS Ta PO3MOJILITY aTOMIB B3I0BXK IIi€l OBEPXHI.

Fig. 5. Physical nature of GT-potential at the “ceiling” as a result ofd surface energy
change due to adding and distributing atoms over this ceiling.

3HOBY K, pO3MIIIIAEMO JTOJIATKOBHI aToM, a00 MOJIb aTOMIB, Ha BHYTPIIIHIA MOBEPXHI B

. . o . . . 2
toutri 4 (Puc. 3) i po3ma3syemo #ioro o BepXxHboi rpani nmopu 3 mwiomieto 2L, -2W =4L; . B
pe3yJIbTaTi J0AaBaHHS Ta PO3Ma3yBaHHS aTOMIB:

1. O6’em 3menuryetbes na dV =—-Q=2L,-2L,-d,(2h), rax, mo d, (2h)=- L

an(L, )

2. 3MeHIIEeHHS JIBOX «BEPTUKATLHUX» noBepxonb ZX na emmunny 2L, -d, (2h) ta na
TaKy K BEMYMHY JIBOX «BEPTHKAIBHHUX)» MOBEPXOHb YZ a TAaKOX JI0 OJHOYACHOTO 3POCTAHHS
IUIOIIi TOPU3OHTAIILHOIO KOHTAKTHOrO inTepdeiicy Ha 2W -d, (Zh) =2L,-d, (Zh) . Tomi BKIaQ
edexty ['160ca-TomcoHa y XiMIYHUIN MOTEHIIIa] € HACTYITHUM:
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Asurface’u2 =2y, -2L, dl(Zh)-I- 2]/yZ 2L, d1(2h)

Q
d1(2h):_4(|—v)2
Asurface =_Q(2}/2X 2LV +27/yz 2LV) =_Q[&+&J (6)
2 4(L) Lok

Hy :ﬂo"'Q'[_&_&]

Tenep HeoOXigHO MOOYyBaTH BUpPA3 /IS MOTOKIB MK Toukamu 1-2-3-4 Ta 3ammcaTu
PIBHSHHS OajlaHCY MOTOKIB.

[ToTik 3 KOHTAKTHOI 30HHM B3J0BXK IHTep(eiCy 0 MOpHU 1HAYKY€E 3MILIEHHS BEPXHBOL
HOBEPXHi NOpH HAa BennuuHy d,h B KOHTaKTHIiH 30Hi. (TMi3HiIIe, MU BpaxXyeMO I OJIHH J0JaHOK

d,h 3a paxyHOK IpueJHAHHS aTOMIB JI0 «CTENI» 1 0 «IHa» MOPH, TaK, 10 TOBHE 3MEHIIICHHS
Bucotu nopu: dh =d;h+d,h). YmoBa 36epexeHHs pedoBHHH B TaHOMY BHIIQJIKy Ma€ BHTIISI:
D, - h
wd Dl ) _py(y )8, Y
2 kT(L-L,) dt

YacTrHa BOr0 MOTOKY i7ie IO BEPTHKAJIBHOMY HAMpPSIMY B3JIOBXK «JIiBOI» CTiH MMOPH, a

PI3HHIIST BUKOPHCTOBYETHCS ISl 3CYBY BEPTHKAIBHOI CTiHH. 3HOBY X TakH, 30epeKeHHS
PEYOBHHH IPUBOIUTH JI0 HopMyITH:

Wé DGB(lu"l_lUZ)=W§LDJ_(1U2_IU3)+thl(L_Lv). ®)

2 kT(L-L,) KTh dt
B Toumi 3 (Puc. 3) mu npocto dikcyemo 30epexkeHHs MOTOKYy. BiH 3MiHIOE HampsMm 3

BEPTUKAJIHHOTO Ha TOPH3OHTANBHUH. Ll yMOBa HemepepBHOCTI MOTOKY (@HAJIOT IEPIIOro
3akoHy Kipxroda) ciyrye sik piBHIHHS 151 3HAXOKCHHS MPOMDKHOTO XIMIYHOTO MOTEHITIATTY

B TouId 3:
W5LDL (ﬂz _:U3) Wé‘nDu(/us _/U4):> _H -0.D L, +p,-5Dh

= 3 9)
KTh KTL, o,D L, +5Dh
Hapemti, B Hamiii mMozeni BeCh MOTIK, HANpPaBICHUW JO0 TOYKH 4 pO3Ma3yeThes 1
BUKOPHUCTOBYETHCS ISl 3MIHU BHCOTH «CTENI»:

Wé‘HDII('u3_'u4):WLV _@ . (10)
KTL, dt
B3sBum XiMidHMIN MOTEHITIAT B TOUIll 3 3 piBHAHHS (9)
1, = M6, DL, +p,-6,D)h
L=
6,D/L,+6Dh
1 BUKOPUCTOBYIOUH HOTO 711 OTPUMAaHHS BUpa3y ISl pyIIIHHUX CHII,

Hy, =l = A%—[ﬁ_v , (11)
14950
5Dh
I o S/ N 12
/,13 ,Ll4 1+ 5\\ DHh ( )
51. DJ_ LV
Hapemri, koMOiHylO4UM MpHBEJICHI BHIIE pIBHAHHA [Uid OajlaHCy IIOTOKIB, MH

KOMOIHYeMO DPIBHSHHS JJIs1 KIHETHKHU 3’ €IHAHHS, a KOHKPETHILIEe JUId 3MIHU MOMEPEYHOro 1
MOB30BXKHBOTO POCTY MOP Ha KOHTAKTHOMY 1HTep(erici:
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d_LV:_[ijl +5LDL(IUZ_IU3)_5GBDGB (/ul_:uZ) (13)
t (kT Jh h 2(L-L,)
%__(i} s Dss (M_ﬂ2)+é‘||Dll( ,u4) (14)
dt \kT)| 2(L-L) (L)
e =ty = (p{j %—Z—hj (15)
_ MK __H—H
My = sy = 15—D|—v'ﬂ3_ﬂ4_W (16)
+ 1+ —
5D, h o.b, L

Cuctremu piBHsiHB (13)-(16) 1 popMye MaTeMaTHUYHY MOJENb MPOIECY B HAOIMKEHHI
MOHOPO3MIPHOCTI TIOP.

3. TlpukJaau YuceJbHUX PO3PAXYHKIB

62 495
61 48 18
60 718
o 59 4548
[ o 45
&7 o 44
N;_ s — 43
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54 : 41
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2Z o an S
:1 = 20
S 37 ——
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Puc. 6. Yacosa 3anexuicts (a) — L, , (6) — h ta (B) — mapamerpy dopmu npu
peema —0,69-10°TTa, Q=10%, L=7-10°m, L, =5-10"°m, T =473K,
D, =5-10"m’/c, D, =10 M?/c, 7, =7,y =¥, =1 JoK/M®, g5 =0,4 Jlk/M*, h=5.10"m,
Dgs =10 M /c.
Fig. 6. Time dependence of (a) — L,, (b) — h and (c) — form parameter at
peema —0,69-10°Pa, Q=10%, L=7-10°m, L, =5-10"°m, T =473K,
D, =5-10"m’/s, D, =10 M*/s, 7, =7,y =7, =1IIM*, 765 =0,4 JIM*, h=5.10"m,

Dgs =10 M/s .
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4. BucHOBKH
3anpornoHoBaHa MOJIEh € JIMIIE MEPIIMM KPOKOM JUTsl OMHCY KIHETHKH 3’ €IHAHHS HA

foro ocranHiii craznii. Hactymaumu kpokamu Oy 1y Th:

1. BpaxyBanus posnoaity mop 3a posmipamu. KoanecneHuis mnop 3a paxyHOK

mudy3iiHOro 0OMiHYy HIIAXOM IUQY3ii B310BK KOHTAKTHOTO iHTEpdEHCy.

2. Po3poOka Moeni 31 CTpOTHM PO3B’I3KOM PEATLHOIO PO3IOIUTY HAPyT HABKOJIO MOP

peasticTHIHOI (He MPSMOKYTHO1) (POPMH.
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3. O0’emHanuii aHawi3 BCIX TPHOX CTail 3’ €THAHHSI.
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ELEMENTARY MODEL OF DIRECT BONDING AT LOW TEMPERATURE

Summary. The simplest model of the joining kinetics at the stage of isolated interface voids
shrinking is developed. The model basic assumptions are described, also the kinetic equations in the mono-
size approximation are derived.

Three main stages of the process can be distinguished when two surfaces with a small roughness
are in contact with each other (tens-of-nanometer-order irregularities) and fall under pressure:

1. Atthefirst stage, several isolated contacts are formed. Their number and contact area increases with
time due to the capillary pressure and external pressure effect.

2. At the next stage, the formation of a two-phase quasi-directional contact zone, consisting of two
interpenetrating percolation clusters —a contact cluster and a pore cluster — can be expected.

3. At the third stage, one can expect the formation of almost complete contact aside from a certain
number of isolated pores at the interface. These pores ripen and self-heal with time, mainly due to the
capillary pressure effect.

The present article is devoted to a simple model of the third stage. The Gibbs-Thomson equations
for capillary effect is reformulated for the case of rectangular voids. Chemical potentials for various facets
of finite sizes are found. Difference of the surface diffusivities along different facets is taken into account.
Balance of grain-boundary diffusion fluxes and surface diffusion fluxes are also taken into account. The
proposed model is only the first step to describe the joining kinetics at its last stage.

Subsequent research will focus on:
1. Accounting for evolving pore size distribution. The ripening of interfacial pores proceeds due to
vacancy exchange by diffusion via the contact interface.
2. Designing a model with a rigorous solution for the ‘real’ stress distribution (the real contact stress
distribution) around realistic pore structures (irregular, non-rectangular shape)
3. Detailed and comprehensive three-stage compound analysis.

Keywords: voids, sintering processes, creep, kinetics, diffusion across the interface.
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BIIJIUB OBPOBKH ITIOBEPXHI 3A TEXHOJIOI'TEIO SMAT HA
MEXAHIYHI BJACTUBOCTI NOBEPXHEBUX IIIAPIB MIJII"

B pobomi pospobreno npunad 0nsn nposedeHHs BUCOKOUACMOMHOI NOBEPXHEBOT
Mmexaniunoi 06pooxu mepmsam 3a mexronozicio SMAT (surface mechanical attrition treatment).
Onucano po3pobneny cxemy Hpuiady ma nNpueeoeHo ONUC U020 OCHOBHUX KOMHOHEHMIB:
2eHepamopa 8UCOKOYACMOMHUX eleKMPUUHUX KOIUBAHb MA VIbMPA38YKOB020 MEXAHIUHO20
incmpymenmy. Texnonoeito mexarniunoi oopooxu SMAT 3acmocosarno ons 06podKU NoBepxoHb
MIOHUX RNIOKIAOOK 3  PISHUMU MUNAMU NOBEPXHI, K NPOCMO NONIPOBAHOI, maxk i 3
eNLeKMPONIMUYHO  OCAONCEHUM npowapkom mioi. bByno nposedeno  eumiprosanHs
MIKpOmeepoocmi no8epxoHb ma 6CMAHOBIEHO il NIOBUWEHHS NICISL NOBEPXHEB0I MEeXAHIUHOL
00pooxu mepmsam 3a mexnonozicio SMAT. Mikpomeepodicmb enekmpoocaddicenux npouapkie
MiOi nicia 0bpobku 3a mexuonozielo SMAT nepesuwye mikpomeepdicme 8i0nonipogaHux
NPOKAMHUX NAACMUHOK MIOI.

K1r040Bi cji0Ba: HaHOCTPYKTYpPOBaHI MaTepiaiy, IHTEHCHUBHA IUIACTHUYHA Jedopmaltis,
MOBEpXHEBa MexaHiuHa 00poOka TepTsaM (SMAT), enexkTpoliTHYHO OCa/KEeHI IPOIAPKH Mifi,
MIKpPOTBEPIICTb.

* CTaTTIo HAIKCAHO 3TiIHO 3 MPMKIATHOK AEPKOI0KETHOI TeMO “CHHTE3 HAHOCTPYKTYpPOBAHUX CILIABIB 3a
OCLMITIOIOUNX HAMPYXXEHb Ta iX 3aCTOCYBAaHHS B HOBIM TEXHOJOTII 3’ €THAHHS MiKPOEJIEKTPOHHIX KOMIIOHEHTIB”
(momep meprxaBHoi peectparii 0117U000577).
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1. Beryn

HanocTpykTypoBaHi MaTepiain XapakTepU3YIOThCS CHENH(]IYHOIO CTPYKTYpPOIO B
MOPIBHSIHHI 3 TOJIKpUCTANIYHUME MaTepiagamu. OCKiUTBKM HaHOCTPYKTYpPOBaHI MaTepiain
CTBOPIOIOTbCS IIJISIXOM CHJIBHHX Jedopmaniid, po3Mipd 3epeH B TaKuX Marepiajax
3MCHIIYIOTHCS B HAIIPSIMKY BiJ 00’eMy KpucTana i o moepxHi [1, 2]. Taki maTepianu MaroTh
BEJIMKY KiJIbKICTh MPUIIOBEPXHEBUX NE(PEKTIB, YTBOPEHUX BHACHTIIOK IHTEHCHUBHOI TNIACTUYHOT
nedopmartii. Icuye psin meroaiB aedopmaiiii MarepiaiiB: MmexaHiuHa oOpooka teptsam (MA),
MeTOAM CHiIbHOI mmactTuyHoi nedopmanii (SPD) [1, 2]. lo rpynu 3 CHIIBHOIO TUIACTHYHOIO
nedopMartiero BiTHOCATHCS: KPYUCHHS MiJl BUCOKMM THUCKOM, CTHCHEHHS ITiJ] TIPSMUM KyTOM
(ECAP), noBepxHeBa mexaniuHa 00pobka teprsm (SMAT) [1, 2-6].

SMAT TexHooris 3aKITI0YaeThCs B 00p0O1Ii TOBEPXHI MaTepialy pyXOMUMH CTAITBHUMHU
KyJIbKaMH, IO TPUCKOPIOIOTHCS MEXaHIYHUM TeHEepaTOpOM BHCOKOYACTOTHUX KOJMBAHb
(6muzpko 20 kI'm). Taka oOpoOka TPU3BOAWUTH JIO 3MIHM MEXaHIYHHUX BJIACTUBOCTEH
NPUIIOBEPXHEBUX MPOIIAPKiB Matepiaiis [1, 2, 7-9].

B poGorax [10, 11] mpuBemeHO ONMMC BUKOPUCTAHOI TEXHOJOTIi HU3bKOYACTOTHOL
MOBEPXHEBOT 00pOoOKK MaTepiamiB. J[OCHIHKEHO PeXUMHU E€JIEKTPOOCA/DKEHHS Mijll Ha MifgH1
M1JUIOKKU: CTalllOHApHUHN, PEBEPCHUN IMITYJILCHUIA Ta CTOXaCTHMYHUMN, 00poOKa MOBEPXOHB 3a
texnouorieto SMAT. TIpoBeneHO peHTT€HOCTPYKTYPHHH aHaJi3 IUX IIOBEPXOHB, 110 BKAa3ye Ha
Te o Ticist 00poOku 3a TexHojoriero SMAT mepeBakae CTpyKTypa 3 Opi€HTAIlIE0 TUTOIINH
(111). Takox mocmiKeHO BIUIMB OOpPOOKM MOBEPXHI MIJHUX MIIKIAJ0K Ha AUQY3i0 Ta
dazoyTBoperHs B cuctemi Cu-Sn. ToBHIMHA YTBOPEHOTO MPOIIAPKY iHTEpMETaNiqHOl (ha3zu
OyJna 3HAYHO MEHIIIOI0, HIXK B 3pa3Kax 3 MOJIKPUCTATIYHOI Hele()OpMOBAHOIO IMiIKIIAIKOO.
Le o3nauae, mo oopoodka 3a Texnomoriero SMAT cnoBinsHIO€ pict CusSn dasu. CTpykTypa Ta
neQexTHICTh 1€l (a3u BIUIMBAE HAa 4Yac 10 BIAMOBHM MIKPOEIEKTPOHHUX MPUCTPOIB udepe3
YTBOPEHHS B Hiii O, TPIILMH 10 IPU3BOAUTE 10 pyHHYBaHHS KOHTAKTHOTO 3’ €IHAHHSI.

Mertoro naHoi poboTu € po3poOka ycTaHOBKM BHCOKO4YacTOTHOI (20 kI'11) moBepXxHEBOi
MexaHIyHOT 00poOku TepTsiM 3a TexHonorieto SMAT Ta 1i 3actocyBaHHA 10 OOpOOKH
MMOBEPXOHb:  TOJIPOBAHUX  MITHUX IUIACTHHOK, TIPOIIAPKIB  €JIEKTPOOCAKEHOT B
CTAIllOHAPHOMY PEXHMI MiJl HAa MiJHI TUIACTUHKH. J[OCTIIPKEHO BIUIUB BHUCOKOYACTOTHOI
SMAT 06po6ku Ha MIKpOTBEPAICTh TOBEPXHEBHX MPOIIAPKIB.

2. ExcnepuMeHTaJIbHi METOIH OTPUMAHHSI 3pa3KiB

2.1 Onuc obnaonanus

SMAT mnpuctpiii — npunaa ajis oOpoOKH MOBEPXOHb KyJbKaMH 3 HEpP)KaBirO4oi cTai
niamerpom 0.2-1 MM, SIKi TPU3BOIATH JI0 IHTEHCHBHOI IUIACTUYHO1 ieopMariii MOBEpXHi 3pazka
[1] (Puc. 1). o ckmamy ycrtaHoBku isi oOpoOkm 3a TtexHosioriecto SMAT Bxonmsarth
ynbTpa3BykoBa kojuBasibHa cucteMa (Y3KC), mkepeno skxuBieHHs (YJIbTpa3BYKOBHUI
reHepaTop) Ta Kamepa s 00poOku 3paskiB  (Puc. 3). VY3KC ckmamaetbes 3
I’ €30MepeTBOpIOBaya, OycTepa Ta KOHIEHTpaTropa (CoHOTpona). Y MepeTBOproBadvi
(aKTUBHOMY €JIEMEHTi) KOJHMBaJIbHOI CHCTEMH BiJOYBA€ThCSI MEPETBOPEHHSI eHeprii
€JIEKTPUYHHUX KOJUBAHb B €HEPTiI0 MPYKHUX MEXaHIYHUX KOJIMBAaHb YJIbTPA3BYKOBOI YaCTOTH
(6mm3pko 20 xI'm). Bycrep Ta KOHLIEHTpaTop € MACHBHUM €JIEMEHTOM, SKi 3/1HCHIOIOTH
TpaHcPOpMaIlil0 MPYKHUX MIBUIAKOCTEH, 3 MOXIUBICTIO MiJCHICHHS, a00 ocialieHHs
aMIUTITYAXM MEXaHIYHUX KOJHMBaHb TMEpEeTBOpIOBaYa 1 3a0e3MeuyloTh Y3TO/LKEHHS 3
TEXHOJIOTTYHUM HaBaHTaXeHHAM. COHOTPOJI CTBOPIOE YIIBTPa3BYKOBE I10JIe B 00pOOIIOBAHOMY
00'exTi abo Oe3mocepeIHbO BIUIMBAE HA HHOT'O Ta MA€ PO3paxoBaHi F€OMETPUYHI pO3MIpHU Mif
TNEBHY pE3OHAHCHY 4YaCTOTy Ta aMIUIITYAy YIbTPa3ByKoBOi 0Opobku. Moro mexaHiumi
KOJIMBaHHS 3 YJIBTPA3BYKOBOIO YaCTOTOIO MEPEAAIOTHCS METANIEBUM KYJIbKaM 1 MPU3BOASTH JI0
ix pyxy. TakuM 4YmMHOM, BeNMKa KUIBKICTh KYyJIBOK OOpOOJSIOTH MOBEPXHIO Marepiany (B
HAIIOMY BUTAAKY, MITHUX IJTACTHHOK) YAAPSAIOYUCH B TOBEPXHIO 3pa3ka IiJl pi3HUMU KyTaMu

61



ISSN 2076-5851. Bicuuk Yepkacbkoro yHiBepcuteTy. Bumyck Nel. 2019

[1, 11]. ConOTpOI BUTOTOBIICHUH 3 TUTAHY, OO MaTH HU3bKI BTPATH IIPH BiOPAIlisX Ta BUCOKY
MIIIHICTb.

Hudposuit ynpTpa3ByKoBHd T'eHepaTop Mae (QYHKLIi: PpEeryiroBaHHS aMIUTITYIH
konmBanb Binm 10 mo 100 % Tta ycranoBku Taiimepa pobotu mpriamy. Ilicis BBIMKHEHHS
reHepaTop, B aBTOMaTHYHOMY DPEXKHMi, HaJaIITOBYEThCS Ha pe3oHaHcHY dactoTy Y3KC Tta
niarpumye ii B pododomy pexumi (Puc. 206). Hanpyra sxusnenns reneparopa 220 B, a BuxigHa
notyxHicte 10 2000 Bt [12]. 3aranpHuii BUIIIS]] TeHEpaTOpa Ta €JICMEHTIB HOro KepyBaHHS
nokas3aHo Ha Puc. 2a:

ON/OFF — nepemukau, 110 BiJoBia€ 3a yBIMKHEHHS Ta BUMKHEHHSI ITPHUJIAY;
1)  iHAMKATOp BHXITHOI MOTY>KHOCTI Ta IEPEBAHTAXKCHb,
2)  KHOIKY MaHei Ui YIPaBJIiHHSI [eHEPaTOPOM;
3) mucmneii: A49 — amrutityna koiuBanb y % (Big 1 mo 100), B manomy
Bunaaky 49; 99.50 — nokasu TaiiMepa B XBUJIMHAX;
4)  inauKaTop poOOTH reHeparopa Mpu BBIMKHEHHI Y3 KOJIHMBAaHb;

Kamepa 3pa3sok

Y3 reneparop
«—

~220B
50 '

l"eneparop KOJITHBaHb

pox Il e3omepeTBOproBAY
Canwitio o II eaonyo 0BAY

ttt

II’c30e/1eMeHTH

Puc. 1. CxemaTtuune 306paxennss SMAT mpuctpotro.
Fig. 1. Schematic image of SMAT device.
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a) 0)

Puc. 2. YnpTpa3BykoBuii TeHEpaTOP: a) aHEIb YIIPaBIiHHS; 0) BiToOpakeHHS
YaCTOTHU PE3OHAHCY.
Fig. 2. Ultrasonic generator: a) control panel; b) displaying the resonant frequency.

JlpyruM KOMITOHEHTOM mpuiany Juisi oOpoOkm 3a TtexHojoriero SMAT e Y3KC
(Puc. 3). It 06poOkwm 3pa3kiB 10 coHoTposa (1) mpukpimiena pododa kamepa (2) 3 TpuMadeM
3paskiB (3) Ta perynsaropom Bucotu (4) (Puc. 3):

Puc. 3. Y3KC.
Fig. 3. Ultrasonic oscillation system.
2.2 Iliocomoska ma 8ueomosieHts 3pasKie
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Jnst 06poOKku OyJ0 MiArOTOBICHO MiAHI IIacTUHU po3Mipamu 7*10 mm. Bci migni
nigknaaku Oyno BianutihoBaHO Ta BiANOJIPOBAHO, Ta BUTOTOBIEHO 4 3pa3Ku B pEeKUMaX,
npuBeneHux B Tabmumi 1.

Tabmuus 1
XapaKTepUCTHUKU BUTOTOBJICHUX 3pa3KiB
Table 1
Characteristics of the manufactured samples
Ha3sga Pexum 00poOku [Tapamerpu ITapamerpu
SMAT 06poOku eJIEKTPOIITHYHOT O
0CaJPKEHHS
3pazok 1 — BIJICYTHSI
3pazok 2 Bucoxouacrorna oOpoOka 3a 5 XB, 4acToTa
texHoJjioriero SMAT 20 k[, miametp
KyJiboK 0.8 MM,
K-CTh KyJIbOK 10
IT.
3pazok 3 | EnexTposiTUyHE OCaIKEHHS B BIJICYTHS U=0,36 B; j= 0.0167
CTalllOHAPHOMY PEXHUMI Alem?
3pazok 4 | Enextpomitmune ocajpkeHHA B | 5 xB, wactota | U=0,36 B; j=0.0167 A/cm?
CTalllOHAPHOMY PEXHMI, 20 xI'n, niametp
BHCOKOYACTOTHA 00poOKka 3a | KyJibok 0.8 mm,
texHonoriero SMAT K-CTb KyJb0K 10
IIT.

JIy1st BUTOTOBJIEHHS IBOX 3pa3KiB OyJI0 3aCTOCOBAHE EICKTPOIITUYHE OCAKEHHS MiJll Ha
MigHI TiactTuHKU. Enextpomnit maB Hactynmuuid ckman: 0,36M*CuSO4*H20 +1,22M*H>S0a4.
Karomom Oyna miHa rutacTuHa, a Ha aHO 1 OyB 3akpirieHuH 3pa3ok. OcapKeHHS MPOBOIUIIOCH

3a TemmiepaTypu 20°C. [Iporenypa eIeKTpoTITHIHOTO OCaKEHHS Bi0yBalach B KUJTbKa KPOKIB
(Tabm. 2):

Taomuus 2
[TocnimoBHICTE Alil MpH €NEKTPOITHIHOMY OCAKEHHI MiIl
Table 2
The sequence of actions in the electrolytic deposition of copper
No Pexxum 06poOku [Tapamerpu
1 EnexrposnitTuune TpaBiaeHHS MiTHOT 10 xB., U=0,66 B; j=0.025 A/cm?
MOBEPXHI
2 EnexrposniTuune oca/pKeHHs Mii Ha 10 xB., U=0,66 B; j=0.025 Alem?
IUTACTUHKY
3 EnexrponitTuuHe ocayKeHHS B ®ikcarllis 3apsay 110 TPOUIIOB Yepes
CTAI[lOHAPHOMY PEXKHUMIi wiactuaky =86 Kir; U=0,37 B; j=0.0167
Alem?

3. PesyabTarn i 06roBopeHHs
B 3paskax 1-4 Oyno mnpoBeneHO BHMIPIOBAaHHS MIKPOTBEPJOCTI 3a JIOTIOMOIOIO
MmikpoTBepaomipa [IMT-3 (Puc. 3). Maca tsrapus, 1o TUCHE Ha iHAEHTOp Opayiacs piBHOIO
P=186.7 rpamiB. MikpoTBepaicTs H po3paxoByBanach 3a (popMyioro:
1854 x P

H=—3%—, 1)
c
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1€ ¢ — JllaroHajb BIIOUTKY 1HIEHTOPA Ha JOCITIKYBaHOMY 3pa3Ky B MiKpOHaXx.

B 3paskax 1 i 3, Ha Bigminy Bijx 3paskiB 2 i 4, 00poOka nmoBepxHi 3a Texnomnoriero SMAT
HE MMPOBOIMIIACh. BCTAaHOBIIEHO, 110 MIKPOTBEPIICTh 3pa3Ka 2 Miciisi BACOKOYACTOTHOI 00pOOKHU
3a TexHojoriero SMAT Buire Hix y 3pa3ka 1 3 MOTIKPUCTAIIYHOI CTPYKTYPORO. 3pazok 3 Mae
HAHIKYY MIKpOTBEPAICTh, IO MOXKHA TOSICHUTH HAsSBHICTIO E€JEKTPOJIITHYHO OCAIKEHOTO
MPOIIAPKY, SIKMH Mae BEIWKY KUIBKICTh pi3HHX nedekrtiB. HaiiBumry MiKpoTBepAicTh Mae
3pa3ok 4, sIKUii MiCIIs eIeKTPOTITHYHOTrO OcaKeHHsI OyB 00pobnenwmii 3a TexHomoriero SMAT
(muB. Puc. 4).

160
140
1201
1001
80+
60-
40-
20-

2

MiKpoTBEpIICTh, KI/MM

1 2 3 4

Howmep 3paska

Puc. 4. MikpoTBepaicTs 3pa3kiB 1-4.
Fig. 4. Microhardness of the samples 1-4.

4. BHCHOBKH

BucokouactoTHa 00poOka moBepxHi 3a TexHosoriero SMAT 306ibInye MiKpOTBEPAICTh
MOBEPXHI MIJHMX MIAKIAA0K pI3HUX THIIB, SK IOJIPOBAHUX TaK 1 3 EJIEKTPOJITHYHO
0Ca/DKEHUM Ha MiJIHY TUTACTHHY MPOIIapKoM Miji. JlocimiuKeHHs moKa3and, mo 3pa3ok 4, sKuii
MICTHTh €JIEKTPOJIITHYHO OCAPKCHHH IMPOIIAPOK MiJii, Ma€ IMOHMKEHY MIKPOTBEPIICTh 13-3a
nedekTHocTi nmoBepxHi. [Ticis nmpoBenenHst 00poOku 3a Texnonoriero SMAT BUSBHIIOCH, IO Y
3pa3ka 4 MIKpOTBEPIICTh CTA€ BUIIIOIO HIK Y 3pa3ka 1, 1110 Mae MoJIIKpUCTATIIYHY CTPYKTYPY Ta
OyB JIHIIIE BiJMOJIPOBAHUM.

B MaiiGyTHhOMY IMIaHy€eThCS AOCHiKeHHs qudy3iiiHoi B3aeMoil Ta (a30yTBOpEHHS B
cuctemi CU-Sn, 1e moBepxHsi MiJIHOI mIacTHHH OyJe nedopmoBana 3a TexHonoriero SMAT.
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THE EFFECT OF SURFACE TREATMENT ON HIGH-FREQUENCY SMAT
TECHNOLOGY ON THE MECHANICAL PROPERTIES OF SURFACE COPPER

Summary. Nanostructured materials are characterized by a specific structure
compared to polycrystalline materials. Nanostructured materials are created in way of strong
deformations. SMAT (surface mechanical attrition treatment) technology consists in the
treatment of the surface of a material with steel balls accelerated by a generator of high-
frequency oscillations (about 20 kHz). This changes the mechanical properties of the materials.
The size of graines in such materials decreases in the direction from the volume of the crystal
to the surface. As a result of SMAT processing, graines become nanosized near the surface of
the samples. Such materials have a large number of subsurface defects formed as a result of
intense plastic deformation, which determines their thermodynamic and diffusion
characteristics.

The purpose of this work is to develop the device of high-frequency (20 kHz) surface
machining by attrition using SMAT technology and its application to the treatment of surfaces,
both polished copper plates and electrodeposited in a stationary mode to copper plates with
copper layers.

In this work, the device is developed and the technology of high-frequency mechanical
surface treatment of SMAT is described. The design features and technical characteristics of
the experimental plant are presented. In the work, the surfaces of copper substrates were
processed by different methods: grinding and polishing of copper polycrystalline plates,
electrolytic deposition of copper surface layers on these plates, processing of prototypes by
SMAT technology. The microhardness was measured in the surface layers of the linings made
using different technologies and their comparative characteristics were performed.

It is established that high-frequency surface treatment of plates by SMAT technology
increases the microhardness of the surface of copper plates of different types, both polished
and with electrolytically deposited copper. The results of the research showed that the sample,
which was subjected to electrolytic deposition of copper, has a high defectiveness of the surface
and reduced microhardness. After processing such a sample using SMAT technology, it is
obtained a hardness higher than the reference polycrystalline copper sample.

Keywords: nanostructured materials, intensive plastic deformation, surface mechanical
attrition treatment (SMAT), electrolytically deposited copper layers, microhardness.
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NIEHTU®UKALUA XAPAKTEPUCTUK JUCCUITAIIMU
OCIINJIIIATOPOB BAH JEP ITOJISA

Paccmompena 3a0aua uoenmuguxayuu napamempos Mamemamudeckol Mooeu,
onucvlgaroueli Koaeoanus HeCKOJIbKUX 83aUMOCEA3AHHbIX OCYULIAMOPOo8 an dep Tlons. Taxue
cucmembl 8O3HUKAIOM NPU MOOEIUPOBAHUU MHO2UX HEUHEUHBIX QUUYECKUX, ODUOTOSULEeCKUX
U NMPOYUX YUKIUYECKUX NPOYECCO8, UMEIOWUX CLONCHbIN xapakmep. HMckomvle napamempul
onpeoensm HeluHelHble COCMAGIAWUe MaAmMemMamuieckou Mo0eiu U Xapakmepusyiom
ouccunayuio, 3HaK KOMopou 3a8Ucum om 6eIUdUH OMKIOHEHUN OM NOJONCEHUSI PABHOBECUS
paccmampusaemoti cucmemvl. Ilpeononazaemcs, umo 6 npoyecce KOJieOAHUL NPOU3BOOAMCI
coomeemcmeayouue OHIAUH UBMEPEHUs. COCMOSHUSA, Mm.e. (DA308blll GeKMOp ABJAemcs
uzgecmHou  QyHkyueu epemeHu. Jnsn nocmpoeHus: UOeHMu@uUKamopa Heus8eCmublx
napamempos8 UCnoib308aH Memood CUHMe3d UHBAPUAHMHBIX COOMHOWEHUL, PA3PAbOmMAaHHbLIL
0I5l peuteHusi 0OpamHuvix 3a0a4 8 meopuu ynpaeienus. Memoo noseonsiem hopmuposamo
KOHEeUHble COOMHOULEH U, ONpedessiioujue UCKOMblE HeU38ECMHbLE KAK DYHKYUU OM U3BECTHBIX
BENUYUUH.

KawueBble cjoBa: HeIUHEWHbIE KoneOaHWs, oOCHWLIATOPHl BaH Jnep [loms,
UACHTU(DUKAIIMS TaPAMETPOB, HHBAPUAHTHBIC COOTHOIICHHSI, aCHMIITOTUYECKUE OLICHKH.

1. Beenenue

Bo wMHoOrmx mnpunoxeHusix GU3UKH, OWOJIOTMM W JPYrMX HayK B KauyeCTBE
NPUOIKCHHOW MOJICNIA  CIIOKHBIX HEJIMHEHHBIX TPOIIECCOB HMCHOJB3YETCsl  IMMOIXO/,
OCHOBAHHBIN Ha KOHIEIIIUK MOJCIIBHBIX YPaBHCHHI. B OCHOBE TakOW KOHIICTIIIHH JIC)KHUT
IOJIOKEHHUE O TOM, YTO HEOOJIBIIOE YHCIO XapaKTCPHBIX THUIIOB JBHKCHHUH (ITATTEPHOB),
CBOMCTBEHHBIX ITPOCTHIM MAaTEMATHYECKUM MOJIEINISIM U/UIU UX KOMOMHAILIMSAM, TaeT K04
K TOHUMAHUIO M HWCCIEAOBAHUI0O MHOTHX CIOXHBIX siBIeHui. [Ipu sTom ampuopu
npeJrnoaraercsi, 4ro Bce (uzndeckoe MHOroodpasume AMHAMUYECKHUX B3aUMOCBS3EH B
HCCIIeyeMOil CHCTEME MOXKET OBITh MpencTaBlieHO B ¢GopMe AOCTaTOUYHO IPOCTHIX
MOJIETIbHBIX ypaBHeHUN. Takue 0a30BbIe MOJENH B OTAEIBHOCTH XOPOIIO H3YYEHBI, UX
napaMeTpbl UMEIOT (PU3MYECKYI0 HHTEPIPETAIUIO, YTO CIOCOOCTBYET KaueCTBEHHOMY
HCCIIeIOBAaHUIO HAa 3TOM OCHOBE CIIOKHBIX CUCTEM Pa3IMYHON (pu3znueckor mpupos [1].
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B wyacTHOCTH, W3BECTHO, YTO KOJeOAaTETbHOE [ABHKEHHUE PA3JIMYHBIX CHCTEM,
MMEIOIIUX YCTOMYUBBIN MPEAENIbHBINA LUK, MOXET ObITh MPOMOJEIUPOBAHO CUCTEMOM,
COCTOSIIIEH U3 OJJTHOTO HJIM HECKOJIBKUX CBSI3aHHBIX MEXIy COOON OCHMIIISTOPOB BaH Jiep
[Tona [2], [3]. CucTtembl Takoro poja 10CTaTOYHO MIMPOKO MPEICTaBIEHbI, HAPUMED, IPU
WCCIIEAOBAHUM W MOJCIHMPOBAHUHM OHOJIOTHYECKUX (PYHKIMA OpraHu3Ma, TaKUX Kak
cepjeyHas JIeATeNbHOCTb, JbIXaHUE, JIOKOMOTOpPHAs aKTUBHOCTh U Jp. B cBs3m ¢
MOSIBJICHUEM YCTPOICTB, OTCIEKHBAIOIIUX U PETYJUPYIOIIUX COCTOSSHUE U IapameTpbl
MaTTEPHOB XMBBIX OPraHU3MOB, 33Ja4M OINpPEACICHUS B PEAbHOM MaciiTabe BpeMeHU
XapaKTEPUCTUK TAaKUX CUCTEM I10 PE3YyJIbTaTaM U3MEPEHUS BBIXOJHBIX CUTHAJIOB SIBJISIFOTCS
aKTyajdbHbIMHU [4], [5].

Onmna W3 TakMx 3a7ad, a IMEHHO 3aJla4a UACHTU(DHUKAINA HEKOTOPHIX MapaMeTpoB
HEJIMHEWMHOUW KoJie0aTeIbHOM CHCTEMBI, pacCMOTpeHa B JaHHOU crtaTthe. [Ipemnaraercs
CIIOCO0 MOJIyYEHHS] aCUMITOTUYECKUX OLIEHOK ITapaMeTPOB, ONPEACIISIONINX HETMHEHHBIN
XapakTep KojeOaHHI CHCTEMBI CBSI3aHHBIX MEXy cO00M ocmiuisiTopoB BaH Aep 1lons mo
nadopmann 00 UX ABMKEHUW. BHauane cOOTBETCTBYIOIIAs 3ajadya UACHTU(DUKAITAN
pelieHa aisg ogHoro ocuuwuisitopa BaH naep Ilorns, namee, mosydeHHbIE pe3yJIbTaThl
pacnpoCcTpaHeHbl Ha CUCTEMY CBSI3aHHBIX MEXTY COOOM OCHMILISITOPOB.

HckoMblii B naHHOM paboTe mapamerp A XapakTepu3yeT HEJIMHEWHOE CllaraeMoe B
ypaBHeHuH BaH nep [lons. @uznyeckn 3TOT nmapaMeTp ONpenessseT OPOroBOe 3HAYEHNE
JUIsl BEJIMYMHBI OTKJIOHEHMS, MPU JIOCTHKEHHUU KOTOPOro AeMII(pHUPOBAHHE B CHUCTEME
MeHsIeT 3HaK. /{7 ero HaxoXXAeHUs HCHOJIb3YyeTCsl pa3pabOTaHHBIH B aHAIMTHUYECKOM
MEXaHUKEe METOJI HHBAPUAHTHBIX COOTHOIIEHHUH [6], MomuduKaus KOTOPOTO B 3ajadax
YIIpaBJIEHUS MO3BOJISIET CUHTE3UPOBAThH JIOMOJHUTEIBHBIE CBSA3U MEXIYy MU3BECTHBIMU U
HEU3BECTHBIMHU BEJIMYMHAMM JUHAMUYECKON CUCTEMBbI, BO3HUKAIOIIUE MPU HAOII0JaeMOM
npwkeHun [7], [8]. Merton He mpeanosaraeT JIMHEApU3allMd HCXOJAHOW CHUCTEMBI U
SIBJISIETCSl CYLLIECTBEHHO HEIMHEHHBIM. B pe3ynbrare B paboTe NOCTpOEH UJIEHTU(PUKATOP
JUISL CUCTEMBl OCLUJUISITOPOB, KOTOPBIM oOecnedrBaeT acUMITOTHYECKOE OLIEHHUBAaHUE
HEU3BECTHBIX NapaMeTpoB. IIpoBeneHHOE 4YHCICHHOE MOCIMPOBAHUE ITOATBEPKAAET
paboTOCTIOCOOHOCTH MPEITTIOKEHHOM CXEMBI PEIICHHUS 3a/1a4l WACHTU(DUKAITUH.

2. 3ajavya onpeesieHus XapakTePUCTUK ocHuLIsATOpa BaH aep Iloas

PaccmoTpum ypaBuenue Ban aep [losst [9], onuckiBaronee mpomece penakcaimoHHbIX
KoJeOaHuil, KoTopoe 3anuiieM B popme [2]

%= (1 — X)X —w’X 1)

3mech X — OTKJIOHGHHE TOYKH OT IIOJIOXKEHHUs paBHOBecHs, A— Mapamerp,
KOTOPBIN OmpenesseT xapakrep mnepemeHHoro nemmdupoBanus, A>0. OrcyrcTBHE
HenmuHelHoro ciaraeMoro B (1) COOTBETCTBYeT TapMOHHYECKHM  KOJICOAHUSIM
OCHUJUISATOpa 0e3 TpeHHsI C COOCTBEHHON 4acToTol . OaHOM U3 3a7a4, BOZHUKAIOIIUX
MpU U3YyYEHUU U MOJACIHPOBAHUU (DUZNUECKUX, OMOJIOTUUECKUX U MTPOUYUX MPOIIECCOB C
MMOMOIIBIO OCIUJUIATOPHBIX CHCTEM, SIBJISICTCS 3ajJada OompejeicHus mapamerpa A B
MPEIoI0KEeHUH, YTO 3HaueHus: (azoBoro BekTopa X(t),X(t) wm3MepstoTcs B mpoiiecce
(byHKIIMOHUPOBaHUSI 00BEKTA, T.€. SIBIIIOTHCS U3BECTHBIMH (DYHKIIUSIMU BPEMEHH.

O6o03HaumB X, = X, X, =0dx/dt, nepenumiem (1) B Buge cucremMsl

X =Xy,
)'(2=(/1—X12)X2—a)le, 2)
Yi =X, Y, =X,
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PaccMoTpuM 3amady HaxoKJCHHsS NapaMmerpa A Kak 3afady WICHTH(PUKALHUH
cucteMsl (2) mo u3BecTHOM MH(pOpManmu o0 ABMKEeHHH. Takol mHpOpManuen sBiseTcs
BeIxon — Gynknus Y(t) =(X(t),x,(t)), a Taxke Te BEIMYUHBI, KOTOPbIE MOTYT OBITh
MOJIyYCHBl C MCIOJIb30BAHWEM TOJIBKO JIMINb 3HAYCHWH BBIXOAAa. B wacTHocTH, Hainee
M3BECTHBIM OyJeM cuuTaTh Jir00oe penieHue 3amayn  Komu s CHCTEMBI
muppepeHuanbHBIX YPaBHEHHI

&=U( x (1), %), £00)=4eR?, p>1, 3)
B kotopoii ¢pynkuun U (&, X (1), X,(t)) 3aBUCHT OT U3BECTHBIX BEIWYHH U YAOBIETBOPSIOT
JIOCTaTOYHBIM YCJIIOBHSIM TEOPEM CYIIECTBOBAHMUS M CJIWHCTBCHHOCTH PEIICHUN IS
t €[0, ).

JUist pelieHusT UCXOMHOW 3ajaud HMICHTU(UKAIMU HUCIOJIb3YyeM METOJ] CHHTE3a
WHBAPUAHTHBIX  COOTHOLICHUH, KOTOPBIM  IIO3BOJSIET NOJy4aTb B IPOIECCE
(YHKIMOHUPOBAHUS CHCTEMBI aCUMITTOTHYECKHE OIICHKH Hen3BecTHRIX [7], [8].

3adaua 1. HaliTn acCHMOTOTAYECKHA TOYHBIC OLICHKH TTapaMerpa A cucTteMsl (2) 1o
M3BECTHBIM 3Ha4eHUsIM Beixoza Y(t) = (X (1), X, (1)) .

3ameuanue. JIOCTATOYHBIM yCIIOBHEM JIOKAIBHOW WACHTU(MUIIPYEMOCTH CHUCTEMBI
(2) sBRIsIeTCS yCIIOBUE HA paHTH sKOOHeBbIX MaTpuil [10]

) 1y rank 209)
(%, %, 4) (%, %)
7€ TPOU3BOIHAS OT BBIXOJIa Y B3STa B CHITY CHUCTEMHI (2):

(y,y)= (X1'X2’X21(;L_X12)X2 _a)le).

rank

Jlns1 paccMaTpuBaemMoil CUCTEMBbI UMEEM, UTO IPH JTHOOBIX X, X, rank M =2,a
0%, X,)
rank% =3 Tonbko b npu X, (t) # 0. Takum o0pa3oM, JOCTaTOYHBIC YCIIOBUS
X1 Xy

UACHTH(GHUIINPYEMOCTH HE BBITIOIHEHBI U1 MOMEHTOB BPEMEHH, TIPH KOTOPBIX X, (1) =0.

HCHOJ’IBSY@MBIIZ Jajiec nmoaxoJ mpearnojaract nmoJIiyd€HUuEC aCUMIITOTHYICCKHUX OLICHOK
HEU3BECTHBLIX. B CBsI3m ¢ TEM, 4YTO YCJIOBHA I/I,I[GHTI/I(bI/II_II/IpyeMOCTI/I HapymaroTCsa Ha
JUCKPETHOM  MHOXCECTBE MOMCHTOB BpPEMCHU, npez[naraeMblﬁ HWKC  AJITOPUTM
OO CHHMBAaHUA 6y,HGT HCIIOJB30BaH A IIOCJICJOBATCIBHOIO YJIYUYIICHHUA OLCHOK
HCU3BCCTHBIX HAa MHTEPBAIaX 3HAKOIMMOCTOSHCTBA KOMIIOHCHTHI BbIXOo4a X, (t) .

3. CuHTe3 J0NOJTHHUTE]HLHOI0 YPABHEHHS /ISl onpeae eHus 4

Jis peumieHus 3anayv MISHTU(GUKALUK UCIOIB3YEM METOJ| CHHTE3a MHBAPUAHTHBIX
COOTHOIIEHUHM, TMO3BOJSIIOMIUKA TONydyaTh B mpoiecce (yHKIMOHHUPOBAHHUS CHCTEMBI
ACUMITOTUYECKHE OLEHKU HEeUu3BEeCTHHIX. CyTh IaHHOTO MOJXO0/a COCTOUT B AMHAMUYECKOM
paciIupeHu UCXOJHOU cucTeMbl MudGdepeHINaTIbHbIX YpaBHEHUH (2) MOMOIHUTEIHHBIM
ypaBHeHueM (3), rae P paBHO | — YHCIy HEM3BECTHBIX B 3aJlaue l: a MIMEHHO HEW3BECTHOM

nocrostHHO#M A . IIpu atom mpaseie yactu U (&, X, X,) MoAOHparOTCs TaKUM 00pa3oM, YTOObI

MOJTyYeHHasl pacllupeHHass cucrema audepeHIuanbHbIX ypaBHeHud (2), (3) nomyckana
MHBAapUaHTHOE COOTHOLIEHUE
F(x,X%,,§,4)=0 4)
CO CJICAYIOIIMMHU CBOWCTBAMU:
1) CootHomenue (4) popMupyeT TOMOTHUTEIBHOE ypaBHEHHE ISl HEU3BECTHOU A ,
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T.€. a—F;«tO;
oA

2) CooTBeTCTBYIOIIICE 4) WHBApUAHTHOE MHOTO0O0Opa3ue
M = {(xi, X,, &, A) R*:F (X, X, &, /1)} =0 o0nazaeT CBOMCTBOM IJI00ATEHOTO MPUTSHKCHUS

JUIst TIOOBIX pelIeHuil pacmupeHHor cucrteMsl (2),(3). MHbIMEH cioBamu, Ha JTHOOBIX
peLIeHUsAX

Iim F (%, (1), %, (1), £ (1), 4) = 0.

Takum oOpa3oMm, OCHOBHasi MJAEs TAaKOro I[OJX0Ja COCTOUT B IOJYy4YEHUHU
JIOTIOJIHUTENIBHOT O YpaBHEHUsI BUa (4) U1l HEU3BECTHOIO B 3ajaye 1.

4. CymecTBOBaHHE UHBAPUAHTHOTO COOTHOIIEHMS

[Tokaxkem, 9TO JIs paccMaTpUBaEeMOM 3a/1aul COOTHOIIIEHHUS BUA (4) CYyIIECTBYIOT.

YtoO0bI cBOMCTBO 1) OBLIO BBHIMTOJIHEHO BO BCEHM paccMaTpuBaeMoi obiiactu Oyaem
HCKaTh UX B BHJIC

F(X, %, &) =A-&—-D(X,%,) =0, (5)
rae mepeMeHHbie E(t) SIBISIOTCS PEHICHUSMH BCIIOMOTaTesbHOrO An((depeHIrnaIbHOro
ypaBHenns (3). Ha ¢ysxmmm O(X,X,),U(&, %, X,) TOKa HE HAKIaabIBaéM HHUKAKHX

OTpaHUYEeHUN, KpoMme TpeOoBaHUS HENpepbIBHON IU(PGHEPEHIIUPYEMOCTH IO CBOUM
aprymeHntam. Ecnu 3TH pyHKIMM BBIOpaHbI Tak, YTO COOTHOIIEHHUS (5) MHBApHMaHTHBI Ha
paccMaTpUBacMOM PEIICHUH, TO TOT/Ia HEM3BECTHBIN mapaMeTrp A MOXeT ObITh HaiJieH
HerocpeACTBeHHO u3 paBeHcTsa (D),

A=E+D(X,X,) .
Ymeeporcoenue 1. Jlna nroboit nuddepeHIpyemMor Mo CBOUM apTyMEHTaM
¢bysknmn - d(X,X,) MOXHO momoOpare mpaByro  vactb  U(&,X,X,) B

muddepeHnaIbHOM ypaBHEeHHH (3) TakK, YTO pPaBEHCTBO (5) BBINOJIHSCTCS
TOXKJIECTBEHHO Ha HEKOTOPBIX peIIeHUSIX pacuIupeHHo’ CHCTEMBI
nmuddepeHuaIbHBIX YpaBHeHUi (2), (3).
Jloxazamenvcmeo. BBenem IepeMeHHbIE &, KOTOPbIE XAPAaKTEPHU3YIOT HEBSA3KY B
dbopmyite (5) Ha pemenusix cucreMsl (2), (3).
A=E(0) = D(x, (1), X, (1)) = &(t) (6)
Huddepenmupyst (6) B cuiny cucrembl (2), (3), monydaem auddepeHIInaibHOe
ypaBHEHHUE JUISI OTKIIOHEHUS &
. sz 0D D | () )
poimg- 00y 00y 00 O e x)x, —Px]-U.
X, OX, OX, OX, (7
UTto0Obl paBeHCTBA (5) BBINOJIHSUINCh TOXKJICCTBEHHO HA HEKOTOPBIX PEIICHHSIX
cuctembl nuddepeHnnanbHbIX ypaBHeHUH (2), (3), 10CTaTOYHO MOKa3aTh, YTO CHCTEMa
muddepennmanbapiX ypaBHeHHi (7) momyckaetr TpuBualibHoe pemieHue g(t)=0. s

aToro GUKCUpyeM BUJ MPaBbIX yacTel (3), a UMEeHHO: JyIs JI00bIX @ MOoJI0KUM
> a@ a@ 2 2
=U=——X—|(+DP-X)X,—@
é % o [(E+P-x))x, -0, ] (8)
B pPE3yJIbTaTC I[I/I(l)(l)epeHL[I/IaHBHOC YpaBHCHUC [JIsI OTKJIIOHCHMUA & CTAHOBUTCH
OZHOPOIHBIM
. 0D €©)
E=———X,8&,
OX,
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a 3HA4YUT JOITYyCKaeT TpUBHAIBHOE peieHue g(t) =0. YTBepkKIaeHue T0Ka3aHo.

Takum oOpa3oM, MOXHO yTBEpXJaTh, 4YTO i 000 nuddepeHunpyeMon
¢yakmmn (X, X,) HayanpHOe 3HadeHus £(0) B 3amaue Komwm ms auddepennuansnoro
ypaBHeHusl (7) MOXKET ObITh BEIOpAHO TaKUM 00pa3zoM, uro B MoMeHT t = O ¢popmyusl (5)
CTAHOBATCSI BEpHBIMH PaBEHCTBaMU. B 4aCTHOCTH, 3TO O3HAYAET, YTO HaYAIbHBIC 3HAUCHUS
st oTkioHeHUd &(0) paBHBI HymIr0. B 3TOM ciydae paBeHCTBO (5) Ha TpaeKTOpUM
pacmmpeHHoi cucteMbl (2), (3) BBINOJHAETCS TOXKJIECTBEHHO, 00pasysi, TEM CaMbIM,
JOTIOJTHUTENIFHOE KOHEYHOE COOTHOIICHHE, B KOTOPOM E€IMHCTBEHHBIM HEW3BECTHBIM
OCTaeTcst BeJMunHa A

B o0mem cimyuae ocymiecTBUTh Takoil BEIOOp £(0) HE yaaeTcsi, HOCKOJIbKY JJISI 3TOTO
HEOOXO/JMMO 3HATh BEIWYHHY A, KOTOpas, COOCTBEHHO, M SBJISCTCS HCKOMBIM
HEU3BECTHBIM. B TO k€ BpeMs MOXKHO TIOIBITAThCS HMCIOIB30BaTh (popmyny (5) ms
MOJIyYCHHsSI aCHUMITOTHYECKON OIIGHKHM TlapaMerpa A Ha JOCTaTOYHO IIUPOKOM
MHOYKECTBE PEIISHHI pacIupeHHON cuctemsl (2), (3). st aToro, B 4aCTHOCTH, TpeOyeTcst
U3 MHOXKECTBAa BO3MOXHBIX QyHKkmmid @D(X,X,) BBIOpaTh Takue, JUII KOTOPBIX

TpUBHAJIBHOE pelleHue cucreMsl (9) mpu HabGmomaemoMm Bbixoge Y(t) = (X (t), X, (t))
00J1a1aio Obl CBOMCTBOM TJI00ATbHOW AaCUMOTOTHYECKON YCTOMYUBOCTH.

5. Crabuau3anusi OTKJIOHEHUM’
PaccmoTpum 3amagy nonoopa ¢pyakmn D(X;, X,) , OcTaromeics moka cBoOOTHOM,

C LIEJTBIO CTAOMITM3AIINH pelIeHNH cucTeMbl (9).

O6mee pemenue (9) umeer BUI:
t

oD

£(t) = £(0)exp{ —[ = (% (7), %,(£) - %, (7)dl7) .
0 axz

CJ‘ICI[OB&TCJ‘IBHO, AO0CTAaTOYHBIM YCJIOBHUEM, O6eCHe‘H/IBaIOHII/IM ACUMIITOTHYECKOC

CTpeMJIEHUE OTKIOHEHUs &£(t) K HyJIIO, SIBJISIETCS yCIIOBUE

i [ 22 (66 1,0 ()0 =0
0 ¥ )

OueBunHO, uTO cymiecTByeT kiacc ¢ynkumii O(X,X,) u Takue pemeHus X (t), X, (t)

cucteMsbl (2), st KoTopeix uHTErpai B popmyse (10) sBisiercs pacxoasmuMmes npu t — oo.
2

X
[Tycts, Hanpumep, P(X;, X,) = ?2 , Torna yciosue (10) npuHUMAaeT BUT

t
!Lrgjxj(r)dr=w. (11)
0

B cnyuae, ecniu HaGnro1aeMoe perieHne CUCTEMBI (2) He SBIISETCS] TPUBUAIBHBIM, TO
yciaoBue (11) Oyaem cuuTaTh BBINOJHEHHBIM. JleHCTBUTEIBHO, MPOBEACHHBIC BBIIIE
MOCTPOEHHSI HUKAK HE BIMSIOT Ha XapakTep IBMXKEHUS HCXOJHOM CHCTEMBI, KOTOpast
cOBeplIaeT HMKINYeCKHe He3aTyxaromue kosebanus. [Ipu atom X, (t) =0 Toabko aums Ha
JMCKPETHOM MHO>KECTBE MOMEHTOB BPEMEHH, ME€pa KOTOPOr0 paBHa HyI0. EcTeCTBEHHO
rnojaratb, 4ro Ha KaXXIOM W3 OECKOHEYHOro YHcia LMKIOB KOJeOaHWil CyIIeCTBYET
KOHEUHBIH HWHTEpBaJl BpEMEHHM [UIMHBI A, Ha KOTOpOM HempepblBHas (YyHKIUA

|X2 (t)| > a >0 Orcroza u ciieyeT pacXxoauMoCTh nHTerpana B popmyiie (11).
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6. CemeiicTBO MaeHTH(PHKATOPOB NapameTpa 4

W3 npuBeneHHBIX BBIIIE BBIKIAJAOK CIEAYyeT, 4TO JJIs CUCTEMbl (2) MOCTPOEH
UJICHTU(HUKATOP, 3aJaHHBIA KOHEUHBIM COOTHOIIeHHeM (6) u auddepeHnuaTbHBIM
ypaBaeHnueM (8). Ilpu mocraTodHo crnalObIX OrpaHUYCHHUSX Ha HAOIIOJaeMOe pelieHHE

HUCXOJHOM cucTeMbl (2) uaeHTUPUKATOp oOecreyuBaeT IMOJyYEHHE ACUMMOTOTHYECKOMN
2

X2
OLICHKH mapameTpa A. B wactHocty, s dyakunn (X, X,) = ~, MMeeT MecTo
Ymeepowcoenue 2. JInsa mo60oro HeTpUBHAIBHOTO penieHus X, (t), X,(t) cucremsr (2)
n mgoboro HayanbHoro 3HaueHus £(0)B 3amade Komm aus  BCIOMOraTeiabHOIO

muppepeHmanb HOTO YpaBHEHHS

E= x| (E+2 1% -0 | £O) <R (12)
dbopmyna
2=+ 20 (13)

JOCTABJISIET aCUMIITOTHYECKYIO OIICHKY MapaMerpa A.
3ameuanue. TIOCKONBKY IOCTATOYHBIM yCIIOBHEeM BbIOOpa ¢yHkmuun D(X;,X,)

sBusgercss  ycinoBue (10), TO  cCyliecTByeT IIMPOKOE  CEMEWCTBO  (PyHKIMH,
YAOBJIIETBOPSIIONINX 3TOMY YCIIOBHIO, a, CI€IOBATEIHHO, M CEMEHCTBO COOTBETCTBYIOIIHNX
UM UJEHTU(PHKATOPOB, pelIaloINUX 3aady 1.

7. CucteMa aBTOK0/1e0aTeJIbHBIX OCHULISITOPOB

PaccMoTpuM MHAMUYECKYIO CHCTEMY, 00pa3yeMol0 IIEMOYKON U3 TpeX HEMAECHTUYHBIX
ocuwuiiTopoB BaH jaep [lons, cBA3aHHBIX MeXIy COOOW MOCPEICTBOM YNPYTUX H
JUCCUIIAaTUBHBIX CBS3EH [2]

X =%,%, :(ﬂi_xf)xz_wlle"":l
X = X4 Xy = (A = X5 )%, — @)%, +
X5 = X5 Xg :(/13—X52)X6 —a)32X5+ Fs
(14)
rac n€pEMEHHBIC X1, X3, X5 XAapaKTCPHU3YIOT OTKIIOHCHHA OCHUJLIATOPOB OT HadajJla KOOPpAWHAT,
a TIEpEMEHHBIE Xy, X,, X, — CKOPOCTH 3THX OTKJIOHEHHH, COOTBETCTBEHHO; A, A,, A, — HCKOMBIE

nmapaMeTpbl, OTBEUAIOLIUME 3a HEJIWHEWHBIM XapakTep KolebaHWil paccMaTpuBaeMon
MEXAHUYECKOW CHCTEMBI; @), ®,,®; OIPEAEIACT YaCTOTHBIE XapaKTEPUCTUKH ABTOHOMHBIX

OCHUJIIIATOPOB. Bnusiaue cBsi3eit Ha AUHAMUKY CUCTCMbI YYTCHO C ITIOMOLIBIO q)yHKHHﬁ
Fo=v(X = X)+ u(X, —X,)
F, =v(% = %) + V(X —X5) + p(X, = X,) + £4(X, — X5)
By =v(% —X) + (X — X,)
(15)
rae v — Ko3QQUIMEHT )KECTKOCTH, 1 — KOI(OPUIMEHT TUCCUTIATHBHOMN CBA3H.

Cucrema (14) xapakrepuszyeTcs OOJBLIIMM 4YHMCIOM [apaMeTpOB M MOXKET
JEMOHCTPHPOBATh CIOXKHYIO U pa3HOOOpa3sHyl0 KapTHHY KoJIeOAaTeNbHbIX PEKHUMOB.
Ilockonpky B 3HAUUTENBHOM CTENEHU €€ MOBEACHUE 3aBUCUT OT BEJIMYMH U COOTHOILLIEHUN
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napameTpoB 4, 4,,4; Mexnay coboil, To 3ajaya MX OIpEAENIEHUs B PEaJbHOM BPEMEHU IO
naHHBIM m3MepeHnil ¢dazoBoro Bekropa X(t) = (X (t), X, (t), X;(t), X, (1), % (t), Xs(t))  moxer
HPECTaBIATh HHTEPEC IPH MOJICTUPOBAHUH CIIOXKHBIX KOJIEOATEIbHBIX IIPOLIECCOB.

3aoaua 2. HaiiTu acuMITOTUYECKH TOYHbIE OLIEHKU ITapaMeTpoB A, A,, 4, cucremsl (14)
10 U3BECTHBIM 3HaYeHUsAM (pazoBoro Bekropa X(t).

Pemrenne 3amaun 2 npoBeaeM Mo ONMMCAHHOMN BhIle cxeme. [IpeacTaBumM Hen3BeCTHBIE B
BHUJIE CYMMBI HEOITPEJAECIEHHBIX BEITUYUH

A =& () -, (%, (1) = &(t) (16)
rae ¢ (t) — coorBercTBytomue oTkinoHeHus, GyHkimym @, (.) Oynem mckarh Kak (QyHKIHH,
3aBHUCAIINE OT €IMHCTBEHHOTO apryMeHTa X, , a nepeMeHHble & (t) SBISIOTCSA pemeHueM
3anaun Komm ais BcnoMmoratenbHON cucteMbl AU pepeHuanbHbIX YpaBHEHUH

GO=U(&.x1), §0)=¢4 R’ =123 (17)
[lo ananorum co cnocobom nonydeHust ypaBHeHus (7) sl OTKJIOHEHHUS &, TIOJy4yaeM B
HalleM ciayyae cucreMy Jadd@epeHIUalbHbIX  ypaBHEHHH (3HAK «'»  O3Ha4aer
T depeHInpoBaHNE)
& = _Séi (t) _(Dlx2i Xpi = U, -0, [(8i &+ D =X )Xy — O Xy + Fi:l’ =123
[IpaBeie yactu cuctemsl (17) MON0KUM paBHBIMU
U =—®, [(&+D - )% —ofX; ,+F |, =123 (18)
B pesynbrate momyuyaem Juis OTKJIOHEHMM TpU OAMHAKOBBIX AU QepeHInanbHbIX
ypaBHEHHS
&=-0, X&,1=123. (19)
X

IMonaras @, (X,) = > U, BOCTIOJIb30BaBIIKCH pe3yJIbTaTaMu NpeAblAYILIEro pa3aena,

roJTyJaemM
Ymeepowcoenue 3. Jlns moboro HerpuBHaibHOro pemreHust X(t) cucrems! (14) u

mo0oro HauyanpHoro 3HadueHus <&(0)B 3amaue Komm uist BCrioMoraTesbHOM CHCTEMBI
nudepeHIuanIbHbIX YPaBHCHUN

& =X (98' +% B Xzzilj X — 0%, +F |, £(0) R’ (20)
hopmyJIBI
/1,=§i(t)+X2iT(t), =123, (21)

AOCTABJIAOT ACUMIITOTUYCCKYIO OLICHKY IapaMETpaM ﬂl' 2’2 ) 2,3 .

3ameuanue. VI3 npuBEeICHHBIX MOCTPOCHUN JIETKO BHUACTH, YTO Y TBEPXKIACHHUE 3
JIETKO MOXET OBITh PAacCHpOCTPAHEHO Ha IIEMOYKY H3 JIF0OOTO0 KOHEYHOrO 4YHhcCIa
ocHUUISITOPOB. bojiee TOro, MOCKOIbKY BIIMSIHUE YINPYTHX U JIUCCHIIATUBHBIX CBs3CH Ha
JMHAMUKY CHCTEMbI YUUTBIBAETCS TOJBKO JIMIIb BO BCIIOMOTATENbHBIX ypaBHeHHsX (20), TO
MOJIyYE€HHBIN pe3ynbTaT MOXKET ObITh 00OOIIEH M Ha CeTh OCHUJUIATOPOB MPOM3BOIBHOMN
CTpYKTyphl. [lmst sTOr0 1MocTaTouyHo ydecTh (MpeArosiaraeTcsi, 4YTO IapaMmeTphl CBS3ei
SIBJISIFOTCSL. U3BECTHBIMH) B3aUMOBIIMSHHE I-TO U J-TO OCIHJUIATOPOB B COOTBETCTBYIOIINX
BhIpaKeHusx st cun Fi, Fj.
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8. HucjieHHOEe MOeTMPOBAHHE

[IpennoxxenHas B paboTe cxeMma pelieHHs 3aaadd UACHTU(UKANMH Obla YUCICHHO
IIPOMOIETIMPOBaHa JJIs IIMPOKOTO CIIEKTpa HayaJIbHbBIX YCIIOBUHM U IapaMeTpoB cucTeMbl (14).
Pe3ynbTaTsl 01HOTO U3 BAPUAHTOB PacueTOB IIPUBECHBI HA PUCYHKE.

0 05 1 15

Puc. 1. Acumnrornyeckoe oreHuBanue mapamerpoB A1=2.0, 1,=4.0, A3=6.0.
Fig. 1. Asymptotic parameter estimation 11=2.0, 1>=4.0, A3=6.0.

Wcnonb3yemslii B popmyrnax uaentudukaropa (20), (21) Habiro1aeMblil BBIXO CUCTEMBI
— Bektop X(t) = (X (t), X, (t), X, (t), X, (t), X;(t), X;(t)) ObLI MONMyHYEeH B pe3yabTaTe YHCICHHOTO

pemienne cucteMsl quddepennmnansaeix ypaBHenuit (14). Mckomble mapamerpsl A, 4,, 4,

paBubl 2.0, 4.0 u 6.0, coorBercTBeHHO. OcTranpHbie mapameTpbl: @1=3.0; w2=2.0; w3=1.0;
v=0.5; p=1.5.

PaccMoTpeHHBIN BapHaHT pacdyeTa MOACIHMPYET Caydail, Korja enovyka OCHUUIITOPOB
BBIBEJICHA M3 COCTOSTHUSI PAaBHOBECHS ITyTEM CMEIIECHUS TOJIOKEHHS MepBOoro u3 Hux Ha 0.5
€MHUIL JJTHHBI, COOTBETCTBEHHO HaYaJbHbIE YCI0BUS B 3a1a4e Kol 1t HCXOTHON CUCTEMBI
npuHATbl paBHbIMU: X(0) =(0.5;0.0;0.0;0.0;0.0;0.0) ; HayaybHBIE YCIOBHS ISl IEPEMEHHBIX

BCIIOMOTATEIbHOU CUCTEMBI AuddepeHInaibHbIX ypaBHeHu (20) BIOpaHbl MPOU3BOJILHO. B
nannom ciaydae (1(0) =¢2(0) =3(0) = 14.0.
Ha pucynxe npuBenens! rpapuku ¢ynxmmii & (t)+0.5-x2(t), i=12,3koTopsie, B

COOTBETCTBUHU C YTBEPKJCHHEM 3, aCUMIITOTUYECKU CXOJIATCS K MCKOMBIM 3HAYCHHSIM
napaMeTpoB, paBHbIM 2.0, 4.0 u 6.0. Pe3ynbpTaThl MOIETUPOBAHUS KaK Ui JAHHOTO, TaK U JIs
MHOTHX Jpyrux HaOOpOB 3HAUYE€HHUH BCeX MapaMmMeTpoB cucteMbl (14) moaTBepKIAIOT
PaboTOCIIOCOOHOCTH MPEITIOKEHHOM CXEMBI PEIICHUS 3a/1a4l WACHTU(DUKAITUH.

9. BeIBOABI

PaccmoTpena 3amaua uaeHTU(DUKAIIMU TAapaMETPOB, XapaKTEPHU3YIOIINX SIBICHUC
IMEPEMEHHOMN UCCHIALIMU B CUCTEME, COCTOSIIEH U3 OJTHOIO MM HECKOJBKHX CB3aHHBIX
MeXay coOoit ocmmwuisitopoB BaH gep lloms. [lpeanoskeH MeTod TOCTPOCHUS
HEIMHEWHOTO HACHTU(UKATOPA, KOTOPBIA MO3BOJISIET TOJIyYaTh ACHMIOTOTHYECKUE
OIIEHKH MCKOMBIX MapaMeTpoOB IO pe3yJbTaTaM H3MEPEHUS BBIXOAHBIX CHUTHAIIOB B
peanbHOM MacmTabe BpemeHH. McmombiyeTcs pa3paboTaHHBIE B aHATUTUYECKOM
MEXaHUKE METOJ, WHBAPHUAHTHBIX COOTHOIIEHUW, KOTOPBIH B 3aJadax ymOpaBlICHUS
MO3BOJIIET CHHTE3UPOBATh JOTIOJTHUTEIBHBIE CBSI3U MEX/Ty U3BECTHBIMU U HEU3BECTHBIMU
BEJIMYHHAMH. [TpoBenenHoe YHUCJIEHHOE MOJIeTTUPOBAHUE MOJITBEPKIAET
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paboTOCTIOCOOHOCTh  NPEMIOKEHHOW CXEMBbl pelIeHUs 3aJayd  MIACHTU(UKAIUU.
Pa3pa60TaHHBIfI noaxoJ aCHUMIITOTUYCCKOI'O OUCHHBAHUSA HCU3BCCTHBIX IMApaMCTpPOB B
nanpHelneM OyJeT HCIOJb30BaH B 3a/Jadax aJalTHBHOTO YIPABICHHUS XapaKTepOM
KoJ1e0aHUIl OCHMIUIATOPHBIX CETEH.
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IDENTIFICATION OF DISSIPATION CHARACTERISTICS FOR
VAN DER POL OSCILLATORS

Summary. In many applications of physics, biology, and other sciences, an
approach based on the concept of model equations is used as an approximate model of
complex nonlinear processes. The basis of this concept is the provision that a small number
of characteristic types movements of simple mathematical models inherent in systems gives
the key to understanding and exploring a huge number of different phenomena. With this
approach it is a priori assumed that the entire physical manifold can be represented in the
form of fairly simple model equations. It is contributes to a qualitative study of complex
systems for various physical nature since basic models individually are well studied, and
their parameters have a physical interpretation.

In particular, it is well known that oscillatory motion of various systems with a
stable limit cycle can be modeled by a system consisting of one or more coupled van der
Pol oscillators. This systems are widely represented, for example, in the study and
modeling of some biological functions of the body, such as cardiac activity, respiration,
locomotor activity, etc. Therefore, the tasks of determining in real time the state and
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parameters of such systems based on the results of measuusring the output signals are
relevant. One of these problems, namely, the problem of identification some parameters of
an oscillatory system, is considered in this article. In the paper it is proposed Aa method
is proposed for obtaining asymptotic estimates of parameters that determine the nonlinear
nature of oscillations for a system of interconnected van der Pol oscillators by information
about their motion. On the first step the corresponding identification problem was solved
for one van der Pol oscillator; further, the results obtained results are extended to a system
of interconnected oscillators.

The unknown parameter characterizes the nonlinear term in the van der Pol
equation and determines the threshold value for deviations at which the damping value in
the system changes sign. The method of invariant relations is used for identification scheme
design. Such approach allows us to synthesize additional relations arising between known
and unknown quantities during the observed motion of the system considered. The
constructed identifier provides an asymptotic estimation of unknown parameters for
oscillatory networks of arbitrary structure. The numerical simulation confirms the
operability of the proposed scheme for solving the identification problem.

Keywords: nonlinear oscillations, coupled van der Pol oscillators, parameter
identification, invariant relations, asymptotic estimates.

IJEHTUPIKAIIA JUCUITATUBHUX XAPAKTEPUCTHUK
OCHMJIATOPIB BAH JEP ITOJIA

AHoTauis. Pozenanymo 3adavy ioenmughixayii napamempie mMamemamuiHoi mMooeii,
AKA ONUCYE KOTUBAHHS OEKIIbKOX 83AEMONO08 ' a3anux ocyunsimopis ean oep llons. Taxi cucmemu
BUHUKAIOMb NPU MOOENI08AHHI 0a2amvoX HeNHIUHUX (QI3UYHUX, OIOI0CIYHUX MA [HUWUX
YUKTIYHUX npoyecis, wjo marome ckiaonuti xapakmep. [llyxaui napamempu suzHayaromo
HeNIHIUHI  CKIa008i MmamemMamudHoi Mooeni [ Xapakmepuzyroms OUCUNAYil0, 3HAK SKOI
3anexdcums i)  GelUHUH  BIOXUNEeHb 610 NOJIOJNCEHHA  pIGHOBAcU  OAHOI  cucmemu.
Ilepeobauaemucs, wo 6 npoyeci KOAUBAHL NPOBOOAMbCA GIONOGIOHI OHJIAUH BUMIPIOBAHHS
cmany, moomo ¢hazosuii 6ekmop € 8i0omoro yukyicro uacy. /na nobyoosu ioenmupikamopa
HEeBIOOMUX napamempié 8UKOPUCMAHO MemoO CUHME3Y IHBAPIAHMHUX CNiBBIOHOWEHb, KUl
PO3pobNeHo 0N po36'a3y6anHs obepHeHux 3aoad 8 meopii KepyeanHs. Memoo 0o036o01s€
Gopmysamu CKiHUeHHI CNIBBIOHOWEHHS, WO BUZHAYAIOMb WYKAHI HeBi0oMi K (DYHKYII 8i0
BIOOMUX BENUYUH.

KurouoBi cjioBa: HemiHiMHI KoJMBaHHS, ocuuiisaTopu BaH aep [loms, imenTudikaris
rapameTpiB, IHBapiaHTHI CITIBBITHOIICHHS, ACHMIITOTUYHI OI[IHKH.

Qoeporcano pedaxyiero 08.07.2019
Tpuinamo oo opyxy 20.10.2019
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OPAKTAJIBHA BYJIOBA EJIEKTPOOCA//KEHUX Y CTOXACTHYHHUX
PEJKMMAX MPOIIAPKIB MIJI TA ii BIJIUB HA ®A30YTBOPEHHS B
PEAKIIISIX 3 OJIOBOM™

Po3zenanymo ocobaueocmi meepoopaznux peaxyiti Mioi 3 01080M 8 3ANEHCHOCMI B0
nonepeouvoi 06pobku mionoi niokiaoku. Ilposedeno nopieHsHHsA GNAUGY CIPYKMYPU MIOHUX
NpOWLapKie, Wo OMPUMAHI 34 PIZHUX PEeNCUMIB eNeKMPOOCAONCEHH — CMAYiOHAPHO2O,
PEBEPCHO20 IMNYIbCHO2O MA CMOXACMUYHO20 HA pe3yibmam meepoohasHux pearkyii 3
onosom. llokazano, wo ¢paxmanvna posmipricme iHmepgheticy Mmioi 0o ma nicis
meepoogaznoi peakyii 3anexicumsv 8i0 pedcumy eneKmpooCaON’CeHHs Md XapaxKmepuszye
0cobIUBOCIIT UWLOPCIMKOCMI OMPUMAHUX iHmepeticis. Bcmanogneno, wo 3a cmoxacmudHuxo
PedcuMi6 enleKkmpoocaddiceHHs Ompumana @pakxmanvuicms iwmepgheticy mioi € oocumbo
3HAYHOI0 MA 3MIHIOEMbCA HE3HAYHO NICAA meepoodasHoi peakyii 3 01080M HA BIOMIHY Gi0
3ACMOCY8aHHI CMAYIOHAPHO20 PEANCUMY eNIeKMPOOCAONCEHHSL 3 BUCOKUM 08EPHOMEHYIATIOM.

KurouoBi cjioBa: Mijib/0J10BO, €IEKTPOOCAKEHHS, TBepaodasHi peakinii, GppakraabHa
PO3MIpHICTb, MOJIENb TeHepaTopa Uya, HIOPCTKICTh iHTEpdeiicy.

* CTaTTIO HAIKCAHO 3TiHO 3 MPUKIATHOK JEPKOI0IKETHO TeMOo “CHHTE3 HAHOCTPYKTYPOBAHMX CILIABIB 3a
OCLMITIOIOUNX HAMPYXXEHb Ta iX 3aCTOCYBAaHHS B HOBIM TEXHOJOTII 3’ €THAHHS MiKPOEJIEKTPOHHIX KOMIIOHEHTIB”
(momep meprxaBHoi peectparii 0117U000577).
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1. Beryn

Yacrimie BCbOro OCHOBOIO TEXHOJIOTTYHHMX MPOIECIB B MIKPOEIEKTPOHILl € YTBOPEHHS
caiiHuX KOHTakTiB cucteMu Cu-Sn. Ha Mexi KOHTakTy IIMX JJBOX €JIEMEHTIB B pe3yJbTari
HU3BKOTEMIIEPATypPHUX CTOCOBHO TOMOJIOTIYHUX TeMIeEpaTyp TBepao(dasHUX peakiii
MoxsuBUd picT pa3z Cu3Sn ta Cub6SnS, 1Mo CynmpoBOHKYETHCS MEPEPO3NOIITIOM BaKaHCIH B
mady3iliHii 30H1 Ta mopoyTBOopeHHsM [1-9]. IIpomec mopoyTBOpeHHS Ha TIOCKHX MiK(pa3sHUX
MEXax CIPHYMHIOE TPOLEC pPyHHYBaHHS 30HM KOHTAakTy. IlOmIyk NUIsSXiB YHUKHEHHS
MTOPOYTBOPCHHSI 1 301IBIICHHS] MIITHOCTI MEKI KOHTaKTy CTOCOBHO 3/IBUTOBHX HABAHTAXCHB €
aKTYaJIbHOIO TPOOIEMOIO MIKPOEIEKTPOHIKH.

Ha mpomec dazoyrBopernst B cucremi CU-Sn BIUIMBae CTPYKTypHa OyJ0Ba MiZHOTO
npomapky Ta ioro mopcetkicts [10]. CtpykrypHa OymoBa MiIHOTO MPOIIAPKY B MEPITY YEpry
3QJIEKUTh BiJ TEXHOJOTIT TMOMEPEeIHbOI OOpOOKM MIJHUX TUIACTHH. MiJHI TUIaCTUHH
TEXHOJIOTIYHO MOXYTh OyTH BHUTOTOBJCHI NUISXOM BHIUIaBKA Ta MPOKATYyBaHHSA,
€JIEKTPOOCA/PKEHHST Ha MIJHI MIAKIaakd. Bcel 1l mporiecu mpuBOISTH J0 OCOOIMBOCTEH
YTBOPEHHS MOJIKPUCTAIIYHOI MIKPOCTPYKTYPH 3 PI3HOMaHITHUM HaOOpOM I'yCTUH J1€(EeKTiB:
BaKaHCIM Ta MOp, MEX 3€peH, MOTPIHHUX MDK3EPEHHUX CTHKIB, AUCIOKAIM Ta iX acoriarii.
Judy3siiiHa B3aeEMOJis 0J10Ba 3 TaKMMHU JA€(PEKTHUMHM MIAHMMH HpOIIapKaMU MPUBOAUTH J10
MOPOYTBOPEHHS, aHOMAJILHOT'O POCTY Ta KOHKYpEHIIii (a3 B mporieci (pa30yTBOPEHHSI.

B pobGorax [11, 12] BiampanpoBaHO TEXHOJOTII0 OTPUMaHHS  MPOLIAPKIB
€JIEKTPOOCA/KEHOI B CTAI[IOHAPHOMY, IMITYJIbCHOMY PEBEPCHOMY Ta CTOXaCTHYHOMY PEKUMax
MiJli Ha MITHUX TiakIaakax. Onucano 3acTOCYBaHHS MOJIeN TeHepaTopa HeNIIHIMHUX KOJIMBaHb
Uya mmst moOyI0BH 9aCOBOTO PsITy CTOXAaCTHYHUX KOJIMBaHb HANIPYTH HA €IEKTPOIax B OKOJI
JIBOX CTalliOHAPHHUX 3HA4YeHb. /{71 EeKCIIepUMEHTY 3acTOCOBAaHO [BAa 3HAYCHHS HAINPYTH
€JIEKTPOOCA/PKEHHS, 10 pPO3paxoBaHi 3 MOJApU3alidHOT KpUBOI U1 33JaHUX YMOB
eJIEKTpoOCcaKeHHs. B X011 BUKOHaHHS pOOOTH CTBOPEHO amapaTHO-MPOTrPAMHUN KOMILIEKC
(AIIK)  nmma KOHTPOJIO  MPOIECY  €ICKTPOJITUYHOTO  OCa/PKeHHS.  MeTtomaMu
peHTreHo AU (PpaKIifHOTO aHaTi3y Ta €JIEKTPOHHOI PAacTPOBOI MIKPOCKOITII MPOBEICHO aHAIII3
BIUIUBY CTAlllOHAPHOTO Ta CTOXaCTHUYHOIO PEXHUMIB EJIEKTPOJITUYHOIO OCAKEHHS Ha
CTPYKTYpPy OTPHUMaHHX WPOIIAPKIB MiJAl HAa MIIHUX MiAKIagKax. AHami3 audpakTorpam
MOKa3aB, M0 B OTPUMAHUX IICJSA CTAIllOHAPHOTO EJIEKTPOOCAKEHHS MIl 3pa3kax po3Mip
3epeH MEHIIUH, MOPIBHAHO 3 BHUXIJHUMH 3pa3kaMH TEKCTYpOBaHOI MpPOKAaTaHOI Mifi.
BceranoBieHo, 110 B CTalllOHapHUX PEXKUMAX €IEKTPOOCAIKEHHS YTBOPIOIOTHCS KPUCTANITH 3
MepeBaYKHOIO opieHTali€ero miomuH (111) Ta mpucyTHICTIO KpUCTaNITIB 3 opieHTari€ero (220) Ta
(200), mo po3MilieHi mapajeabHO MOBEPXHI 3pa3ka. 3a €JICKTPOOCAIPKEHHS B IMITYJILCHOMY
PEBEPCHOMY PEKHMMI BCTAHOBJICHO, IO B IIMX 3pa3Kax MepeBakae OpleHTallis IUIOUIUH 3epeH
(220). B croxacTMUHHUX peXHUMax EIEKTPOOCADKCHHS (POPMYEThCS Maike CTPYKTYpPHO
17ICUTPHUI TTOIKPUCTATIYHMMA TIPOIIapoK Mifal. B 1ux 3pa3kax HasBHUM TMOBHUN CIIEKTP
opieHTanii mromuH KpuctamTiB (111), (220) Ta (200) B ogHAKOBHUX MPOIOPIIAX, L0 €
MOAIOHUM 0 CTPYKTYpPH HOPOILIKOBOT MiJi.

3acobaMu pacTpoBOi EJIEKTPOHHOI MIKPOCKOIi MOKa3aHO, HI0 3€PEeHHI CTPYKTYpHU
HAHECEHHX B BUMAJKAX CTAIllOHAPHOTO Ta CTOXAaCTHYHOTO PEKHUMIB EIEKTPOIITHUYHOTO
0CaDKEHHS MPOIIAPKIB MiJll CYTTEBO BIAPI3HAIOTHCS 3a CBOEO MopoioriyHoro O0yaosoro [11,
12]. V Bunajaky 3acTOCyBaHHS CTOXaCTHYHOI HAIPYTH OCAPKEHUN MPOIIAPOK MiJIi CKIIaa€ThCS
3 OKPYIJIUX MOHOJAMCHEPCHUX 3€peH. 3a MOCTIHHOI HANPYTH €JIeKTPOOCaKEHHS (POPMYIOThCsS
SIK 3€pHA JIAaMeJISIPHOT CTPYKTYPH, TaK 1 3¢pHa HEMPaBUWIbHOI (POPMH 3HAUHO OLIBILIOTO PO3MIpY,
HIXK Y BUIIQJIKY 3aCTOCYBAaHHS CTOXAaCTHYHHMX PeXHUMiB 3MiHM Hanpyru. Kpim toro B [12] Gyio
BIIMIYEHO, 10 THI CTPYKTYPH €NEKTPOOCAKEHHUX IPOLIApKIB Miji BIUIMBAE HA pe3yJIbTaT
pocty nmpoMikHHX (a3 B X011 TBepaoda3zHux peakiliii B cucremi Cu Sn.

Leit edext nocnimkysascs B podori [10], ne Oyso mpoBeneHo aHalli3 BIUIUBY CTPYKTYpHU
eJIEKTPOOCAKEHOI MiJl Ha MIJHUX HiAKIAJAKAaX 32 PI3HUX PEKUMIB CTpyMy Ha pe3yJIbTar
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TBepao(da3Hux peakuiii 3 ogoBoM. MifHI MOKPUTTS, IO OTPUMAaHI 33 PI3SHUMHU PEKUMAMU
€JIEKTPOOCAIKEHHSI, TOCIIHKYBAIHCSA 33 JOIOMOTOI0 CKaHYIOUOT0 €JIEKTPOHHOTO MiKPOCKOIIa
Ta PEHTTCHOCTYKTYpHOTO aHaji3y. IloTimM, oTpuMaHi eneKTpoocaKeHi 3pa3ku 3aHypIOBAIN HA
KOPOTKHMI Yac y pO3IUIaBJIEHE OJIOBO, a MICJA IIbOIO OTPHUMAaHi 3pa3ku MPOAOBXKYBAIU
BIJIIAJIIOBaTH B TBEPAOMY CTaHI TMPOTATOM COTEHb TOAMH. B pe3ynpTari BCTaHOBIICHO
€BOJIFOIII0 TOBIIMHU (a3, hopmu iHTep(dEiCiB, KUIBKOCTI Ta PO3IMOAUTY TOp i MPOBEIACHO
MOPIBHIHHS X XapaKTEPHUCTUK B 3aJICXKHOCTI BiJl CIIOCO0Y €IEKTPOOCAHKCHHS Miai (po3ain 3).

[TepeBipeHo TimoTe3y MPo BIUIMB MOMEPEAHBOI 0OPOOKH MPOKATAHUX MIJTHHUX TUIACTUHOK
[UIIXOM 3aCTOCYBaHHSA PI3HOMAHITHUX PEXKHUMIB €JIEKTPOOCA[DKEHHS Ha HUX Miai Ha
neeKkTHICTP KOHTAKTHOI 30HH Michs TBepAOo(pa3HUX peakuid Miab 010B0. OcoOnMBiCcTIO
MIPOBEACHOTO JOCIIPKEHHS! € BUKOPUCTAHHS HE JIMIIE PEXHUMIB OCAPKEHHS 3 TOCTIHHUM a0
MEePIOIMYHUM CTPYMOM, aji€ ¥ TaKOX peaizallisl MBHAKOTO Ta MOBUIBHOTO CTOXACTHYHUX
pEeXUMIB Ha OCHOBI Mojiell TeHepaTtopa Uya, 1o peaizoBaHi 32 JOTIOMOTIOK pO3pOOJIEHOTO
amapaTHO-TIPOrpaMHOTO KOMIUIEKCY. B pe3ysbTaTi, 30kpeMa, miaTBEPIKEHO 3aKOHOMIPHICTD:
yiM Oljbllla TYCTHHA CTPYMY €JIEKTPOOCAKEHHS, TUM Olblla 1e(eKTHICTh MOKPUTTS 1 TUM
outbma nmopucticts ¢azu Cu3Sn, sika BUHHUKAE MM 9ac TBEPA0Gha3HOI peakii M MIII0 Ta
osioBoM. KuIbKICTh Op Ha OAMHULIIO TOBXHMHHU 1HTEpdelicy mpuOIn3HO NMPONopLiiHa Hanpy3i
B TIPOIIEC] OCAPKEHHS Mifll Ha Miflb,  IPOIICHT TOP, SIK1 3aXOIUTIIOTHCS PYXOMHM iHTepdericoMm
00epHEHO TPOIOPIIIHHO 3aJIeKUTh Bill AeeKTHOCTI. Po3moain 3a BiACTaHIMHA MK TIOpaMHU HE
BinnoBigae IlyaccoHiBchkoMy 1 100Ope ampOKCUMYETHCSI JOTHOPMAJIbHUM DPO3IMOALIOM, IO
BKa3ye Ha KOPEJIbOBAHICTh MOPOYTBOPEHHS B PI3HUX MICIAX. Takok BU3HAYEHO PO3MOALT MOp
3a BiJICTaHsAMH BiJl iHTep(eiicy, a came, B mporieci (ha30yTBOPEHHS BCTAHOBIIIOETHCS aHOMAJIbHE
CKyMUYEHHs MOop Ha camMoMy iHTepdeiici, abo Ha HeBeNuKii BiJcTaHl B HbOTO. B poboTi [10]
BKa3aHO, IO MEXaHIYHa MIIHICTh KOHTAKTy BU3HAYAETHCS HE JIMIIE TOBIIMHOIO (ha30BHX
MPOIIIAPKIB, ajie 1 MOPCTKICTIO Ta TeoMeTpieto iHTepdeiicy. L{TkoM MOXKIMBO, 110 aHOMaTbHA
HIOPCTKICTh, OTPUMAaHa 3a JOMOMOIOI0 CTOXaCTHYHUX PEXKHUMIB, MOKE CYTTEBO BIUIMHYTH Ha
MIIHICTh BITHOCHO HAIPaBJICHUX HABAHTAKCHb.

Mertoro gaHoi poOOTH € MOCHTIHKEHHS (PpaKTaIbHOI PO3MIPHOCTI MIOPCTKUX IMMOBEPXOHb
MPOIIIAPKIB Mii, III0 OTPUMaHI B Pe3yJIbTaTi Aii pI3HOTO THUITY, B TOMY YHCIII CTOXaCTUYHOTO,
PEXKUMIB €IIEKTPOOCAPKEHHS MiJl Ha MiJHI TUIACTUHKH. B xomi poOOTH mpoBeAeHO aHami3
3MiHU (PpaKTaIBHOI OYJ0BH €IEKTPOOCAHKEHUX MPOIIAPKIB Mifl Micis TBepao¢a3Hoi peakirii
MiJli 3 OJIOBOM. 3aCTOCOBaHI MPOLEAYPU Ta PEKUMHU OCAHKEHHS MiJi OMHCaHI B po3aim 2.
MiHi TOKPUTTS, IO OTPUMAHI 32 PI3HUMH PEKHUMaMU €JIEKTPOOCAKEHHS, JOCIIHKYBAIUCS
3a JIOTIOMOTOK0 PAcTPOBOrO EJIEKTPOHHOTO MIKPOCKONA Ta PEHTIC€HOCTYKTYPHOI'O aHai3y.
[ToTiM oTprMaHi €JIEKTPOOCAKEHI 3pa3KK Mijll 3aHYPIOBAJIM HAa KOPOTKUH Yac y PO3IUIaBJICHE
OJIOBO Ta TMiJJaBaIMCI JOBTOTEPMiHOBOMY TBepAodasHomy Biamamy. B pesynbprari
BCTaHOBJICHO O0COOJIMBOCTI (PpakTajbHOI OyJ10BH iHTEepdericy MiHUX MPOIMIAPKIB 10 Ta MICIs
TBepA0(}a3HOI peakilii B 3aJIeKHOCTI BiJl pEKUMY €IEKTPOOCAKEHHS MiJi.

2. Onuc ekcriepuMeHTY

B xoni ekcnepuMeHTy MPOBOJIMIOCH €JIEKTPOOCAIKEHHS MiJli Ha MiJHI IUIACTUHKU 3
posmipamu 10x10 mMM. [{ns eNeKTpONITUYHOrO OCa/PKEHHS HaMu OyB BUKOPUCTAHUUN
enekrponit ckinaay 0,36M CuSOs*H0 +1,22M H>SO4. EnextpomniTuuHe ocakeHHS Mifl
MPOBOJHMIIOCH 32 JEKIIbKOMa YacOBMMH 3aKOHAMU TPHUKIAJaHHS HaANpyrd A0 EeJIeKTPOJIiB
€JIEKTPOXIMIYHOI KOMIpKH.

Jl5ig ynpaBiiHHS MPOILIECOM CTAI[iIOHAPHOTO 200 CTOXACTUYHOTO MYyJIbCYIOUOTO PEXHUMIB
€JIEKTPOOCAPKEHHSI BUKOPUCTAHO amnapaTHO-MPOTPaMHUNM KOMIUIEKC, 0 (PYHKIIIOHATHHO
3a0e3neyye peXHM MOTEHILIOCTATUYHOTO YMPaBIiHHS MPOLECOM 13 3aCTOCYyBaHHSIM
nBoxenektponnoi cxemu [11, 12]. [isg 1mporo B amapaTHO-POTPAMHUN  KOMILICKC
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NepeaBaIics PO3paxoBaHi YaCOB1 3aIEKHOCTI HAPYTH 1 BUMIPIOBAJIMCS BiIOBIIHI 3HAUCHHS
CHJIU CTPYMY B IIPOIIECI €IEKTPOIITHYHOTO OCAKEHHS MiJi.

[Ipu 1bOMY, CTOXAaCTHYHI PEXHUMH €JIEKTPOOCA/DKCHHS pPEai30BYBAJKCh LUIIXOM
MPUKIIAJICHHS HAIIPYTH, PO3PaXOBaHOI HA OCHOBI MOJIeNi XaOTUYHHX KonuBaHb Yya [13-17]. ¥V
rereparopi Uya B 3aJI©KHOCTI Bijl TOYaTKOBUX YMOB Ta 3HA4YEHb YIPABIIAIOUUX MapaMeTpiB
peari3yroTbcsl KOJMBAHHS HAmpyrd OIS JBOX CTalliOHAPHUX TIIOJIOKEHb 3 BHUIAIKOBHUMH
nepexonaMu Mixk HUMH. Cxema Yya [13-17] € HalimpoCTimor aBTOHOMHOIO cXxeMoro (1uB. Puc.
1 6) XaOTHYHOTO aTpakTOpa Ta MICTUTh TPU eHeproHakonuuyBanbHi enemeHTd C1, C2 i L Ta
OJIMH HENiHIMHUN eleMeHT G 3 KyCKOBO-JIHIHHOI BOJBT-aMIICPHOIO XapPaKTEPUCTUKOIO Ta 3
B1JI'eMHHM OnopoM. YacoBi 3aJIIKHOCTI TPhOX HE3AICKHUX 3MIHHUX X, Y, Z PO3PaXOBYIOTHCS B
Mozieni Yya sK po3B’ ;30K CUCTEMU 3BUYAHUX AU(PEPEHIIaIbHUX PiBHSIHb:

dx
— =a(y—h(x)),
ot (y—h(x))
dy
—=X-Yy+z, 1
ot y (1)
dz
g~
ne o i — mapamertpwu, 1o 3anexars Big Ci, C21L;
2X+3
—, x>
7
h(x) = _TX, |X| <1, - KkyckoBo-JiHiiiHA BOJBT-aMIIEpHA XapaKTEPHCTHUKA HETIHIHHOTO
w’ X < _]_,
7

enemenTa Q.

B Hammx ekcriepuMeHTax po3paxyHOK 4acoBoi 3anexkHocTi X(t) 3aiiCHIOBaBCs CIIOYaTKy
YUCENHPHUMHU METOJIaMHU, SIK pO3B’s130K cuctemu piBHIHB (1). ToOTO, ciouaTky Oynm oTpuMaHi
Ha0OpH 3HAYECHb BHUMAJKOBOI (YHKINI B IMOCHTIIOBHI MOMEHTH 4acy. OTpuMaHi 3HAYCHHS
BunaKoBol GyHKiii X(t) mepeHOPMOBYBAIKCS B 3HAUCHHS €JICKTPOIHOTO MOTEHINATy B IBOX
pi3HuX MacmTabax yacy Ta nepenaBanucs B po3poonenuii AIIK mst ympaBiiHHS Tpoiiecom
€JIEKTPOOCAKEHHS.

Ha ocHoBi aHamni3zy nmoisipu3aiiiHoi KpUBOI 3aCTOCOBAHOTO MPOIIECY ENEKTPOIITHIHOTO
OCaDKEHHS Mifl, 1o modyaoBaHa Ta onucana B [10], Oyj0 BU3HA4YEHO 1HTEpBAIM HAMPYT, SKi
BIJINIOBIIAIOTh ~ AKTHBOBaHOMY  Ta  JUQY3iiHOMYy  peXHMY  €IIEKTPOOCAKEHHS.
EnexrpoocamkeHHss Mifi Ha MOJIipOBaHI IUIACTHHKH Mifl MPOBOJMIIMCS BITHOCHO JIBOX
CTalllOHApHUX TOYOK (BHIIE Ta HWXKYE MEPErvHy) Ha Mojsipu3aiiinii kpusiil. CToxacTU4Hi
PEKUMU €IIEKTPOOCADKEHHS PEali30BYBaIMCS 3 3aCTOCYBAHHSAM PO3POOJIECHOr0 reHepaTopa
HEJIIHIMHUX KoJIMBaHb Uya, KOJIHM KOJIMBaHHS HANPyTH €JIEKTPOOCAHKCHHS 3I1MCHIOBAJINCS B
OKOJIax IUX cTarfionapHux Touok. Ha Puc.1(a-e) npuBeneHo GparmMeHTH 4aCOBUX 3aJICKHOCTEH
HAIPYTU Ta CTPYMY €JICKTPOOCAKCHHS ISl Peali30BaHUX HECTAI[IOHAPHUX PEIKUMIB.
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Puc. 1. (DpaFMCHTI/I YaCOBHUX 3aJIEXKHOCTEN HaIlpyru Ta CTpyMy B BUIIAJIKY [MOBUILHOTO
CTOXaCTUYHOTO (a, 0), MBHUIKOTO CTOXaCTUYHOTO (B, T') Ta IMITYJILCHOTO PEBEPCHOTO (11, €)
pe)KI/IMiB CIICKTPOOCAPKCHHA
Fig. 1. Fragments of voltage and current time dependencies in the case of: a, b - slow
stochastic; c, d - fast stochastic; e, f - pulsed reverse modes of electrodeposition.

B Tabauui 1 npuBeaeHO BUKOPUCTAHI TapaMEeTPH PEKUMIB eIEKTOPOOCAPKEHHS.
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Taommms 1
[TapameTpu eEKTPOIITUIHOTO OCAKCHHS
Table 1
The parameters of electrolytic deposition
Ne Pexxum ocamkeHHs Hamnpyra U, B I'yctnna Yac
CTpyMY j, | ocamkeHHs,
Alem? XB
3pazoxk 1 Cramionapuuii Nel 0,24 B 0,0113 110
3pazok 2 Cramionapuuii Ne2 0,499 B 0,0431 47
3pasok 3 | ITosinbuuii croxactuunuii | Umin=0,17 B, Jmin= 55
(t=1c) Umax=0,56 B, 0,0138,
(XO = 0121 o= 7 , ﬂ :10 Ust:0,49 B, jmax: O, 031

B MoJeni Uya [16,17]) Us=0,24 B

3paszok 4 | IBuaxuii croxactuunuii ( | Umin=0,18 B, | jmin=0,010 58
=20 MC) Umax=0,56 B, jmax= 0,042

(%=02 a=7,8=108 | Us=049B,

mozeni Yya [16,17]) Us=0,25 B
3pazok 5 | ImMmynbcHUIT peBepCcHMIA -0,119B -0,0171 120

(koedilieHT 3aTOBHEHHS +0,367 B +0,0338
D =0,66, 7 =3¢ )

JIBa 3acTOCOBaHI CTOXAaCTHYHI PEKHMH (MTOBUIBHUN Ta MIBUAKWN) BIAPI3HSIUCS JIHIIE
BUKOPHCTAHOIO IIIKaJOK dYacy, B po3rnsiHyTomMy Bumaaky B 500 paziB. ITloBuibHMIA
CTOXaCTUYHUN PEXKHM BIJNOBITAB Takiii 3MiHI HAmpyrd Ha EJIEKTpOoJax 3 YacoM, KOJIH
MOJISIPHU3AIlis CJICKTPOIIB CICKTPOXIMIYHOT KOMIPKH BigOyBasiacs IIBUIIIEC 3MIHH HAlpyTrd B
yaci. B npoMy Bumanky (yHKIiOHaJIbHA 3aJ€KHICTh HANPYTH 1 CHJIM CTPyMY BiJIOBigana
pO3paxoBaHiil EKCIIEPUMEHTAIBHO 32 CTAllIOHAPHUX YMOB MOJISIPHU3alliiiHil KpuBii. |, HaBHaKw,
B PEXHMI IMBUAKOTO CTOXACTUYHOTO PEXKHMY IPOIEC HECTAIIOHAPHOTO EJICKTPOOCAIHKCHHS
Bi10yBaBcCs 6€3 TaKOTO MiTAIITYBAaHHS CHIIA CTPYMY 1]l MUTTEBI 3HaUYeHHs Hanpyru [ 10].

3. Pe3yabTaTu Ta 00roBOpeHHs

3.1. Auaniz CEM-306pasicens enekmpoocaoriceHux npouapris mioi

Jl71si BUBUEHHSI CTPYKTYPHOTO CTaHy €JICKTPOOCAPKEHUX MPOIIAPKIB MiJIi, 10 OTPUMaHi
3a PI3HUX PEXKHUMIB OCADKEHHS, OyJIM 3aCTOCOBaHI METOJM PEHTreHIBCbKOI TupakTOMETpii.
Metoau aHanizy nedeKTHOCTI TaKMX MPOLIAPKiB onucaHi B po6oTi [13]. [nTerpanbuuii anamisz
neeKTHOCTI METOJIaMU PEHTTeHIBChKOI tudpakTomeTpii [ 10] oTpuMaHKX 3pa3KiB IMOKa3aB, 110
y BUIAJKy €JIEKTPOOCA/PKEHHS 3a MOCTIHHOTO CTpyMy, HE3aJeKHO BiJl MOTEHIATy KaToy,
tekctypa (110) ocamy crae roctpimor. B croxacTMuHUX peXHUMax eleKTPOOCaIKEHHS
dbopMyeTbes OMM3BKHUIA 10 MOJIKPUCTATIYHOTO BHJ TEKCTypU OCAQKEHOTO MPOIIAPKY 3
HE3HAYHOIO TEHJCHINEI0 /0 TEeKCTypyBaHHS B3JOBX HampsMKy <110>. 3a iMImynbcHOTo
PEBEPCHOTO PEXUMY ENEeKTPOJNITUYHHUIA OCaj] Ma€ sSCKpaBO BHPAXKEHY aKCiallbHy TEKCTYpy
B3/I0BXK Kpucranorpadiunoro Hampsmky <110> meprneHaukyIspHO MOBEpXHi 3paszka. Ocan,
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OTPUMAaHUN B PEBEPCHOMY IMIYJIbCHOMY DPEXHMi, Ma€ OUIBII JOCKOHAIY CTPYKTYypy. 3a
MOCTIHHOTO CTPYMY €JIEKTPOOCAKEHHS (POPMYIOTHCS KPUCTANHU 3 Ae(DEKTHOIO CTPYKTYPOIO.

[TpoBenenuit ananiz CEM-300pakeHb €JIeKTPOOCaHKEHHUX MPOIIApKiB Mifl TTOKa3as, M0
OTpPHUMaHi B PI3HUX PEKUMAaX eNEKTPOOCAHKEHHS MPOIIAPKH Mifll MalOTh Pi3Hy MOP(HOIOTIUHY
cTpykrypy. OcobnamuBOCTi MOP(]OIIOTIYHOI CTPYKTYpH €JIEKTPOOCAIPKEHUX MPOIIAPKIB MiJi
CYTTEBO BIUIMBAIOTH Ha OyZOBY MpOIIApKiB MPOMDKHHUX (a3, sAKi Tudy3iiHHO BUPOCITH MiCIs
TBeprodazHoi peakmii 3 ogoBoM. OcoONMBO CYTTE€BO TaKWil BIUIMB TPOSBUBCA B OYJIOBi
MiDK(pa3HUX MeX, SKi MaloTh HEIUIAaHApHUH Ta HeogHopimHuil Burmsa. B [10]
eKCTIEPUMEHTAIBHO JTOCTIDKEHO OCOOJMBOCTI IIOPCTKOCTI OTPUMAHHMX TaKUM UYHHOM
iHTEepdeiiciB.

BusnaunmMo ¢paxTanbHi po3MipHOCTI HEIUIEHAPHUX 1HTEp(ENCIB 3 aHANI3y €IeKTPOHHO-
MIKPOCKOIIYHUX 300paKeHb €JIEKTPOOCAIKEHNX MPOIIApKIB M1l Ta BIMOBIAHUX MPOIIAPKIB
npoMibkHUX (a3 cuctemu Cu-Sn. [[ns mpoBeneHHs TBepaoda3Hoi peakiii 3 0JioBoM OyIio
BUKOPHUCTAHO TUIOCKI 3pa3Ku Mijl, 110 OTPHUMAaHI 3a PI3HUX PEXKHUMIB €JEKTPOOCAIKEHHS MiJll
Ha MIJHI IUIACTUHKU. 3pa3ku Oys0 3a(ikcoBaHO B KOMIIayi, 1O MiCJis 3aTBEPAIHHS J03BOJISE
MIPOBOJIUTH TIONIPYBAaHHS aJMa3HUMHU Ta KOPYHIOBHMH IMAacTaMHM 1 JOCTI/KYBAaTH 3pa3Ku Ha
CcKkaHytouomy enekTtpoHHOMYy Mikpockormi (CEM). Takox, mnepen BU3HAYCHHSM JIiHIT
iHTepdeiicy mini orpumani Ha CEM 300paxkenHst Oyiio monepeaHso 0OpoOIeHO MeToAdaMHu
['aycoBoro Ta Hepi3KOro PO3MHUTTS 3a MPOIEIypamMH, 1o onucaxi B [10].

3 wmikpodortorpadiii moBepxoHb (auB. Puc.2) BuIHO, 1O OTpUMaHiI B MpOIECi
€JIEKTPOJIITUYHOIO OCA/KEHHSI B CTOXAaCTUYHUX pexkuMax (3pas3ok 3, 4) Ta y cTallioHapHOMY
pexumi, 3a Hanpyru 0.49 B (3pa3ok 2), moBepxHi MiJll MalOTh TJIOOYJISPHY CTPYKTYpy Ta
BIIPI3HSIOTHCS 3HAYHOKO HEOTHOPIMHICTIO po3MimieHHs o0y, IloBepxHi 3paskiB, M0
OTpPUMaH1 B TPOIIECI OCa/PKCHHS B TEPIIOMY cTamioHapHomy (3pa3ok 1) Ta peBepcHOMY
iMITysibcHOMY (3pa3ok S5) pexumax, HaHOUTHII PIBHOMIPHO 3allOBHEHI 3€pHAMH OCady Miji
(Puc. 1 a, m). Crig BIAMITUTH, IO PO3MIMICHHS TI00yI 0caay OTpUMaHUX B CTOXAaCTHYHHUX
pexuMax € OUTBII IEPIOJUIHIM Ta TPOCTOPOBO OJHOPITHUM, HIK B 3pa3Ky 2.

AHnaniz  mikpodoTtorpadiii TOBEpXOHH TOPIEBOTO TEpepidy  EIEKTPOOCATHKEHUX
MPOIIAPKIB Miji MMOKa3aB, 110 3pa3ku | Ta 5 MarTh HalMEHINY MIOPCTKicTh (auB. Puc. 3).
3pa3ky, MO0 OTpUMaHi B 000X CTOXAaCTUYHHMX PEKHUMAaX Ta 3a BEJIMUKOI T'YCTHHH CTPyMYy
BIIPI3HSIOTBCS 3HAYHOK MIOPCTKICTIO MEXI OCAQDKEHOTr0 TMpOIIApKy Mijai. 30Kpema,
MOPIBHSBIIM 3pa3Ku OTPUMAaHI B CTOXaCTHYHUX pexxuMax (3pa3ok 3 ta 4) Ta 3pa3ok OTpuMaHuil
3a BHCOKOI TYCTHHHU CcTpyMmy (3pa3zok 2) BUIHO, IO JIiHIA 1HTepdeiicy B 3pa3ky 2 OUIbII
HEOJHOpiHA, a 3epHa Ocajy MaloTh OUTBIIMKA po3moAin 3a po3mipamu. [HTepdeiicu
eJIeKTpoocakeHol Mifai B 3pa3kax 3 Ta 4 BIAPI3HIIOTHCS MDK COOOK0 pPO3MipaMH MiJHUX
rI100YII.
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30.00kV  x600 30.00kV  x600

30.00kV _ x600

30.00kV  x6

Puc 2. MikpodoTtorpadii moBepXHi eIeKTpOoOCcaPKEHUX MPOLIAPKIB Mifi 3pa3kiB: a) 1,
0)2,8)3,1)4, n) 5.
Fig. 2. Micrographs of the surface of the electrodeposition layer in secondary electrons
of samples: a) 1; b) 2; ¢) 3; d) 4; e) 5.
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V. 1’3.(-)-6 212(‘)0‘111 BSE COMPO 30.00kV  x300

BSE COMPO

0

Puc 3. MikpodoTtorpadii BUIbBHIX ITOBEPXOHb TOPIIEBOTO NIEPEPi3y €IEKTPOOCAIHKEHUX
mpoIIapkiB miai 3paskis: a) 1, 0) 2, B) 3, 1) 4, 1) 5.
Fig. 3. Micrographs of the free surfaces of the end section electrodeposited copper
layers on samples: a) 1; b) 2; ¢) 3; d) 4; e) 5.
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3.2 Anajiz CEM-300paskens inTepdeiicy Mifi B peakuiiiHii 30Hi MiJb/0J10B0

Jnist  oCHi/KeHHS BIUIMBY JIOKQIBHOTO BUKPHBIEHHS iHTepdeiicy Migli Ha pict
npoMibKHUX (a3 mpoBefeHo MUQY3iHHMNA BiAman ENEeKTPONITUYHO OCAKEHHX B PIZHHUX
peKuMax MpoIapkKiB Miai 3 ooBoM BrpooBx 190 rox. 3a Temmeparypu 210 °C.

BSE COMPO 30.00kV  x300 200 BSE COMPOQ

BSE COMPO 30.00kV  x300 BSE COMFPOQ 30.00kV

BSE COMPO 30.00kY  x300

Puc 4. MikpodoTtorpadii HoBepXOHb TOPLIEBOI0O MEPEPi3y €IEKTPOOCAHKEHUX
MpoIIapKiB Mifi Micis peakiii 3 0J0BoM 3pa3kis: a) 1, 6) 2,B) 3, 1) 4, o) 5.
Fig. 4. Micrographs of the free surfaces of the end section electrodeposited copper
layers after reaction with tin on samples: a) 1; b) 2; ¢) 3; d) 4; e) 5.
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Ha Puc. 4 npuBeneno CEM 300pakeHHSI TOPLIEBUX IEPepi3iB peakiiiHOl 30HU MicIs
TBepA0(ha3HOI peakKilii, 0 OTPUMaHi Y BTOPUHHUX eJIeKTpoHax. Ha yopHOMY (pOHI ITpHBEICHO
pEeKOHCTpYHOBaHi JiHiI iHTepdeiicy Mimi, (QpakraabHa PO3MIPHICTh SKUX BH3HAYalach B
noxanpiioMy. s OTpUMaHHS JTiHIA iHTepdelcy 3acTOCOBaHO MporpaMHi 3acolu s
norepeHboi 00poOku 300pakens [10].

3.3. Pospaxynox ¢hpakmanvroi posmipnocmi inmepgeticie enrekmpoocadicenoi mioi.

Jnist po3paxyHKy (pakTaibHOI pO3MIpHOCTI iHTepdeiciB Mifl Ha TOPLEBUX Iepepizax
Oyno po3pobieHo mporpamHi 3acobu aHanizy CEM 300paxeHs. @pakranbHy pO3MipHOCTH
TiHi# iHTepdeiicy po3paxoByBanu 3a Bupazom [ 18]:

_ log(N) @
" log(1/r)’
ne, N — KUIBKICTh KBaJIpaTiB 31 CTOPOHOIO I, ki HEOOXITHO BUKOPUCTATH JUIsl TOTO, 1100
TTOBHICTIO TTIOKPUTH 1HTEpPeEiic.

Cepen uncenbHUX METO/IB 00paxyHKy (pakTaJbHOI PO3MIPHOCTI MOBEPXOHb HAMOLIBIII
posmnoBcropkernM € meton BC (box counting)[19, 20].

Jliig 0OpaxyHKy (ppakTanbHOI pO3MIPHOCTI 3TMHA0YOI JIIHIT TOPLIEBOIO 3pi3y 1HTEpdEiicy
€JIEKTPOOCAPKEHOT0 TPOIIapKy Mifi OyB po3poOJIeHNN KOMIUIEKC Iporpam i 0OpoOKu Ta
obuucneHHs PppakTaabHOT po3MipHOCTi Ha Python v. 3.6.

Kommiekc ckimamaeThcsi 3 OBOX He3alnekHUX mporpam. llepmia mporpama 3piiicHIOE
00poOKy 300pakeHHs Ui BUJIIJICHHS] OTMHAIOUO] JIiHIT IHTEpdeiicy.

Anroput™ poOOTH JaHOI IPOrpaMu HACTYITHUI:

1. [TocninoBHO HakIaIaeTbes HA 300paskeHHsT GUIBTP pO3MUTTS 1o ['aycy Ta yacTOTHUI
bIBTp 3 0OMeEx)eHUM pajiiycoM (3acodamu rpadiunoi 6i6mioreku Pillow);

2. BynyeTtbcs ricrorpama po3noaity Koasopy B Mexkax Big 0 — 255 (B rpagamisix ciporo);
3. BubupaeTncs iHTEpBa «CIpOCTI», 110 BiMOBIIAE 32 300pKCHHS MPOIIAPKY MiIi;

4, Jlam 300paxxeHHs 00pOOJISIETHCS 32 HACTYITHOKO CXEMOIO:

o Sxmo komip MmKCeNsl BXOJWUTh y BUOpaHHWMA I1HTEpBA «CIpOCT» 3MIHIOEMO HOTrO
3Ha4eHHs Ha 255 (Oinuit Kouip), iHakie 3MiHI0eMO Ha 0 (YOpHUI KOJTIp);

o [Ticnsa 1mporo, pyxar4uch MO MIKCEISIX OTPUMAHOTO 300paKEHHS, OOpPaxOBYEMO

3HAYEHHS TPAMIEHTY KOJBOPY, SKIIO I BEIMYMHA BiMIHHA BiJl HYJSI, TO 3MIHIOEMO KOJIp
mikcesst Ha Ouui (255).
5. 306epiraeMo oTpruMaHe 300paKCHHS.

a

Puc. 5. Intepodeiicu enekTpomiTHYHO OcakKeHol Miji A0 (a) Ta micns TBepAodazHoi
peaxiiii 3 o1oBoM (0)
Fig. 5. Interfaces of the electrodeposited copper before (a) and after solid-state reaction
with tin (b)
Ipyra mporpama 3aidCHIOE OOpaxyHOK (pakTaJbHOI PO3MIPHOCTI OTPUMAaHMUX
300pakeHb. Po3paxyHOK (hpakTaabHOI PO3MIPHOCTI I'PYHTYETHCS Ha BHM3HAYEHHI KyTOBOI'O
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KoeillieHTa HaXWIy PErpecuBHOI MPsAMOI, sika anpokcumye 3anexHicts InN = f(In1/r), ne

N- KiJIbKICTh KBJIpaTiB 31 CTOPOHOIO ' HEOOXIAHUX, 11100 MOBHICTIO MOKPUTH OTHHAIOYY JIIHIIO
iHTepdeiicy. OCKiIbKH 300pakeHHSI MICTHTh OTMHAIOWy JIiHiI0 iHTepdeiicy, To (pakTanbHy
PO3MIPHICTh 00PaXOBYEMO 33 HACTYITHOIO CXEMOIO:

1) 3aBaHTaXyeEMO 300paXKCHHSL.

2) 3amaeMo MovaTKOBE 3HAUCHHS I = 2.

3) 3amaemo kiHumeBe 3HaueHHs I =max(H,W)/2, ne H, W- Bucora Tta mupuHa

300paxeHHS.

4) OO0paxoByeMo N — KiJIbKICTh KBaJIpaTiB HEOOXIIHY VISl TOTO, 100 MOBHICTIO MOKPUTH
iHTEepdeiic.

5) Byayemo 3anexsicts INN = f (In1/r).

6) ANpoKCUMy€EMO OTpHMaHy 3aJISKHICTh MPSIMOIO perpecii 3a METOJAOM HaWMEHIIHX
KBaJpaTiB, Koe(illieHT HaXWIy TMpsAMOi perpecii i € 3HAYeHHSM (QpaKTaIbHOL
PO3MIpHOCTI.

Crmin 3a3HauMTH, MO TpH BU3HAUYEHHI (pakTambHOi po3MipHOCTI Mex iHTepdeicy
€IIEKTPOOCA/DKEHOI Mili Opaiucst B pO3paxyHOK JHIIE Ti O0JacTi, IO YTBOPIOBAIH
MEePKOJIAIIHHAN KiTacTep, TOOTO 130JIbOBaHI BIJOKPEMIICHI OCTPIBIII HE BPaXxOBYBaJIKCS.

1,30

1.251 1,23+0,05 1,24+0,02 1,301
5 120 g 127
’ T 2
£ Z 1,20+ 1,175£0,041
z2 1,15+ 1,13+0,03 g 1.163+0,037
g2 5 1,151

(="

g L1070800 L0510.02 g 1,101 1.0717£0.023
&
g 1,05+ -UIEU, 8 105 1.04840,005
Z g 1
& 1,004 £ 1,00
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0,90 -

3pazok 1 3pazok 2 3pazok 3 3pazok 4 3pazok 5 3pasok 1 3pasok2  3pasox3  3pasok4  3pasok S

a o
Puc. 6. I'icrorpamu ppakraibHOi po3MipHOCTI iHTEpdeiciB Mii 10 (a) Ta micis
TBepa0o¢a3zHoi peakilii 3 010BoM (0)
Fig. 6. Histograms of fractal dimension of copper interfaces before (a) and after solid-
phase reaction with tin (b)

3 ricrorpam Ha Puc. 6 4YiTKO BHWJIHO, IIO OTPMMaHI B HECTAIlIOHAPHUX PEKUMaxX
eNIEKTPOOCAKEHHSI Ta 332 BHCOKOTO 3HAYCHHS TYCTHHU CTPYMY 3pa3kd MaioTh OuIbIIy
¢bpakTanbHy po3MipHicTh iHTepdelicy mial Hixk 3pazku 1 ta 5. [licns TBeprodazHoi peakiii
€JIEKTPOJIITUYHO OCA/DKEHUX MpOIIApKiB MiJi 3 ojoBoM BrpoaoBxk 190 roa. mpu 210 °C
(bpakranbHa pO3MIPHICTH 3pa3ka 2, II0 €JIEKTPOOCAPKEHUI CTallloHapHO 3a BHUCOKOI'O
3HA4YeHHs OBEpIOTEHIially, 3HauHO 3MeHuwiacs. IIpu npomy, ¢pakrajibHl PO3MIPHOCTI
iHTepdeiiciB Mifl B 3pa3Kkax, L0 OTPUMaHI B CTOXAaCTHUHUX DPEXKHMMAX EJIEKTPOJIITUYHOIO
OCaJKEHHsI, MICIIsI IPOBEAECHHS TBEpA0(a3HOI peakilii CyTTEBO HE 3MIHUIIUCS.

4. BucHOBKH

B poGotri mpoBefeHO NOPIBHSAHHSA (PpakTaabHOI PO3MIPHOCTI TOBEPXHI MIJHUX
NpPOIIAPKIB, IO OTPUMaHi 3a PI3HUX PEKUMIB €JIEKTPOOCA/UKEHHS — CTalllOHApHOTO,
PEBEPCHOI0 IMITYJILCHOTO Ta CTOXAaCTUYHOro. CTOXaCTHUHI PEKUMH eJIEeKTPOOCaPKEHHS
OTPMMAaHO Ha OCHOBI MojieNi reHeparopa Uya BUNIQIKOBUX KOJIMBaHb O1JIs IBOX CTalllOHAPHUX
Touok. CTalioHapHi CTaHU MiAOUpaNucs 3 aHali3y MOJApHU3aLiiHOI KPUBOT 3riIHO 3 YMOBaMH
eleKTpocakeHHs. B pe3ynbrari Oyno MOKa3aHo, MIO €NEKTPOOCAHKEHHS Mial Ha MigH1
IUTACTUHKM B CTOXAaCTHMYHUX PEKHMMaxX HPUBOJATH 10 YTBOPEHHS HIOPCTKUX MOBEPXOHb 3
(bpakTanbHOIO PO3MIPHICTIO. EKCepUMeHTanbHO JOCHIIKEHO BIUIMB (DpPaKTaIbHOCTI
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€JIEKTPOOCAKEHHX B PI3HUX PEKMUMaX MPOIIAPKIB Mijl Ha pe3ysbTaT TBEPAO(Da3HUX pEaKIliil
3 OJIOBOM. BcCTaHOBIIEHO, IO 33 CTOXACTUYHUX PEXHUMIB EJIEKTPOOCAHKCHHS OTpUMaHa
dpakTanbHiCTh iHTEpQEHCY Mill € JOCUTh 3HAYHOI Ta HE3HAYHO 3MIHIOETHCS TICHS
TBepao(dazHoi peakiii 3 0JIOBOM Ha BiAMIHY BiJ] 3aCTOCYBaHHS CTalllOHAPHOTO PEKUMY
€JIEKTPOOCAKEHHSI MiJli 3 BUCOKHAM TOTEHIIIAJIOM IIEPEHAIIPYTH.
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FRACTAL STRUCTURE OF ELECTRODEPOSITED COPPER IN STOCHASTIC
REGIMES AND ITS EFFECT ON PHASE FORMATION IN TIN REACTIONS

Summary. The Cu-Sn phase formation process is influenced by the structural structure
of the copper layer and its roughness. The structural structure of the copper layer depends
primarily on the technology of pre-treatment of copper plates.

The purpose of this work is to study the fractal dimension of the rough surfaces of copper
layers, which are obtained as a result of the action of stationary and non-stationary regimes of
electrodeposition of copper on copper plates. Copper coatings obtained by different regimes of
electrodeposition were examined using a scanning electron microscope. In the course of the
work, the fractal structure of electrodeposited copper layers after the solid-state reaction of
copper with tin was analysed. The electrodeposited copper samples were immersed then briefly
in molten tin and subjected to long-term solid-state annealing. As a result, the features of the
fractal structure of the interface of copper layers before and after the solid-state reaction,
depending on the regime of copper electrodeposition, were identified.

The influence of the structure of copper layers obtained under different regimes of
electrodeposition - stationary, reverse impulse and stochastic on the result of solid-phase
reactions with tin was compared. Stochastic modes of electrodeposition were obtained on the
basis of the Chua random oscillation generator model with two stationary points. The
stationary states were selected from the analysis of the polarization curve according to the
conditions of the electrodeposition. As a result, it was shown that copper electrodeposition onto
copper plates in stochastic modes leads to the formation of rough surfaces with fractal
dimension. It is shown that the fractal dimension of the copper interface before and after the
solid-state reaction depends on the regime of electrodeposition and characterizes the features
of the roughness of the obtained interfaces. It is established that under stochastic regimes of
electrodeposition, the obtained fractality of copper interface is quite significant and changes
slightly after solid-state reaction with tin, unlike the use of stationary mode of electrodeposition
with high overpotential.

Keywords: copper/tin, electrodeposition, solid-state reaction, fractal dimension, Chua
generator model, roughness of the interface
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MOJIEJIOBAHHSA PO3IOALTY IOP 3A POSMIPAMM B U ®Y3IHHINA 30HI”

B pobomi nposederno moodentosanns po3nooiny nop 3a poamipamu 8300824 Ou@gy3itHoi
30HU Ni0 yac npoyecy peaxkyiunoi ougysii onsa Ginapuoi cucmemu. Beadcaemuvcs, wo nopu
BUHUKAIOMb 3 NEBHON NepiooudHicmio Oina MixcghazHoi epanuyi, Oe iCHYE nepecuyeHHs no
BAKAHCIAM BHACNIOOK PI3HUX pyxausocmell Komnonenmis. Ilopu pyxaomscs 6 00’emi HO80I
gaszu, wo pocme, 3MIHIOIOUUCL 3A PO3MIPOM. 3anpONOHOBAHA MOOElb 8PAX08YE GNIUE HA
NOPOYMBOPOEHHSL 0JHCePel/CMOKI8 HEPIBHOBANICHUX BAKAHCIL 080X 6UOI, 8 3ANeHCHOCMI 8i0
micys ix 3HaxoOxceHHs: 8 00’emi pazu, ma Ha Mmixcgaznux epanuysx. Pezyromamu
MOOeN0B8AHHS NOKA3YIOMb, WO eheKMUBHICMb pobomu 0xcepes/CmoKié 6aKanCill BNIUBAE He
Jume Ha weuoKicms pocmy gasu i nop, ane i Ha ¢hopmy po3nooiny nop 3a pomipamu ma ix
maxkcumanvHutl posmip. Kpim moeo, kodcen 6uo 0dicepen/cmokxie HepieHOBANCHUX BAKAHCIL NO-
PI3HOMY 8NIUBAE HA KIHEMUKY NOPOYMBOPEHHS.

KurouoBi cjioBa: mopa, po3mno/iiji mop 3a po3MipaMu, HepiBHOBaKHI BakaHCIi, peakiiiiiHa
mudys3isi, OiHapHa cucTeMa.

1. Beryn

[Tpo6naema MOpOyTBOPEHHS € 0COOIMBO aKTYaLHOIO JUTS HAJIIHHOCTI JTFOTTEBUX 3’ €JJHAHB
y MikpoenekTpoHiui [1-5]. PicT iHTepMeTamiuHUX CHONYK MDK MPUIOEM Ta METaTIuYHUM
KOHTAKTOM IHTErpaJibHOT MIKPOCXEMH CYIPOBOJDKYETHCS TOSBOIO TOP, SIKI CHPHUYHHSIOTH
PO3pUB ENEKTPUYHOIO Koja 1 MPU3BOJATH 1O BiIMOB HpHIAAiB eleKTpoHiku. OpHieo 3
MO>KJIMBHX TPUYHMH TOPOYTBOPEHHS NPU BaKaHCIMHOMY MeXaHi3Mi qudy3ii € BUHUKHCHHS B
mudy3iiHii 30H1 ob6nacTel 3 mepecuueHHs 1 HeJOCHYEHHAM BaKaHCisIMH, 00yMOBJIEHE Pi3HOIO
PYXJIHMBICTIO KOMITOHEHTiB. [l BiIMIHHICTh TPU3BOJAUTH JO TMOSBU PE3YIBTYIOUOTO

*

CraTTr0 HamMCcaHOo 3TiTHO 3 AePKOIHKETHO TeMOoro “CHHTYISIPHI PO3B'S3KH PiBHAHb MATEMATHIHOL
¢i3MKM B aHI3OTPONHUX 1 HEOJHOPITHUX CEepelOoBHINAX, MOJETIOBaHHs IporeciB audysii Ta adcopOmii”
(Ne 0119U100421)
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BaKaHCIHOTO TMOTOKY y OiK OUIbII PYXJIMBOTO KOMITOHEHTa. [ mepexomy 10 CTaHy 3
PIBHOBRXXHOI  KOHIICHTpAIIEI0 BakaHCI audysiiiHa cuctema Oyae 1030aBIATHCH
HQTMIIKOBUX BAaKaHCI 3a JOMOMOrOl BaKaHCIMHUX CTOKIB, B SIKOCTI SIKHX MOXYTh
BUCTYIIATH: AUCIIOKAI1, MiK(a3Hi Ta MbK3epEHHI TPaHUIIl, a TAKOK Mikporopu. EdexkTHBHICTD
pPOOOTH DKEPEI/CTOKIB BaKaHCI CYTTEBO BIUIMBAE€ TAaKOXX Ha KIHETHKY pocTy ¢as3u, Ta
Mopdororito mudysiitaoi 30au [6-10]. [TosBa 1 picT mop npu peaxiiitnii audysii € ogHUM i3
3ac00iB perakcarlii BakanciiHo1 migcuctemu [11,12].

Mertoro pobOTH € 3MOJIENIOBATH TOPOYTBOPEHHS i Yac MpoIecy peakuiitHoi qudysii y
OiHapHiii cCUCTeMI, 1 JOCIITUTH YHCEITBbHUMHU METOJJAMH PIiCT TOP, Ta iX PO3MO/LT 32 pO3MipaMu
B au(y3iiiHiit 30Hi. CTBOpEeHa MOJENs MpoLecy NOPOyTBOPEHHS, IO PO3TIISIAETHCS B HAIIIN
po0OTI € MPOIOBKEHHSIM 1 IOJAJIBIIUM PO3BUTKOM OLIbIII PAaHHBOT MOJIEN AJIsl KIHETUKU POCTY
onHiei mopwu [13].

2. Onuc moaedi

PosrnsgaeMo mopoyTBOpeHHS, 110 BIIOYBA€ThbCs MiJI Yac pOCTy MpPOMDKHOI (aza o B
pe3ynbTati peakiiinoi qudys3ii y OiHapHii cuctemi. Onuc pocty (aszu o, TOUMHAEMO 3 MOMEHTY,
KOJIM BOHA BXKE€ Ma€ BUIVIAJ CYLUIBHOTO MIpomapky. B sikocTi MonenbHOi cucteMu 6epemMo
OiHapHy mudy3iiHYy Tapy, M0 CKIATAEThCS 3 YUCTHX, B3a€EMHO HEPO3YMHHUX KOMITOHEHTIB A i
B. Iudysis BinOyBaeThes 3a BakaHCii HUM MexaHi3MoM. [Ipumyckaemo, mo aromu copty A
MaloTh OumbImMil BiacHUH KoedimieHT audysii HDK aromm copry B (D, >D;), Tomy
PE3yJIbTYIOUMIl MOTIK PEYOBHHU B CHUCTEMI BIIJIIKY KPUCTAII4HOI rpaTku OyJle HampaBieHUN
B3710BX Bici OX, a pe3yJIbTyI0UHid MOTIK BaKaHCIH — B TpoTuiexkHuid 0ik (Puc. 1).

Braxatumemo, mo pkepena/ctoku BakaHciit (K-cToku) mitoTh He JMIe Ha TPaHUIIX

ha3u o, ane 1 B ii 00’ emi. 32 TAaKUX YMOB PICT TOBIIMHH (Da3H 0 OMUCYETHCSI HACTYITHUM BUPA30M
[10]:

A
1+e
D\ AX OAX
D L( i
1-e v i
dax) D Ac | l (1)
dt CCs AX[ _Ax ]
l1+e v
Dye AX SAX 2(1 DEG)
AX 2
b L 1-e g P

ne C,, C, - BIJHOCHA aTOMHA KOHIICHTpaIlisi KOMIOHEHTIB A, B (cepeane 3HaueHHs) y ¢asi a,
BianoBigHo; D - koediuient B3aemuoi audysii mo Hapkeny ( D =c,Dg; +c;D, ); Dy -
DA DB

woeiment anysii Hasaposa-Typosa (- Dy =757 "o
aatCglp

); D,, D, - BuacHi

koediuientu audy3ii kommnoneHtiB A i By pasi a; D, - xoedinientn nudysii Bakauciii y dasi
. ‘o . 2 ~ \.
a; L, - xapaktepHa noBkuHa A1 BakaHciit y o0’emi dasu o ( Ly =(DyDy74)/D ); L, -
.o . 2 .
XapakTepHa J0BKHHA [UIs BaKaHCi# Ha Mix(asHux rpanuusx ¢asu o (L, = Dy 7, ); 7y, - Hac

penakcanii BakaHciil y 00’emi pasu «; 7, - 4ac penakcailii BakaHCii Ha rpaHuLi ¢a3u o ; O
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- mupuHa Tpanuni; AX - mmpuHa Qasu o; AC - KOHIEHTPAUIdHUA iHTEpBaJl TOMOT€HHOCTI
¢a3u o Mo KOMIOHEHTY A.

A o B

X XRr X
Puc. 1. Ha rpanuni Mixx A 1 B yTBOproeTbest gasza o y BUTIISAAL CYLIIBHOIO MIPOIIAPKY .
KonuenTpauiiiauii npodias KOMIOHEHTY A y (a3i a.
Fig. 1. The phase a is formed as a continuous layer at the boundary between A
and B. The concentration profile of component A in phase a.

Tak K 3a HAIIOK MOJEIUTIO Pe3yIbTYIOUNH MOTIK BaKaHCIM HampaBJIeHWA y OIK OUTbIIT
PYXJIMBOTO KOMIIOHEHTY A, TO y ¢a3i o Ha MbK(a3Hii rpaHuii A | 0. BUHUKHE 00J1aCTh, 1€ ICHy€
MEePECUYCHHSI TI0 BaKaHCISIM, 1 TOMY B HIM MOXIJIHMBE YTBOPEHHS IIOp, SKI CIYT'YIOTh
JOJIATKOBUMHU CTOKaMH HEpIBHOBa)XHHMX BakaHCi (F-ctoku). [lpm momemtoBaHHI Tporiecy
MMOPOYTBOPEHHS B 110 00J1aCTh a3u 0 BBOAMMO 3 TIEBHOIO NIEPIOINYHICTIO TIOPH, CITIIKYIOUH 32
MOAAJIBIIIOI0 3MIHOKO TX PO3MIPY 1 MOJOKEHHS Y XOA1 MOJAIBIIOr0 Tudy3iiHOTo pocTy (Bhasu a.

OcHOBHI HAOIMKEHHS MOJIEII TTOPOYTBOPEHHS:
[Topu marote chepuuny Gopmy.
[Topu He B3aeEMOIIOTh MK COOOIO.
HasBHicTb op He 3MiHIOE TU(dY31HHOrO MOTOKY KOMIOHEHTIB y nuy3iiiHIN 30Hi.
ITepma nopa y cucreMmi 3’ ABJISEThCSA, KOJIH IIMPHHA a3y JOCATHE NEBHOIO 3HAUYEHHA AX, .

A .

[Ticns mosiBu, mopa Mae oYaTKOBU paxiyc R, i1 mowarkoBy koopauHaty x,. Koopamnara

nopu y audy3iiHiN 30H1 BU3HAYa€EMO BiTHOCHO JIiBOi I'paHIli ¢asu o (Puc.2).

A o B

o

|
I | I
7 ' -
X.=0 X Xg = AX X
Puc. 2 Po3ramryBanHs nopu y ¢asi o.
Fig. 2. The void location in the phase a.
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6. [Topa pyxaerbcst BcepenuHi (a3 pa3oM 3 KpUCTATIYHOKO rpaTtkoro B 11 okodi. [IBuakicTs 11
pyxy B nabopaTopHiii cucTeMi BiJyliKy Oyze piBHA IMIBHJIKOCTI Teii KPUCTATIUHOI IPaTKU —
mBuakocTi Kipkennana:

V. =Q-j,, 2)
ne V, — mBuakicts Kipkenpana; j, — motik Bakanciii B gasi a, Q — 06’em, mo npunagae
Ha OJIUH aTOM.

7. 1IBuukicTs 3MiHH pO3Mipy MOPH PO3PAXOBYETHCS 32 HACTYIHHUM cHiBBiHOMEHsM [11]:

d_R = Dv (Cv — Ciq) (3)
dt R
ne R — paniyc mopwm, ¢, — KOHIIEHTpaIlisi BaKaHCIil B TOYIl CEPEIOBHINA, JIe PO3TAIIOBaHA
nopa; C;' — piBHOBa)KHA KOHIICHTPAIIisl BAKAHCIH.

8. Hosa mopa y cucremi 3’MBISETbCS KOXKHOTO pa3y, KOJM IMUpuHA (a3 30UTBIINTECS Ha

neBHy QikcoBaHy BenuuuHy (Ah) BiIHOCHO 11 3HAYEHHSI HA MOMEHT TMOSIBU OCTaHHBOT MOPH.

Po3mip 1 nonoxxeHHs y nudy3iiHiNA 30HI HOBOI NMOPU BU3HAYAIOTHCS y BIAMOBITHOCTI JIO
MTyHKTIB 5-7.

3. Pe3yabTaTn KOMI’IOTEPHOr0 MO/ IIOBAHHS

TlapameTpu CHCTEMH, IPH SKUX TPOBOIMINCE YUCENbHI pospaxynku: D, =107° x%/c; D,
=10 a%/c D, =105 v%/c c,=0.7; ¢;=0.3; Ac=0.01; R, = 10 AX, =108 , AX,, =107 m;
Ah=108 X, =100 y; Tyg =103 ¢: Tup =103 ¢.

[Topa, BuHMKaE y dazi o O 11 J1IBOT TpaHMIII 1 3 TUTMHOM Yacy BiAAalse€Thes Bia Hei. Xou
Topa pyxaeThCsl B TOH ke OiK, 1110 1 Mbk(a3Ha rpaHuilst OIS K01 BOHa BUHHKJIA (SIKIIO PO3TIISIaTH
el pyx BIIHOCHO J1a0OPaTOPHOI CHCTEMH BIIUTIKY), ajie TPAHUIIS PYXa€ThCs IIBHIIIIE, TOMY TO-
Mipi pocTy (a3u o mopa OMUHAETHCS BCe Jalli y TIMOuHI 11 00’ emy. Paniyc mopu 3011bI1y€eThes
JI0 THIX TP TTOKKA BOHA 3HAXOUTHLCS B Ti YacTHHI TU(y31iHHOT 30HH /1€ ICHY€ TTePECUICHHS 110
BaKaHCIsIM, KOJIM K BOHA i 3ajMIlIae PICT NPUMUHSAETHCS. SIKIIO MOpa OMMHSAETHCS B 00JACTi
mdy31HOT 30HH, JIE TIEPECUYCHHS 110 BAKaHCISIM CTa€ BiJI'eMHUM (KOHIICHTpAIlisl BAKAHCiH MEHIIIA
3a PIBHOBa)KHY), BOHA ITOYMHAE 3MEHIITYBATHUCh, IIOKK HE 3HUKHE. OCKUTLKY B HAIIIH MOJIEI HOBI
TTOpH 3’ IBJISTIOTHCS 017151 J11BOT MidK(hazHOi rpaHwIl y ¢asi o 3 IEBHOK PETYJISIPHICTIO, TO B PE3YJIbTaTi
OTPUMYEMO HaOIp MOp Pi3HOrO PO3Mipy pO3TaIIOBaHUX B3JIOBXK Mudy3ikiHoi 308U (Puc.3). Koxna
TOYKa Ha rpadiky Mokazye po3mip mopH Ta ii posramryBanHs. [lopu po3mip sIKMX CTaB MEHILINM

IIO4YaTKOBOI'O 3HA4YCHHA RO BBAXAaKOTbCA TaKHMMHM, IO 3HHUKIH, XO04Y MH 1 IIPOAOBIKYEMO

CIIJIKyBaTH 3a iXHIX pyxoM. Ha rpadiky TakuM 3HMKJIMM TOpaM BiAMNOBiAIOTH TOYKU 3
3HaueHHsAM posMipy 0. 3 miumHOM yacy mupuHa (asu o 3pocTae, a OTKe 30UTbIIYETHCS
KUTbKICTh TOp. Sk MoxHa 6auutH 3 Puc.3 ¢opma poszmoainy mop 3a po3MipaMH MOCTYIIOBO
€BOJIIOLIIOHYE, 110 TIOB’S3aHO 3 3MIHOIO PO3MO/ILTY HEPIBHOBAKHUX BaKaHC1i B AU ]y3iiiHiii 30H1
Puc.4. Tam ne KOHIIEHTpallis BaKaHCIH pIBHOBaYKHA a00 MEepeCUYEHHS 110 BaKaHCisIM HE3HAUHe,
PO3KHU/ TOp 32 po3MipaMH HEBEIHKHUH, B TUX MICUAX i€ TIEPECUUYCHHS € JOCTAaTHHO 3HAYHUM,
K 3 3HAKOM ““+”,TaK 13 3HAKOM “-”, IOPH CYTT€BO BIJPI3HAIOTHCSA 33 pO3MipaMHu.
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L) 3

60 [°7

R/Ro
R/Ro

X /AX
b

Puc. 3 Posmomin nolg 3a po3Mipamu y da3i o.
a—t=10%¢c; 6 —t=10* ¢c; 8 — t=10° ¢ . (R- paniyc mopu, Ro = 10 m; X-
KoopauHata nopu; AX - mupuHa $aszu o; t — yac mpoTIToM SKOTO PO3TIATAETHCS PICT
a3y o).
Fig. 3. The void size distribution(bin the)phase o.a—t=10%s; b—t=10*s; c — t=10°s .
(R- void radius, Ro = 10" m; X- void coordinate; AX - width of the phase a; t —time of
phase o growth ).

1

0.3 0.4 0.5 0.6 0.7 0.8 0.9

0 , 0..1 . 0i2
X /AX
8
Puc. 4. [lepecuueHHs mo BakaHcisaM y (asi .
a—1t=10°c; 6 —t=10%*c; B — t=10°c.
(U= (CV - )-108 - IEPECUYEHHS M0 BakaHcisiM; X- KoopauHarta nopu; AX -
mupuHa ¢asu o; t — 9ac mpoTAroM SKOro po3risaacThes picT haszu o).
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Fig. 4. The vacancy supersaturation in the phase a. a — t=10%s; b — t=10% s; ¢ — t=10°s
(U= (cv - c\iq)-lo8 -vacancy supersaturation ; X- void coordinate; AX - width of the
phase a; t —time of phase o growth ).
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Puc. 5 Po3nozin nmop 3a po3mipamu y dasi o.
a) Ty, =10 ¢, Tup =107 ¢, t=10% ¢; b) Tyg =101 ¢, Tup =10 ¢, t=10% .
(t — gac mpoOTArOM SKOTO BEEThCs OIS pocTy (asu a; R- pagiyc mopu;
Ro = 10 M; X- koopamnara mopu; AX - mupuHa hasu o ).
Fig. 5. The void size distribution in the phase a.
a) 7,,=10°s, 7, =10" s, t=10%5; b) 7,,,=10" 5, 7, =10 s, t=10°s.
(t —time of phase o growth; R- void radius; Ro = 10° m; X- void coordinate;
AX - width of the phase a ).
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U
D b oA O R N w

0 01 02 03 04 05 06 07 08 : oig ' 1 0 o1 0z 03 04 05 06 07 08 09 1
X /AX X /AX
a b
Puc. 6. [lepecuueHHs mo BakaHcisaM y ¢asi .
a) 7,,=10® ¢, 7, =10" ¢; t=10° ¢; b) 7,,=10" ¢, 7,,=10° ¢, t=10% c.
8
(t — gac mpoTArOM AKOTO BeAEThCs pO3rJIsia pocty dasu a; U = (CV -’ )-10 -

MepeCUYCHHS 10 BakaHCisiM; X- kKoopauHata rmopu; AX - mupuna aszu o).
Fig. 6. The vacancy supersaturation in the phase a.

a) 7,,=10®s, 7, =10" 5, t=10°5; b) 7,,,=10" 5, 7,,=10° s, t=10° 5.
(t —time of phase a growth; U = (cv -’ )-108 - vacancy supersaturation ; X- void
coordinate; AX - width of the phase a).
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Posnozin B mudysiiiHid 30HI HEPIBHOBAXXHUX BaKaHCIH BH3HAYAETHCS CPEKTHBHICTIO
poboTH ix Jpkepern/cTokiB. B Hamiii Mozeni BpaxoBaHO iCHYBaHHS JPKEPEJ/CTOKIB BakaHCIi
JIBOX THUIIB: Ti IO PO3TAIlOBaHi Ha IpaHUISX (azu o, Ta Ti MO Ai0Th B 00°eMi da3u o (
JMCcIoKalii Ta Mibk3epeHHi rpanuii). [lapamerpamu, siki XapakTepusyloTh €(heKTUBHICTD ii
JUKEPEJ/CTOKIB BaKaHCil, € 4acy ix penakcauii 7,1 7y, ( 4MM MEHIIUM € iX 3HAYEHHS, TUM

eeKTHBHINIE AIFOTH BiAMOBimHI mKkepena/croku). Ha Puc.5 HaBenmeni po3mominmu mop 3a
PO3Mipamu /Il BUIIA/IKIB, KOJI 3HAYEHHS 7,1 7y, € PI3HUMH. BOHU BIIPI3HAIOTECS HE TUTLKH

¢dbopmoto, ane i MicIieM po3TalryBaHHs Ta 3HAYEHHS MAaKCUMyMY Y IbOMY pO3MOiIi. Pi3HuM €
1 mpepecHyeHHs O BakaHCiAM y audysiiHii 30H1 (Puc.6). i BUMagKy MOTYXHO IIFOYHX
JDKEpEIT/CTOKIB BaKaHCI y 00’eMi Ta crabo Ha Mikdasaux ranumsx (Puc.5a, Puc.6a) mopu
ICHYIOTh Maibke y Bciit (asi. [lepecrueHHs 1o BakaHCISIM ICHYE€ JIHIIe 01 MIK(pa3HUX TpaHUII
1 e OiIsi HUX CIOCTEPITaeThCsl CYTTEBUM PO3KUIT TIOP 3a po3MipaMu. SKIO K CUTyallis 3
eeKTUBHICTIO [ii JuKepes/cTokiB BakaHciii nporwiexna (Puc.5b, Puc.6b), cnocrepiraemo
3HAaYHUN PO3KU]l MOP 3a po3MipaMHM, TaK SIK B3JIOBXK Bci€l (pa3u ICHye MOCTIMHUN Tpaji€HT
nepecuyeHHs: 1o BakaHcisM. Kpim Toro, Ouis mpaBoi rpanuii (a3u icHye oOiacTb Je
MOpOYTBOPEHHs HeMae ( ropu BiAcyTHI). LLInsgxoM uncenbHOro MOETIOBaHHS 3a JJOIIOMOTOI0
JaHoi MoJielti OyJIo OTPUMAaHO 3aJeKUTh LIMPUHU 30HU OPOYTBOpPEHHS (001acTh /i€ ICHYIOTh
TIOpH) B/l BENICYUHH apameTpa 7., Puc. 7. Unm edeKkTuBHILIE TIFOTh [PKEPENA/CTOKH BAaKaHCIH

y 00’€Mi, THM HIUPILIOIO € 30HA IOPOYTBOPEHHS. TaKOkK MPOBEAEHO NOCIIUKEHHS BIUIUBY Ty,

Ha BEJIMYMHY MAaKCUMAJIBHOT'O 3HAUYECHHSI PO3MIPY MOPH Y iX po3moiii 3a po3mipamu Puc. 8. 11s
3aJIe)KHICTh BUSIBUJIACH HEMOHOTOHHOK. MOXIIMBO HA MaKCUMAaJIbHUI pO3MIp MOPH BILTUBAE
TaKoX BIIHOMEHHS 7,,/7y,. [lonanbmmii ananis MopoyTBOPEHHS 3a JOTMIOMOTOK ONKCAHOT

MojieNi OyJe TMPOJOBXKEHO /I BHU3HAUCHHS BIUIMBY Ha IIeH mporec 1HMMX audy3iitHuX
rapamMeTpiB CUCTEMH.

0,9
08 4 0,91 0,97
0.7 0,84

0,6
0,5
0,4
0,3
0,2
0,1

0,71 0,72 0,78

L/AX

0 -1 -2 -3 -4 -5 -6

1g( 7y )

Puc.7. 3anexHicTh LIMPUHYA 30HU TIOPOYTBOPEHHS Bij Yacy penakcallii BakaHcii y
00’emi hasu o (7y,)
( L- mupuna 3084 1opoyTBopeHHs y dasi a; AX- mupuna dasu o; 7, =10 ¢; t=10°¢c).
Fig. 7. The dependence of the width of void formation zone on the vacancy relaxation time
of the phase a volume (7, ).
( L- width of void formation zone in the phase a; AX- width of the phase a; 7, =10°s;

t=10%s).
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100
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16,27
0
0 1 2 -3 4 5 6

1g(7yg)

Puc. 8. 3anexHicTh MaKCUMAaJILHOTO pO3MIpy IOPH BiJ Yacy pejlakcallli BaKaHCIi B
00’emi dasu a (7,.). (Ro =107 m,7,,=10° ¢, t=10%c ).
Fig. 8. The dependence of the maximum void size on the vacancy relaxation time of the
phase o volume (7). (Ro=10°m, 7, =10°s, t=10°s).

4. BucHoBKH

Pe3ynpTat KOMI'IOTEPHOrO MOJEIIOBAHHS, Ha OCHOB1 3allpONIOHOBAHOI MoJeni
MOPOYTBOPEHS, MOKa3ylTh, MO PKEPEIa/CTOKN BaKaHCIH € CyTTEBUM YHHHUKOM IPOIECY
yTBOpeHHs nop. EdexkTuBHICT IX poOOTH BU3HAYA€E PO3MO/ILI BaKaHCIH y cucTeM1, BILIMBAIOYN
Ha PO3IOLT TIOp 32 PO3MipaMH Ta MIUPUHY 30HU JIe BOHU MOXYTh iCHyBaTH. 3allpONIOHOBAaHA
MOJICJIb BPaXxOBY€ BILJIUB Ha MOPOYTBOPOCHHS JHKEPEJ/CTOKIB HEPIBHOBAKHUX BaKaHCIA JTBOX
BH/II, B 3QJIEKHOCTI BiJl MICIIS iX 3HAXO/UKEHHS: B 00’emi (a3u, Ta Ha MDK(Da3HUX TPAHUIIIX.
KosxeH Bua KEpel/CTOKIB HEpPIBHOBAKHMX BaKaHCIH TMOPI3HOMY BIIMBAE€ Ha KIHETHKY
nmopoyTBopeHHs. Tak, 4yuM e(peKTUBHIIIE MPAIIOIOTh HKEPEI/CTOKA HEPIBHOBAKHUX BaKaHCIH
y 00’eMi a3y TUM HIUPIIOIO € 30HA MOPOYTBOPEHHS (001aCTh A€ ICHYIOTh TTOPH), Ta MEHIITUM
PO3KHI TTOP 3a PO3MipaMH y BIAMOBITHOMY PO3IIOILII.
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MODELING OF VOID DISTRIBUTION BY SIZE AT THE DIFFUSION ZONE

Summary. At the interdiffusion and reaction diffusion which happens on the vacancy
atomic diffusion mechanism, the inequality of atoms fluxes is caused by their differential
mobility, give rise to a directional flux of vacancies. This flux of vacancies cause an appearance
of areas in a diffusion zone with supersaturation and deficiency in vacancies, where sinks/
sources of non-equilibrium vacancies act. The proposed model of void formation takes into
account existence two types of sinks / sources of non-equilibrium vacancies, depending on
their location: in the phase volume and at the interfacial boundaries. It is believed that the
voids arise with a certain periodicity near the interfacial boundary, where there is a vacancy
supersaturation due to the different mobility of the components. The voids move in volume of
growing phase, their sizes change. The void radius increases as long as void is in the region
of the diffusion zone where there is a vacancy supersaturation. The void radius begins to
decrease if the void is in the area of the diffusion zone, where there is a negative vacancy
supersaturation  (the concentration of vacancies is less than the equilibrium) until it
disappears. The simulation of void size distribution along the diffusion zone during the reaction
diffusion process for a binary system is performed. The simulation results show that the work
efficiency of vacancies sources/sinks affects not only the rate of void growth, but also the shape
of the pore size distribution and their maximum size. In addition, each type of vacancies
sources/sinks has a different effect on the kinetics of void formation. Thus, the more work
efficiency of vacancies sources/sinks in the phase volume, the wider the void formation area
(the area where the voids exist) and the smaller the difference between pore sizes.

Keywords: void, void size distribution, non-equilibrium vacancies, reaction diffusion,
binary system.
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BE3KOOPJIUHATHUMN METO/] JM®EPEHIIIIOBAHHS BEKTOPHUX
®YHKIIN CKAJSPHOI'O APTYMEHTA

B TeopernuHiii MexaHill MIHUPOKO 3aCTOCOBYIOTHCSI BEKTOPHI BEITUYMHHU, HAJl SIKUMHU
MIPOBOJATHCS Pl MAaTEMAaTUYHUX OTleparliil.

CyyacHi yMOBH pOOOTHM BHWINOi IIKOJM BHMAaralroTh 3aCTOCOBYBAaTH TaKi METOIH
MIPOBEJICHHS] MaTeMaTUYHUX OMNepaliil HaJ BEKTOPHUMH BEIMYMHAMH, K1 O MEPEKOHIUBO Ta 3
MaJMMH 3aTpaTaMyd 4acy JI03BOJISUTM BUKOHYBATH JOBEICHHS THX YU 1HIIMX TEOPETUYHHUX
MIOJIOKEHBD 1€ TUCITUILIIHN.

Takum BuUMoOramM HaWOIIBII BIAMOBINAIOTh OE3KOOPAMHATHI (BEKTOPHI) METOAH
MIPOBEJICHHS! MaTeMaTUYHUX OMepaliil Ha/l BEKTOPHUMH BETUYMHAMU.

Ha ocHoBi anamizy romorpadiB BEKTOPHUX (YHKIIH CKaJsIpHOTO apryMeHTa
YCTaHOBJICHO, L0 MPHU 3MIHIOBaHHI BeKTopa (PyHKIIi OJHOYACHO 3a HAMpPSMOM Ta MOJIYJIEM
BEKTOp 11 MOXiJHOI TOpPIBHIOE T'€OMETPHYHIM CyMi BEKTOpa MOXITHOI, IO XapaKTepHU3ye
IIBUJIKICTh 3MIHIOBaHHsI HANpsMY BeKTOpa (DYHKIIII, Ta BEKTOpA MOXIAHOI, [0 XapaKTEPU3YeE
IIBHUJIKICTh 3MIHIOBAHHS 11 BEKTOPA 33 MOJIYJIEM.

B po60Ti Takox ycTaHOBJIEHO, 1110 HA BEIMYMHY BEKTOpPa MOX1AHO1, IKUM XapaKTepusye
IIBUKICTH 3MIHIOBaHHSI HAIIPSIMY BEeKTOpa (DyHKIII1, BIUIMBAIOTh KYTOBI IIBUIKOCTI 0OEpTaHHS
PYXOMHX CHUCTEM BIIJIIKY Ta YCTAHOBJICHA 3aJICXKHICTb, KA XapaKTepU3Ye LI 3B’ SI30K.

KurouoBi cioBa: BekTop, QyHKIIIS, CKalsip, apryMeHT, rogorpad, audepeHiitoBanHs,
OXiJHa.

1. Beryn

Ilocmanosxka npobnemu. TeopeTHnyHa MeXaHiKa, sSK HayKka NPO MEXaHIUYHUI pyx Ta
B3a€MOJIII0 MaTepiajbHUX T, BIAIIpaEe dyXe BAKIUBY poOJib MpHU (OPMYBaHHI y CTYICHTIB
BMIHHSI MHUCJIUTH MEXaHIYHUMH KaTeropisMu 1 € 0a3010 A BUBUYCHHS PALY 1HXEHEPHHX
JIUCLIAIUIIH.

[Ipu BUBYeHHI qucUMILTIHU «TeopeThuyHa MeXaHika» MPOBOAUTHCS JOBEAECHHS MEBHUX
TEOPETUYHUX I10JIO’KEHb, IPU BUKOHAHHI SKUX IPOBOJATHCS PsIJl MAaTEMaTUYHUX OMepalliii Hax
BEKTOPHUMHU Ta CKAJIIPHUMU BEIMUMHAMHU.

B TeopernuHiil MexaHilll IIMPOKO 3aCTOCOBYIOTHCS METOAM BEKTOPHOIO YMCIEHHS, fKi
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MaroTh OUTBIII TIepeBark nepea KOOPIMHATHUMU METO/IaMH, AAKYIOUYH X KOMIIAKTHOCTI 1 (pi3nyuHii
HAOYHOCTI BEKTOPHUX (DOPMYIL.

B cyuacHux ymoBax poOOTH BHUIOI KO, KOJIH CTPIMKO 3MEHIIYEThCS KUTBKICTh 4acy
Ha ayAWTOpHE HABYaHHSA, IPU BHBYEHHI TEOPETUYHOI MEXAHIKM IOCTa€ HEOOXiIHICTh
3aCTOCOBYBATH TaKi METOAM TIPOBEACHHS MATEMaTUYHHX OTNepalii HaJ BEKTOPHUMHU
BEIMYMHAMH, SKi O TEPEeKOHIMBO 3 MaJMMH 3aTpaTaMd dYacy JO3BOJSUIM BHKOHYBATH
JOBEJICHHS THX YH 1HITUX TEOPETUIHUX ITOJIO0KEHD 3 JAHOT JUCIUTUTIHH.

Omxe, po3poOka HOBHX METOJIB IMPOBEICHHS IMEBHUX MATEeMATHUYHUX OIEpaIliii Haja
BEKTOPHUMH BEJIMYMHAMH, K1 O BIJIIOBIIaHM UM BUMOTaM € aKTyaJbHUM JIJISl BUIIOT IIKOJIH.

Ananiz ocmanHix 0ocnioxcenvy ma nyonixayii. Ilpu nociiKeHHAX psay Qi3HUHUX SBUIL
HaJ BEKTOPHUMH BEJIIMYMHAMH, IO IX OIUCYIOTh, TPOBOMATh MAaTEMaTHUYHI OTeparlii:
3HAXOPKEHHS CyMH, BEKTOPHOTO 1 CKaJIIPHOTO JMOOYTKY, MOOYTOK BEKTOPHOI BEIIMYMHU Ha
CKaJISIpHY, JU(EpEeHIiIOBaHHs Ta IHTErPyBaHHS, K1 JOCTaTHHO IMOBHO 1 HA BUCOKOMY pIBHI
PO3IIISTHYTI B Sl JIITEPATyPHUX JKEPEI 3 BUILIOT MaTEMATUKH [ 1-4] Ta TEOPETUYHOT MEXaHIKH
[5-14].

Ak Bimomo [5] € nBa METOAM MPOBENCHHS MATEMAaTUYHUX OIepaliidi HaJ BEKTOPHUMHU
BEJIMYMHAMU: OE€3KOOpAMHATHUH Ta KoopauHaTHUM. Ilpum Oe3koopIMHATHOMY METOM1
OTIEPYIOTh OE3MOCePETHBO 3 BEKTOPAMH, HE 3B SA3yIOUH iX 3 MIEBHUMH CHCTEMaMH KOOP/IHHAT.
[Ipy KOOpIWHATHOMY METOJIi OIeparlii MPOBOJATHCS HAJ CKATAPHUMH BEITUYHHAMH, SIKi
AQHATITUYHO BU3HAYAIOTh BEKTOP B JIESAKIN CUCTEMI KOOPIMHAT.

O6uaBa MeTONM MO3BOJSIOTH MOOYAYBAaTH CHUCTEMY 1HBApIaHTHHUX OTIEpAIliid, SKI HE
3anexarb BiJl BUOOPY KOOPAMHATHOI CHCTEMH, ajie siKi 32 (JOPMOIO 3aIUCy BiIPI3HAIOTHCS.
beskoopauHatHuil MeTon € OUIbII KOMIAKTHUM B TMOPIBHSHHI 3 KOOPAMHATHUM 1
3aCTOCOBYETHCS TIEPEBAKHO MPHU MTPOBEACHHI TEOPETUIHHUX JTOCIITKEHb.

Y  poO3rIsHYTHX JIITepaTypHUX JDKEpenax 3 Bulloi wmarematuku [1-4] mnpwm
mudepeHIliIoBaHHI BEKTOPHUX (YHKIIA CKaJIIPHOTO apryMEHTy 3aCcTOCOBAHO JIMIIE
KOOpAWHATHI MeToau (Tpu AudepeHIlitoBaHHI BEKTOPHI (PYHKINT pPO3KIAIal0Th B3JIOBXK OCEH
MEBHOI CHCTEMH KOOPMHAT).

B mxepenax 3 TeopeTnuHoi MexaHiku [5-13] npu qudepeHiiiroBaHHI BEKTOPHUX (PYHKITIH
CKaJISIPHOTO apryMEHTy B OCHOBHOMY TaKOK 3aCTOCOBAaHUN KOOPAMHATHUN METO/I.

B po6Gorax [6, 12, 13] dopmyny Einepa s BU3HauC€HHS IIBUAKOCTI TOYKH Tijia MIPH
o0epTabHOMY PYCi K BEKTOPHOTO T0OYTKY KyTOBOI IIBUIKOCTI TiJIa HA Pa/ilyC-BEKTOP TOUKH
oJlep>kaHo Ge3koopAuHATHUM MeTojoM. OaHak mpu BuBeneHHI dopmynu bypa, ska Bupaxkae
3B’S130K MK BITHOCHOIO 1 aOCOJTIOTHOIO MOX1THUMH BiJl pajiiyca-BeKTOpa TOYKH, BUKOPUCTAHO
KOOPJMHATHUNA METO/I.

B po6oti [14] npuBeneHo po3poOsieHn OE€3KOOPAMHATHHN METOJ JU(EPEHIIIFOBaHHS
BEKTOPHHUX (PYHKIIIH CKaJISIPHOTO apryMEHTy Ta HOro 3aCTOCYBAaHHS JJIsl JJOBEJIEHHS TEOpeM
KIHEMAaTUKH MaTepiajJbHOi TOYKM Ta TBEPAOIO Tija, KU IPYHTYEThCS Ha MPEICTABJICHHI il
BEKTOpa y BUTIAAL 100YTKY OJAMHUYHOTO BEKTOpa Ha MOJYJIb LOTO BEKTOpa. 3aCTOCYyBaHHS
bOTO METOAy MpH JOBEICHHI TEOpeM KIHEMaTHMKH TOYKM Ta TBEPAOTO Tila JI03BOJISIE
CKOPOTHTH 4ac Ha iX JOBEJCHHS, ajle € HEJIOCTATHHO HAOYHHM.

Mema cmammi. Ha ocHOB1 aHami3y BJIacCTUBOCTEM BEKTOPHHMX (YHKIIH CKaJIsIpHOTO
apryMeHTy 1 reOMEeTpUYHOI iHTepIpeTalii ix rogorpadis po3podutu 6€3K00pAUHATHUN METO
ix mudepeHiioBaHHs, SKAW MOBUHEH OyTH HAOYHO MEPEKOHJIUBUM Uil 3aCTOCYBaHHS B
HaBYAJILHOMY IPOLIECi.

2. MarepiaJ i pe3yJIbTaTH JOCJTIIKECHb

B TeopernuHiii MexaHili — Hayli Ipo MEXaHIYHUN pyX Ta B3a€EMOII0 MaTepiaJbHUX
00’€KTIB — HIMPOKO 3aCTOCOBYIOTHCS METOAM BEKTOPHOI'O YHCICHHS, SKI MaroTh BEIHKY
nepeBary mnepex KOOpIWHATHUM METOJOM BHACIHITOK KOMIIAKTHOCTI 1 (pI3WYHOI HAOYHOCTI
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BEKTOPHUX (HOpPMYIL.

B psai mocnmimkeHb BUKOPUCTOBYIOTH 3MiHHI BEKTOPHI BENUYMHH, SIKi € (YHKLIIIMU
CKJIIPHUX BEJIMYMH — BEKTOPHUMH (DYHKIIISIMH CKIIPHOTO apryMEHTa.

[Ipu gocnipKeHHIX MEXaHIYHOTO PyXy TOYKHM Ta TBEPAOTO TijIa BEKTOPHUMHU (PYHKIISIMU

CKaJSIPHOTO apryMeHTa (Jacy) € paaiyCHu-BEKTOPH TOUOK I = T(t) , IX MBUAKOCTI U = U (t) Ta
IIPUCKOpPEHHS a = a (t) .

[Ipu KiHeMaTUYHHUX JOCIIHKSHHSAX Ha/l BEKTOPHUMH (PYHKIIISIMHU CKAISIPHOT'O apTyMEHTY
MIPOBOJIATHCSI MAaTEeMAaTHYHI Orepaii: 3HaXOKEHHSI 1X CyMH, BEKTOPHOTO Ta CKaJSIPHOTO iX
T00yTKY, T0OYyTKY BEKTOPHHUX (YHKIII HA CKaJSIpHY (QYHKIII0 a00 CTally CKIApHY BEIMYHUHY,
nrdepeHIitoBaHHs Ta IHTErpyBaHHSI.

MarematuuHi omnepaiii HaJ BEKTOPHUMHU (QYHKIISIMH CKaJISIpPHOTO apryMeHTa:
3HaXO/DKEHHS X CYMH, BEKTOPHOTO Ta CKAISIPHOTO JIOOYTKY, TOOYTKY BEKTOPHUX (DYHKIIIHM Ha
CKaJISIpHY (PYHKI[IF0 BUKOHYIOTBCSI TaK CaMoO sIK 1 HaJl OyAb-sIKUMH BEKTOPHUMU BEITUYUHAMHU.

JudepeHiitoBaHHsT BEKTOPHUX (YHKIIN CKaJIPHOIO apryMeHTy, JOOyTKY BEKTOPHHUX
GYyHKIIH Ha CKaJspHY, CKaS[pHOTO a00 BEKTOPHOrO JO0OYTKIB BEKTOPHUX (QYHKIIN
BUKOHYETHCS 32 IIPaBIJIaMH, K1 aHAJIOT1YH1 B1IOMHUM IpaBuiaM JU(EPEHIIFOBaHHS CKAIIPHUX
byHKIIIH.

Tak sAK mpu AOCHIKEHHSIX KIHEMATHKH Ta JMHAMIKA MEXaHIYHUX SIBHI BUHHUKAE
HEOOX1/IHICTh JU(epeHIiIoBaTH MeBHI BEKTOPHI (QYHKIIT CKaISIPHOTO apryMeHTa (4acy, 1yru
Ta iH.), SIKI MOXYTbh OyTH pI3HMMH 3a (PI3UYHUM 3MICTOM, TO CIIOYAaTKy BBEJEMO MOHATTS
MOX1THOT JOBUILHOI BEKTOPHOI (PYHKIIIi CKaJISIPHOTO apryMEHTy He Ha/alouu il KOHKPETHOTO
(b13UYHOTO 3MICTY.

Hexaii neske mexaHiyHe SBUIIE XapaKTEPU3Ye€ThCS B MEBHIM CHUCTEMI BIJUTIKY JAESKOIO

Oe31repepBHOI0 BEKTOPHOIO (PYHKITiEIO0 (U) CKaJIIPHOTO apryMeHTa U .

JIiHis, IKy OKPECIUTH MTPHU O3MEePEPBHOMY 3MIHIOBAaHHI CKAJISIPHOTO apryMeHTa U KiHEellb
BEKTOpa a (U), MOYaTOK SKOTO 3HAXOJUTHCS B JEsAKiM 3adikCOBaHIN TOYI MPOCTOpy, Oyae

rogorpadoM BeKTOpHOI QYHKIIII CKAISIPHOTO apryMEeHTy a (u) I'ogorpadom Takoi QyHKITT

Moxe OyTH TpsiMa JIiHis, MIocka abo mpocTopoBa KpuBa. Skmo BekTtop (yHKIT Oymae
3MIHIOBATHUCH JIMIIIE 332 BEIMYMHOIO, TO rogorpadom Iiei GpyHKIii Oyae npsima JiHis, sika oepe
MOYaToK y 3adikcoBaHii TOYIll MPOCTOpy. SKII0 BeKTOp PYyHKINT Oyae 3MIHIOBATHCH JIMIIIE 32

HampsiIMOM TIpH HE3MIHHIA BeIW4MHI, TO romorpadgom ¢GyHkmii a (u) Oyne miocka abo

MPOCTOPOBA KpHBA, SKa po3TalmioBaHa Ha cdepi, pamiyc skoi Oyne MOpIBHIOBATH MOIYIIIO
BekTopa (yHkiii. [Ipyn omHOYacHOMY 3MiHIOBaHH1 BEKTOPHOI (DYHKIIIT 32 HAIIPSIMOM 1 MOIyJIEM
ii romorpadom Oyme miocka abo MpocTopoBa KpuBa, abo JIiHIA, SKa HE MPOXOIUTH Yepe3
3aikCOBaHy TOUKY IIPOCTOPY.

PosrisiHemMo Tpu 4acTUHHI BUMAAKU 3MIHIOBAaHHSI BEKTOPHOI PyHKIIIT, KOiu rogorpadu
¢byHKIiT OyyTh PO3TAllIOBaH] HA MJIOLIUHI:

1) dbyHKIIIS 3MIHIOETBCA JIUIIIE 32 HAPSIMOM (puc. 1, a);

2) pyHKIIisSI 3BMIHIOETHCS JIUIIE 32 MOAYJeM (BeTuunHo0) (puc. 1, 0);

3) dbyHKIIiA 3MIHIOETHCS OAHOYACHO 32 HAMpPsAMOM Ta MojayJieM (puc. 1, B).

Hexaii B ycix TppOX BHUIagKax JESKOMY 3HAUEHHIO apryMeHTa U BiAmoBigae Touka M

rogorpada ¢pyHkuii a (U) , TIOJIOKEHHS K0T BIJTHOCHO 3a(ikcoBaHO1 TOUKHU mpocTtopy O Oyne
BHU3HAYATH PaJiiyc-BeKTOp a (U), a TICJS MPUPOCTY apryMeHTa Ha BenuuuHy AU, 3HAYEHHS
¢byHKIil Oyzae E(u + AU) , SIKOMY BIAMOBiIa€ TOYKa M, monoxeHHsSI SKOi BH3HAYAETHCS

paziycom-Bektopom a (U +Au).
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Toxi mnpupict BekTopHOi ¢QyHKHIi a (u) , L0 BIJINOBIJa€ MPHPOCTY CKAISIPHOTO
apryMeHTa Au BU3HAYUTHCS Pi3HUIICIO

Aa=a(u+Au)-a(u). (1)

SIK BiTOMO 3 BUIIIOT MAaTEMAaTHKH, TIOX1THOO TIEPIIOTO MOPSIIKY BEKTOpHOT PyHKIIIT a (u)

HA3WBAETHCS 3MIHHUI BEKTOp, SIKUH BU3HAYAETHCS PIBHICTIO

da(u . Aa . a(u+Au)—a(u
dEJ ):IImAueoA_u:“mAuao ( Al} ( )’ (2)

SIKIIIO TPAHUIIS B MIPaBii YaCTUHI Li€l piIBHOCTI ICHYE.
PosrisiHemo BHM3Hau€HHS MOX1JHOI BEKTOPHOI (YHKII, fIKa 3MIHIOETHCS IPH 3MiHI
CKaJISIPHOTO apryMEHTa JIMIIIE 3a HanpsiMoM (IuB. puc. 1, a).

VY ipoMy BUTIAZIKY BEKTOP IPUPOCTY QyHKIIT Ad (u) , AKHH CTIIPSMOBAHHU 110 ciuniit MM,
npu AU — 0, rpannyHO OyJe CpsMOBaHHIA MO AOTUYHIN 0 rojorpada BekTopHoi (QyHKIIi
é(u) B TO4Il M.

... da . .
OTXe BeKTOp MOX1AHOI w’ 110 BU3HAUYAETHCS 3TIHO 3 PIBHSAHHAM (2), XapaKTepu3ye
u
HIBUJKICTh 3MIHIOBAHHS BEKTOpa a (u) MIpY 3MIHIOBaHHI apryMeHTa U 1 Oyae crpsIMOBaHUM
Mo JAOTHYHIA 10 roxorpada ¢yHKmii B OIK 3pOoCTaHHS apryMeHTa. A Tak SK MOJIYJb
- da —
|a (u)| =const , TO BEKTOP au Gy 1e epNeH MKy IApHUM BekToposi a (U) .
u

Monaynp BeKTOpHOI (DYHKIIII CKaIIPHOTO apryMEHTa y BHIIAAKY, IO PO3TJISAAETHCS €
CTaJIOI0 BEITMYUHOIO |§ (u)| =a, ToMy TpukyTHUK MOM' (nuB. puc. 1, a) € piBHOGEAPEHNM, B

AKOMY KyT A¢ XapaKTepu3ye IOBOPOT BEKTOpa a (U) , IO BizTOBi1ae 3MiHi aprymerTa AU . 3

tpuxyTHIKa MOM' MOTY/H TIPHPOCTY BEKTOPHOI (hyHKIIIT BU3HAUAECTHCS 3 PIBHAHHA

. A
|Aé|:MM'=2asm7¢. (3)
Toni MoyIb TOX1THOT BEKTOPHOI (DyHKIIIT a (U) BH3HAYAETHCS 3T1HO 3 PIBHSAHHIM
. Ag
da(u)| . [aa_ - 2SN
T = IImAu»O - = IImAu»O A—U (4)

. , . Ap .
IToMHOXMMO YHCEJIBHUK 1 3HAMEHHUK IMpaBoO1 YaCTUHHU P1BHAHHA (4) Ha 7¢ 1 O ACPIKHUMO

dz(u 2asin%-% aAgo-sin%
WI_ jim 2 2 _\|im, —— 2 (5)
dU Au—0 Agﬁ Au—0 AgD
A A
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Tooozpacp alu)

da,

) M

a(u+A4u)

8

Puc. 1. Jlo BU3Ha4YeHHs MOX1HOT BEKTOPHOI (PYHKIIIi: a — (DyHKIIISI 3MIHIOETHCS JIUIIE 32
HanpsMoM; 0 — QYHKIIIS 3MIHIOETHCS JIUIIE 32 MOAYJIEM; B — (DYHKIIISl 3MIHIOETHCSI OJTHOYACHO
3a MOJyJIEM Ta HAMIPSIMOM.

Fig. 1. To definition of derivative vector function: a - the function changes only in the
direction; b - the function changes only by module; ¢ - the function changes simultaneously in
module and direction.

. Agp
SIN——
[MpwiinsBun no yearw, mo npu AU—0 kyr Ap—0, a :"mA‘/HOA—(p:l’
2
OZIEPIKIMO
da(u) : Ag
—<|=a-lim —=a-w, 6
‘ du ‘ Au—0 Au ( )

1€ @ — MOAYJb BEKTOpa KYTOBOI IIBUAKOCTI MOBEPTAHHS BEKTOpA é(u) HaBKOJIO OCl, 1[0

IPOXOAUTH uepe3 (pikcoBaHy TOUKY O MpOCTOPY BHACIIOK 3MIHU BEJIMYMHU apryMeHTa U .
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SIKIIO MPUAHATH 7O yBarw, IO IMIBUIKICTH 00EpTaHHS BEKTOpa a (u) KpiM BeJIMYHHU
XapaKTepU3y€eThCS 1 MEBHUM HANPSAMOM, TO € JOIUIBHUM PO3TJSAaTH KyTOBY IIBHAKICTH
MOBEPTAHHS SIK BEKTOP (@, AKUI BU3HAYA€ BEIUYMHY 1 HAIIPSIM IIOBEPTAHHS BEKTOpa a (u) .

BekTop KyTOBOi IIBHAKOCTI (@ CHPSMOBAaHMH B3HOBX OCI, fKa IPOXOAUTH HYepe3
¢ikcoBany Touky O TpPOCTOpPY 1 NMEPHEHIMKYJSPHUHA IJIOMIMHI B sKii BigOyBaeThCs 3MiHA
HanpsMy BeKTopa a (u) , 1 CIIpSIMOBaHHIA B TOH OiK, 3BIJIKH, SIKIIO TUBUTHCH HA3yCTPid I[LOMY

BEKTOPOBi, OyaeMo crocTepiraTd IOBEPTaHHS BEKTOpa a (u) BHACIIIJIOK 3MIHIOBAHHS

apryMeHTa U MPOTH PyXy TOAMHHUKOBOI CTpiTKU. OTXKE, KyT Mi’K BEKTOPOM (@ Ta BEKTOPOM
a (u) nopiBHIoe 90°. Tozl mpaBa yacTHHA PIBHSAHHSA (6) € MO/IyJIEM BEKTOPHOTO JOOYTKY

|oxa(u)|=w-a-sin90" =w-a. 7)

3BiJICH BUCHOBOK: BEKTOP IMOX1AHOI BEKTOPHOI PyHKIIi & (u) , SIKa 3MIHIOETHCS JIUIIIE 3a

HaIpsIMOM, IO CKaJISIPHOMY apryMEHTY BU3HAYAE€THCS PIBHICTIO

da(u)__x_
T au). (8)

OTxe, noxiona 6exkmopHoi (OYyHKyii, KA 3MIHIOEMbCSA 34 HANPAMOM [ € CMAnow 3d
MOOynemM, NO CKANAPHOMY apPSYMEHMY € BeKmop, AKUU OOPIGHIOE BEKMOPHOMY O0OVMKY

8eKMOpa Kymogoi WeUuOKoCmi NoGepmanHs eekmopa ¢Qyukyii a (u) npu  3MIHIO8AHHI

CKANAPHO20 apeymenma U Ha 6eKMOpHY PyHKyilo a (u) .

3a cBoim 3micTom popmyia (8) Bimmoringae Bigomiit popmyi JI. Eitnepa ayis BusHaueHHS
MIBUJIKOCTEH TOYOK TBEPJIOTO TiJIa TpH 00epTaTHbHOMY HOTO0 pPyCi, B SIKii BEKTOPHOIO (QYHKITIEIO
CKaJISIPHOTO apTyMEHTa € PajiiyC-BEKTOP TOYKH TiJa.

VY BUnNaaKy, KOJIM BEKTOP (PYHKIIIT 3MIHIOETHCS JIUIIIE 32 MOYJIEM 1 € CTAJIUM 32 HAIIPSIMOM

(mmB. puc. 1, 6), romorpadom dyHkIii a (U) € TIpsIMa JTiHis, 0 MPOXOIUTh uepe3 (iKCOBaHY
Touky O. B3noBx romorpada ¢yHkIiii B 61k 3poCcTaHHs apryMeHTa OyJie CIpsIMOBaHUM BEKTOP
npupocty (QyHKIIiT AE(U). Bexmop noxionoi sekmopnoi’ ¢pynxyii, sixa 3minoemsbcs auute 3a
MOOYIeM, BUSHAUAEMbCS 32I0H0 3 pisHanHAM (2) © € cnpamosaHum 630082c 20002pagpa
8eKmMopHOi (hynkyii @ (u) 8 OIK 3POCMAaHHS apeyMeHmd.
Moayb oXiIHOT BEKTOPHO1 (QYHKIIIT B JAHOMY BUIIAIKY JOPIBHIOE
da(u)| da(u) )
du du
VY BUMajKy, KO BEKTOPHA (PYHKIIiSI CKAISIPHOTO apryMEHTa OJIHOYAaCHO 3MIHIOETHCS 3a
MOJyJIEM 1 HampsAMOM (IuB. puc. 1, B), rogorpadom Takoi QyHKIii Moxke OyTH BUIyKJIa abo
yTHyTa BIAHOCHO (hiKCOBAHOI TOUKHM KpHBA JIiHiSA a00 mpsMa JiHis, 10 HE MPOXOIUTh uepe3

(bikcoBaHy TOUKY IIPOCTOPY.
PosrastHemMo BHIIagokK, Kou rogorpagoM BeKTOpHOT GYHKIIIT € BUITyKIIa KpHUBA.

Hexaii Touka M roporpada ¢pynkuii a (U) BI/IMIOBIJIa€ IEIKOMY 3HAUEHHIO apryMeHTa U
, a Touka M/ ronorpada 3nauennio aprymenta U+ AuU. Hexaii mpu 1soMy TIpHPICT aprymMeHTa
Au > 0. Ipupict A@ Bektopa ¢yHKIIT a (U) Oyne crpsAMOBaHMii B3I0BK ciunoi MM B Gik
3pOCTaHHs apryMeHTa.

Sk BuaHO 3 puc. 1, B, mpupict Ad BekTopHOi (yHKUii a (u) B Oyab-sikiid Toumi ii

rogorpada Moxke OyTH MpeJICTaBIECHUI reOMETPUYHOI0 CYyMOIO MPUPOCTY BEKTOPHOI (PYHKIIIT
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npu ii 3MIHIOBaHHI JIMIIE 32 HANPSIMOM IPU CTaJIOMy MOJYJIi Aé(u)(p Ta PUPOCTY BEKTOPHOI

¢byHKuii mpu ii 3MiHIOBaHHI JIUIIE 32 MOYJIEM IIPU CTAIOMY HanmpsMi Ad (u )M

Aé(u)=A§(u)(p+A§(u)M. (10)

Toxi 3rigHo 3 piBHSHHAM (2) TOXigHA BEKTOPHOI (PYHKIIT 1O CKAJISPHOMY apryMEHTY
MpUiMe BUTJIST

da(u) . a(u) . a(u) a(u
dEl ) = IImAu—>O A(U) = IImAu—>0 AU . +I|mAu—>0 (AU)M *
3BiJICH HACIIIHOK
a da(u a
da(u) _ (u), +da(u)M | 1)
du du du

OTxe, 6 3a2anbHOMY 8UNAOKY, KOIU 6eKMOP (YYHKYIT CKASAPHO20 Ap2yMEeHMAa 0OHOYACHO
SMIHIOEMbCSL 3 HANPAMOM MA BEIUYUHON, 8EKMOP il NOXIOHOI NO CKANAPHOMY ap2yMeHmy

du

€ 2e0MempUYHOIO0 CYMOIO 8eKMopa NoXiOHoI yiei pyHKyii npu ii 3MIHI08AHHI TuuLe 3a

da(u)
L i sekmopa noxionoi yici ¢pynxyii npu it 3MIHIOBAHHI

da(u)
du

HanpsmMom npu cCmaiomy Mooyii

Juue 3a MOOyiemM ma Cmaiomy Hanpsimi M
da(u)

Bexkrtop XapaKkTepHU3ye IMBUIKICTh 3MIHIOBAHHS 33 MOJAYJIEM Ta HaNpsSIMOM

BekTopa GyHKIII a (U) CIpsIMOBAaHWHN MO AOTWYHINA 10 roxorpada B Oik, IO BIAIOBITAE

3pOCTAHHIO apTyYMEHTA.
da(u)

4

Bexrop XapaKkTepu3ye IMIBUAKICTh 3MIHIOBAHHS HAIpsIMy BEKTOpa BEKTOPHOT

byHkii a (U) MIPU HE3MIHHOMY MOJIYJI 1 CIIPSIMOBAHUM 110 JOTHYHIN 10 roxorpada GyHKIii,

10 3MIHIOETHCS JIMIIIE 32 HAMIPSIMOM, B OiK, III0 BiAMOBIIa€ 3pOCTaHHIO apryMEHTA.

da(u ) )
Bexkrop (g—)M XapaKTepU3y€ MIBUJKICTh 3MIHIOBAHHS MOMYJISI BEKTOpa BEKTOPHOI
u

bynkii a (U) MIPU CTAJIOMY HAMpsMi 1 CIPSIMOBAHHUH B3JIOBXK BEKTOpa BEKTOPHOI (PYHKIIT B

HarpsMi HOro 3pOCTaHHS.

[ligcTaBuBIIM 3HAUCHHS MMOXIJHOT BEKTOPHOI (DYHKIIIT 1O CKaISIPHOMY apryMeHTy MpHU
3MIHIOBaHHI ii BEKTOpa JIMINIE 3a HAmpsIMOM MpH He3MiHHOMY Moxayii (8) B piBHsHHS (11)
OJICPKHMO

o s VI (12)

PosrnsiHemMo  OinbIn  CKIAJAHUN BUNANOK JAW(DEPEHIIIOBaHHS BEKTOPHUX (YHKIIN
CKaJIIPHOTO apryMEHTa.
Hexaii B gesikiii To41l IpocTOpy BiJOYBA€THCS MEXaHIYHE SIBUILE, SIKE XapaKTEePU3YEThCS

JeSKOI0 BEKTOPHOIO (PyHKIIIE0 a (U) 1 sike (IKCY€eTHCS B IBOX CUCTEMax BIJUIIKY: B PyXOMiii

cucreMi, A€ 1€ sBHIIe BiAOyBaeThCs Oe3MocepeiHbo, sIKy OyneMo Ha3MBaTH BITHOCHOIO 1 B
cHucTeMi, SIKy IpUHMaeMO 3a HEPYXOMY 1 BITHOCHO SIKO1 3/IIIICHIOE pyX pyXxoMma.

HIBuAKiCTh 3MiHIOBAaHHS BEKTOPHOI yHKLIi & (U) BITHOCHO PYXOMOI CUCTEMH BIJUTIKY
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QU , @ BIJIHOCHO HEpyXOMOi

OyZeMO Ha3WBaTH BiJHOCHOKO IMOXIJHOIO 1 MO3HAYATH

CHCTEMH BiIIiKy OynemMo Ha3uBaTH aOCOJIIOTHOIO TOXIJHOK BEKTOpHOI (yHKIIT 1Mo
da(u)
du

CKJIIPHOMY apryMEHTY 1 TIO3HA4YaTH . YCTaHOBHUMO 3aJISKHICTh MDK aOCOIIOTHOIO
a
Ta BIAHOCHOIO TIOXiTHUMH BEKTOPHOI (PYHKIIIT CKaJIIPHOTO apryMeHTa.

HIBuaKiCTh 3MiHIOBaHHS BEKTOPHOI (YHKIIi BiTHOCHO PYyXOMOi CHCTEeMH BiIJIIKy HE
3aJIOKUTh BiJl PyXy L€l CUCTEMH BIUTIKY BiTHOCHO Hepyxomoi. OTKe BiHOCHA MOXiJHA

BEKTOPHOI (PyHKIIIT 11O CKaIsipHOMY apryMEHTY 3TiJHO 3 piBHAHHsM (12) Oyne MaTu BUTIIsA

da(u) da(u)
—~2 | =@ xa(u)+——, 13
du ) 7 () du (13)
I€ @, — BEKTOp KyTOBOi HIBHJKOCTI IOBEPTaHHS BeKTOpa (QyHKIII a (u) y BIJTHOCHIH

(pyxoMmiit) cucreMi BIJUTIKY.
PosrisiHemo Tenep abCconOTHY NOX1AHY BEKTOPHOI QYHKIT a (u) . BpaxoBytoum, mo Ha

BEJIMYMHY MOJyJIi BEKTOPHOI (DyHKIIT é(u) 3MiHA TOJIOKEHHSI PyXOMOI CHCTEMH BIIJIIKY

BIIHOCHO HEPYXOMOI HE BIUIMBA€, a Ha BEJIMYMHY 3MIHIOBAHHS HaIpsIMy JIaHOi BEKTOPHOI
GyHKIIT 10AaTKOBO BIUIMHE JIMIIE KyTOBAa IIBHIKICTh OOEpTaHHS TiIa BIAJIIKY pPyXOMoi

CUCTEMH 3alMILIEMO MOX1IHY BEKTOPHOI PyHKII & (u) BITHOCHO HEPYXOMOI CUCTEMH BIIIKY
da(u da(u

# =@rx§(u)+%+a_)ex§(u), (14)
u u

a
1€ (@, — BEKTOp KyTOBOi IIBUAKOCTI OOEpTaHHS TiNa BIIUIIKY PYXOMOI CHCTEMH BiIHOCHO

MHUTTEBOI OCI, 110 TPOXOIUThH Y€pe3 MOYATOK BIIIKY PyXOMOI CUCTEMH.

Tonmi 3 ypaxyBaHHsM piBHsSHHA (13) ofepKUMO piBHSHHS, K€ BUpaKae aOCONIOTHY
MOX1THY BEKTOPHOI ()YHKIIII IO CKJIIPHOMY apTyMEHTY

dafu)) _(da(u) +@,xa(u). (15)
du du
a

Takum YnHOM OE3KOOPIUHATHUM METOJIOM ojiepkaHa ¢opmyia bypa, 3 sikoi BUILTHBAE,
110 a0COJIFOTHA MOXiJHA BEKTOPHOT (PYHKIIIT CKAJIIPHOTO apryMeHTa IOPIBHIOE BEKTOPHIN CyMi
BIIHOCHO1 MOXigHOT I1i€l (YHKIi Ta BEKTOPHOTO MOOYTKY KyTOBOi IIBHUIKOCTI OOCpTaHHS
PYyXOMOi CHCTEMH BiJIiKY (Tia BiAJIIKY) Ha BEKTOP, KU TU(EPEHITIIOIOTb.

SIkio ¢Gi3uvHe SIBUIIE, SIKE XapaKTePU3Y€EThCSI ISIKOI BEKTOPHOK QYHKIIIED a (u) isKe

(biKkcyeTbCst KpIM HEPYXOMOI B IEKIJIbKOX PYXOMHX CHCTEMaXx BiUIIKY, SIKI MATUMYTh CBOI Tijla
BIJITIKY, KOYKHE 3 SIKUX OyJie MaTu CBiii BEKTOpP KyTOBOI IIBUIKOCTI 0OEPTaHHS BIJHOCHO CBOET

i » TO a0COJIIOTHA NOX1/1HA BEKTOPHOI PyHKIIT a (u) pUiiMe BUTJIS

da da L
2W)) (= +3a,xa(u) (16)

MUTTEBOI OC1 @,

Huxue HaBesleHI JOBEACHHS JIESKUX TEOPETUYHMX IOJI0KEHb, SIKI BUKOHAHI Ha OCHOBI
3alpONOHOBAHOI0 METOly JU(epeHIIFOBaHHS BEKTOPHUX (DYHKIIIH CKAIIPHOTO apryMeHTa.

Posrnsinemo obepTanbHUil pyx TBepaoro Tiia G HaBKosIO HepyxoMmoi oci AB (puc. 2) i
BHU3HAYMMO IIBUJKICTh Ta NPUCKOPEHHsS TOYOK Tijla MpHU Horo obepraHHi. SIK BioMoO, Ipu
o0epTaHHI TBEPJOro TiJla HABKOJIO HEPYXOMOi Oci BCl TOUKHU TiJla KPIM TOYOK OCi 0OepTaHHs
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PYXaroThCs IO KOJIOBUX TPAEKTOPISIX 3 IIEHTPOM Ha 0ci 00epTaHHS.

4

!

Puc. 2. Jlo BU3HaYeHHs IIBUJKOCTI Ta MIPUCKOPEHHS TOYOK TBEPAOIO Tiia.
Fig. 2. To determine the speed and acceleration points of a solid body.

PosrnssHemo noBinbHY TOUKy M Tina, 10 3HAXOIUTHCS Ha BijacTaHi R Big oci obepTaHHs.
Hexait B nmesky MHUTh 4acy TOYKa 3HAXOAWJIACh Ha TPAEKTOPIi B MOJOXKEHHI Mo, a udepes
MMPOMIKOK 4yacy B mojoxkeHHi M. [Iposeaemo 3 Hepyxomoi Touku C Ha ocl oO0epTaHHS pajiiycH

BEKTOPHU §(t) Ta §(t + At) B TOuku Mo Ta M1 BianoBiaHO. SIK BUIHO 3 pHC. 2, paiiyC BEKTOP

R (t) € BEKTOPHOIO (DYHKIII€0 CKAISIPHOTO apryMeHTa t, SKuii 3M1HIO€THCS JIUIIIE 32 HATPSIMOM.

CKOpHCTYEMOCH TIOHATTSM BEKTOpa KyTOBOI IIBHIKOCTI 00CPTAHHS Tila HABKOJIO HEPYyXOMOL
0Cl @, AKWI BIIKIATAETHCS BiJl OyAb-SIKO1 TOUKHM Ha OCl 0OEpTaHH TiJIa 1 CIPSIMOBaHUH B TOM
OiK, 3BIIKM OOEpTaHHS TiJIa CIIOCTEPIraeThCs MPOTH TOJAWHHHUKOBOI CTPUIKH. Toxai 3rigHO 3
3aIeKHICTIO (8) oOepTasibHA MBUAKICTH TOUKH M NOPIBHIOE

5(1)- R

3riIHO 3 BJIACTUBOCTSMH BEKTOPHOT'O JOOYTKY BEKTOp 00€pTaabHOI IIBUIAKOCTI Oyne

=axR(t). (17)

CIPSAAMOBAHMH 110 JOTUYHIN 0 Togorpada BekTopHoi GyHKIii R (t) B TOM OiK, 3BIJIKHM TTIOBOPOT

BEKTOpa IMEPILIOro CIBMHOKHUKA JIO IPYroro Ha HAMMEHIIIHIA KyT OyJie CIIOCTEPIraTUCh MPOTH
PYXy FOAMHHUKOBOI CTPIJIKH (IUB. puc. 2). Moaynb BEKTOpa MIBUIKOCTI IOPiBHIOE

|5|:a)~R-sin(a_);F_2j:a)-R-sin90°=a)~R. (18)

Skmo 3a QikcoBaHy TOYKY Ha oci oOepraHHs mnpuiiMeMo iHIIY TOuky O, 3 fKOi
MIPOBENIEMO PaJllyc-BeKTOp T B pyXomy TOUKY Mo, TO 3rifHO 3 (8) oGepTanbHa MBUAKICTH Oye
JOPIBHIOBATH

O(t)=axT,
Moynb IBUAKOCTI MPH LIbOMY Oyie BU3HAUATHCh PIBHSIHHAM

|5|:m-r-sin(a}?Fj:a)-r-sina. (19)
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3 A OMoC BU3HAYNMO MOJIYJIb Pajiiyca-BeKTOpa |F|

R
r = .
SIna
[TincraBuBimm e 3Ha4eHHs B (19)
_ R .
|U|:a)-_—-5|na:a)-R : (20)
Sina

Omoice MOOYIb WBUOKOCMI O08LILHOI MOUKU MEepo020 mild npu 1020 00epmanHi
HABKOJLO HEPYXOMOI 0Ci Q0pieHIOE 00OYMKO8I MOVl KYMOBOI WEUOKOCMI 0OepmanHs mina Ha
il i0cmanw 610 oci 11020 0OepmManHsi.

Sk BIIOMO, TNPUCKOPEHHS TOYKM BU3HAYAETHCA IMEPILOI0 IOXIAHOKO BiJl BEKTOpa
MIBUJIKOCTI TOYKH 33 YACOM 3T1HO 3 PIBHICTIO

a(t):du—(t)=i(—x§(t))=—xR(t)+c§>< . (21)
dt dt dt dt

BpaxoByroum, 1110 BEKTOp ﬁ(t) 3MIHIOETHCS JIUIIE 32 HAIPSIMOM, a ot =& , OEPKUMO

a(t)=exR(t)+ox(@xR(t))=2xR(t)+ox0(t). (22)

3riIHO 3 BJIACTHBOCTSMHU BEKTOPHOro MOOYTKY Iepilia CKJIaJoBa B MpaBiii YacTHHI

piBHSAHHS (22) € BEKTOP, AIKUI CIPSAMOBAHUM 10 TOTUYHIH 710 rogorpada QyHkiii ﬁ(t) B3/10BX
BEKTOpa 00epTaIbHOI MIBUAKOCTI (IUB. pHC. 2) 1 HA3UBAETHCS 00EPTaTHHUM MPUCKOPEHHIM

gg:(?xR(t). (23)

Jlpyra ckiamoBa TPHUCKOPEHHS B MpaBiii 4yacTWHI piBHSAHHA (22) € BEKTOp SKUU

CIIpsAAMOBAaHMH B3I0BXK paniyca R romorpada dynxkmii R (t) 110 oci obepTaHHs Tiya (IMB. puC.

2) 1 HA3UBAETHCSI TOOCHOBUM MPUCKOPEHHSIM
a,=woxb(t). (24)
Moayni 00epTaibHOTO Ta JIOOCHOBOTO MPHUCKOPEHb TOUYKH Tija, SKE OOepTaeThCs

HaBKOJIO HEPYXOMOI OC1 IOPIBHIOIOTH
a, =¢-R-sin90 =¢-R; (25)

a,=w-v-sin90 =w-v=w-0-R=o’R. (26)

3BifCH BUCHOBKHU:

1) Momynb 00epTaIbHOTO MPUCKOPEHHS TOYKHM Tila MPH HOro oOepTaHHI HABKOJIO
HEPYXOMOI1 OCi JOPiBHIOE T0OYTKOBI MOAYJIsl KyTOBOI'O IPUCKOPEHHS Tijla Ha BiACTaHb TOYKU
BiJI OCi 0OepTaHHS;

2) MOAylb J0OCHOBOTO MPHUCKOPEHHS TOYKU Tija MpU HOro oOepTaHHI HABKOJIO
HEPYXOMOi Oci JOPiBHIOE JOOYTKOBI KBaJpaTa MOAYJsI KyTOBOI IIBUJKOCTI TiJla HAa BiICTaHb
TOYKH BiJT OCi 0OepTaHHSI.

PosrisiHemo pyx Touku M, sika pyXaeTbcsi BiTHOCHO Tifia G, 3 SIKUM HE3MIHHO 3B’s3aHa
pyxoma cucrema koopauHat OXYZ i iK€ B CBOIO UEPTy PyXa€ThCsl IEBHUM CIIOCOOOM BiIHOCHO
iHmoi cucrtemu kKoopAuHAT OaXaYaZa, SKy mpHiiMaeMo 3a 0a30By (YMOBHO BBa)XaeMO
HepyxoMmoro). Hexail monokeHHs pyxomoi TOukd M BIAHOCHO HOYATKy PYXOMOi CHCTEMH
KOOpJMHAT BHU3HAYMMO PaJiilyCOM-BEKTOPOM L, TOJOXKEHHS MOYaTKy pPyXoMoOi CHCTeMHU

koopauHaT (Touku () BIIHOCHO TOYAaTKy HEPYXOMOi CHCTEMH KOOpAMHAT — pajlycoM-
BEKTOpOM [, a TOJIOKEHHS PyXOMOi TOYKM M BIJHOCHO NOYaTKy HEPYXOMOi CHCTEMH

KOOPJIMHAT — paJilycoM-BeKTOpoM T . B 3aranbHOMY BUNajiKy pajiycH-BEKTOpH O, Iy Ta T 3
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9acoM MOXKYThb 3MIHIOBAaTH CBiif MOIyJb Ta HampsM B HPOCTOpi, TOOTO € BEKTOPHUMHU
(GYHKLISIMU CKaJIIPHOTO aprymMmenra t.

Z,
Z Bionocnua mpacxkmopis
mouxu
i
N Abconromua mpaekmopis
Or 5 MoYKU
L0 it .
o = epeHoCHa mpaekmopisi
/ 3 MOYKU
1o/7% 84
X |
\

@) | Va

xa

Puc. 3. Jlo TeopeMu mpo CkiIaaHHs IBUAKOCTEN Ta IPUCKOPEHD
NP CKJIAAHOMY PYCl TOUKH

Fig. 3. To the theorem on the addition of speeds and accelerations
in complex motion of a point

Sk BUAHO 3 pucC. 3 MM 9ac BChOTO PyXy TOYKHU OyJie BipHA 3aJIeKHICTh
r=n+p, (27)
1€ BEKTopHa (yHKILIA T, 3MIHIO€ CBI HampsM 1 MOJyJIb B HEpyXOMiil cucTeMi BIAJIKY,
BEKTOpHA (PYHKIIISI O 3MIHIOE CBiil HaNpsM 1 MOIYJIb BIJTHOCHO PyXOMOi CUCTEMH BIJITIKY, SKa

3B’s13aHa 3 TijIoM G, 1 3MiHIOE CBIM HANpsIM BIZIHOCHO HEPYXOMOI CHCTEMH BIJIJTIKY BHACIIIOK
obepranns Ti1a G HaBKOJIO MUTTEBOI 0c1 OP 3 IESKOI0 KyTOBOIO IIBUIKICTIO @, .

BuznaunMo aOGCoOMIOTHY MBUIKICTh TOYKUA M
R
dt /, dt /. dt ),
d

BekTop moximHoi E € MBUIKICTIO TOYKU O — MOYATKY PyXOMOI CUCTEMHU KOOPIUHAT

BiJTHOCHO HEPYXOMOT
dr, _
—=0,. 29
it (29)

d . . - .
BeKTOp (—p — a0comoTHA Iox1aHa BEKTOPHO1 (byHKI.[ll L 3a JaCoMm, sKa 3T1aHO 3
a

¢dopmyioro (15) nopiBHro€E
(d_pj =(d_pj+_ex,5=5r+_e><,5. (30)
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ne @, x p — obepraabHa WBUAKICTH Tiel ToukH Tia G, 1€ B JaHy MUTh 3HAXOJAThCA PyXoMa
TOYKa M, HaBKOJIO MUTTEBOI OCI, 110 MPOXOAUTH uepe3 Touky O.
[Ticns migcranoBku (29) 1 (30) B piBHsHHSA (28) omepKUMO
U,=0,+0,+@,xp. (31)
B piBusnHi (31) BekTOpHA cyMa U, + @, X O € MIBUAKICTIO TOUKH Tina G, [ie B JaHy MUTb
qacy 3HaXOJIUThCA pyXxoMma Touka M, 1 € s Hel HepeHOCHO0 IIBUAKICTIO
O,=0y+@,xXp. (32)
Toni piBusHHE (31) 3 ypaxyBanHsM (32) nmpuiimMe BUTIISAT
0, =0,+0,. (33)
Opnep:xaHa piBHICTh BUpaXKa€ TEOPEMY PO CKJIAJaHHS IIBUIKOCTEN MPU CKJIAJHOMY pyci
TOYKHU: abCONOMHA WUBUOKICMb MOYKU NPU CKIAOHOMY il pyCi OOPIBHIOE 2eOMEeMPUYHIL CYMI
NnepeHoCHOi ma 8i0HOCHOT WBUOKOCMEL.

BusnaunmMo npuckopeHHs Touku M npoau@epeHIF0BaBIIN 32 YaCOM BEKTOPHY (PYHKIIIO
ii mBuaKocti y Burisal (31)

§a=dua =dU°+da)ex,5+cT)ex(d—’5) +(d5r) : (34)
dt  dt dt t ). \Ldt ),

3rigHo 3 piBHAHHAM (15) BU3HAUMMO aOCOIOTHI MOX1AHI BEKTOPHUX (QYHKIH p Ta O

dt ), \dt ),
= +
dt ), Udt ),

[lincraBuBIIM 3Ha4YeHHs aOCOJMIOTHMX IOXIJIHUX BEKTOPHMX (QYHKUIH p Ta O, B

=0, +@0,xXp, (35)

r

£
i

X0, =a +@,x0,. (36)

LI
~

r

piBHsSHHSA (34) Ta TPUIHSBIIM A0 yBaru, o MOXigHA BiJl MIBUIKOCTI TOYKH O 3a 4acoM € ii
U, ~ . . . .

MPUCKOPEHHSM d_to =38,, a MOXiIHa BiJ] KyTOBOI IIBHJIKOCTI € KyTOBHUM IIPUCKOPEHHSIM

dao,

dt

= &,, OJIEPKUMO
q, =3+, XP+@,x0, +@,x(0,xp)+a +d,x0, . (37)

Tak sik BekTOpHa cyma a, + &, X p + @, X (CT)e X p ) € TIOBHUM MPUCKOPEHHSAM Ti€1 TOYKHU Tijia

G, e B JaHy MUTb 3HAXOJUTHCS pyXxoma Touka M, Ams sIKoi 1ie MPUCKOPEHHS € MePEHOCHUM
MIPUCKOPEHHSIM

a,=8,+5xp+0,x(®,%p), (38
a TOJBIMHUI BEKTOPHUU JOOYTOK Z(E)e XUr) € KOpPioJIicOBUM (ITOBOPOTHHUM) MPUCKOPCHHSIM
a, = 2(6?)E X0, ) , TO piBHsHHA (37) npuiiMe BUTIIA
a,=a +a +a.. (39)
OcTtaHHs piBHICTh BHpa)XKa€ TEOPEMY PO CKIATaHHS MPUCKOPEHB MPHU CKIATHOMY pycCi
TOUKHU: aOCONOMHE NPUCKOPEHHS MOYKU NPpU CKIAOHOMY iT pyci OOPIGHIOE 8EKMOPHIL CYMi
NEePEeHOCHO20, BIOHOCHO20 MA KOPIONICO8020 NPUCKOPEHD.
3. BucHoBku
Ha ocHOBi aHami3dy BIacTUBOCTEW BEKTOPHUX (YHKI[IH CKaISIPHOTO apryMeHTa ix

rogorpagiB 1 MaTeMaTHYHMX OIepauid HaJ BEKTOPHMMHU (QYHKLISIMA PO3pOOJIEHO
0e3KOOpAMHATHUIM MeTon iX au(epeHIiloBaHHs, SKHM Mae psJ IepeBar B IMOPIBHSAHHI 3
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KOOpAWHATHUM Ta HABCACHO IIPUKIIaIN Horo 3aCTOCYBAaHHA.

Po3pobnennii MeTO € HAOYHO MEPEKOHJIMBHM 1 JOIUIBHUM JJIsi BHKOPUCTAHHS B

HaBYAJIBHOMY IPOIIEeCi TP BUBYCHHI AUCHUILTIHY « TeopeTnyHa MexaHikay.

10.

Cnucoxk BUKOPHCTAHOI JIiTEpaTypu:

MenbaukoBa H. B. OcHOBBI BekTOpHOrO aHanm3a. MHTerpamsl B Teopuu monus /
H. B. MensuukoBa, 0. b. Mensnukos, lO. FO. MenbaukoBa. — ExarepunOypr: I'OY
BIIO «VITY - VI, 2006. 152 C. —  Pexum  pmocrymy:
https://study.urfu.ru/Aid/Publication/368/1/Melnikovs_Vect_analis.pdf .

I'punsoB b. B. Bekropna anrebpa: migpyud. it texdH. BH3 / B. B. ['punpos,
I. K. Kupuuenko. 3a pea. O. M. Jluteuna. — Xapkis: ['imuazis, 2008. — 164 ¢. — Pexxum
JOCTYIY: http://www.e-
catalog.name/x/x/X?LNG=&7211D=&121DBN=VGPU_PRINT&P21DBN=VGPU&S2
1STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S2
1P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D
0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%
D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%8
7.

DNeMEHTBl BEKTOPHOTO aHan3a. OJEKTpOHHOe YyueOHoe mocobue. CoCTaBUTENH:
l'aneeB A. A., YepBukos b. I'. — Ka3zanb: Ka3aHcknil rocy1apCTBEHHBI YHUBEPCHUTET,
2009. — Pexxum moctymy: https://old.kpfu.ru/f3/bin_files/el-v!209.pdf .

MansimeB A. 1. OCHOBBI BEKTOPHOTO W TEH30PHOTO aHaimu3a Ui (DU3UKOB.
DneKkTpoHHOE y4ueOHO-MeToanueckoe nmocooue / A. V. Mansimes, I'. M. MakcumoBa. —
Hwxneroponcknit  yHusepcurer, 2012. — 101 c¢. — Pexum pocrtymy:
https://zzapomni.com/urfu-ekaterinburg/melnikova-osnovy-vektornogo-analiza-2006-
17977 view .

Kwnbuesckuii H. A. Kypc Teopermyeckoir mexaHukd, T. | (KMHEMaTHWKa, CTaTHKa,
nuHamuka Toukd) / H. A. KunpueBckuit. M3a. 2-e. — M.: ['maBHas penmakuus pusuko-
MareMaTH4ecKoi urepatypbl u3aarenbcrsa «Haykay. 1977 r., 480 ¢. — Pexxum noctymy:
http://mechmath.ipmnet.ru/lib/?to=search&s_s1=%CA%E8%EB%FCY%F7%E5%E2%F1
Y%EAYEB%EI&submit_search=%C8%F1%EAY%EQ0%F2%FC .

[TaBnoBckuit M. A.  Teopernueckas  mexanuka. Cratuka.  KunHemaruka  /
M. A. I1aBnosckuii, JI. 0. Axunduera, O. @. boituyk; nmox pen. M. A. [TaBmoBckoro. —
K.: Boeima mk. [omoBHoe wu3g-o, 1989. — 351 c¢. — Pexum pocrymy:
https://www.studmed.ru/download/pavlovskiy-ma-teoretichna-mehanka-
ukr_b09eb95a413.html .

Huxutun H. H. Kypc Tteoperndeckoit MmexaHukd. Y4eOd. I MaIIMHOCTPOUT. U
puOOPOCTPOUT. CHell. By30B 5-¢ uza. nepepad. u gon. / H. H. Hukutun. — M.: Beici.
mk., 1990. — 607 c. — Pexum moctymy: https://www.for-stydents.ru/teoreticheskaya-
mehanika/uchebniki/nikitin-kurs-teoreticheskoy-mehaniki .

Tokap A. M. Teopetnuna mexanika. Kinematuka. Metoau i 3amgadi. HaBy. mociOHuUK /
A. M. Tokap. — K.: JIubigs, 2001. — 416 c¢. — Pexum mocrymy: http://www.irbis-
nbuv.gov.ua/cgi-
bin/irbis_nbuv/cgiirbis_64.exe?Z211D=&I121DBN=EC&P21DBN=EC&S21STN=1&S2
1REF=10&S21FMT=JwU_ B&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S2
1P03=U=&S21COLORTERMS=0&S21STR=%D0%92212%20%D1%8F73 .

byrenun H. B. Kypc Tteopernueckoit mexanuku. B aByx tomax / H. B. byrenun,
. J1. JIyan, . P. Mepkun. — CII6.: U3narensctBO «Jlauby», 2002. — 736 c. — Pexxum
noctymy:  https://www.studmed.ru/download/butenin-kurs-teoreticheskoy-mehaniki-v-
dvuh-tomah_663ca50eb60.html .

[TaBnoBckuit M. A. Teopetnueckas mexanuka / M. A. [1aBnoBckuii, — Kues: Texnuka,

119


https://study.urfu.ru/Aid/Publication/368/1/Melnikovs_Vect_analis.pdf
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
https://old.kpfu.ru/f3/bin_files/el-v!209.pdf
https://zzapomni.com/urfu-ekaterinburg/melnikova-osnovy-vektornogo-analiza-2006-17977/view
https://zzapomni.com/urfu-ekaterinburg/melnikova-osnovy-vektornogo-analiza-2006-17977/view
http://mechmath.ipmnet.ru/lib/?to=search&s_s1=%CA%E8%EB%FC%F7%E5%E2%F1%EA%E8%E9&submit_search=%C8%F1%EA%E0%F2%FC
http://mechmath.ipmnet.ru/lib/?to=search&s_s1=%CA%E8%EB%FC%F7%E5%E2%F1%EA%E8%E9&submit_search=%C8%F1%EA%E0%F2%FC
https://www.studmed.ru/download/pavlovskiy-ma-teoretichna-mehanka-ukr_b09eb95a413.html
https://www.studmed.ru/download/pavlovskiy-ma-teoretichna-mehanka-ukr_b09eb95a413.html
https://www.for-stydents.ru/teoreticheskaya-mehanika/uchebniki/nikitin-kurs-teoreticheskoy-mehaniki
https://www.for-stydents.ru/teoreticheskaya-mehanika/uchebniki/nikitin-kurs-teoreticheskoy-mehaniki
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=EC&P21DBN=EC&S21STN=1&S21REF=10&S21FMT=JwU_B&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=U=&S21COLORTERMS=0&S21STR=%D0%92212%20%D1%8F73%20.
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=EC&P21DBN=EC&S21STN=1&S21REF=10&S21FMT=JwU_B&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=U=&S21COLORTERMS=0&S21STR=%D0%92212%20%D1%8F73%20.
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=EC&P21DBN=EC&S21STN=1&S21REF=10&S21FMT=JwU_B&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=U=&S21COLORTERMS=0&S21STR=%D0%92212%20%D1%8F73%20.
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=EC&P21DBN=EC&S21STN=1&S21REF=10&S21FMT=JwU_B&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=U=&S21COLORTERMS=0&S21STR=%D0%92212%20%D1%8F73%20.
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?Z21ID=&I21DBN=EC&P21DBN=EC&S21STN=1&S21REF=10&S21FMT=JwU_B&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S21P03=U=&S21COLORTERMS=0&S21STR=%D0%92212%20%D1%8F73%20.
https://www.studmed.ru/download/butenin-kurs-teoreticheskoy-mehaniki-v-dvuh-tomah_663ca50eb60.html
https://www.studmed.ru/download/butenin-kurs-teoreticheskoy-mehaniki-v-dvuh-tomah_663ca50eb60.html

ISSN 2076-5851. Bicuuk Yepkacbkoro yHiBepcuteTy. Bumyck Nel. 2019

11.

12.

13.

14.

120

2002. — 510 c. — Pexum JOCTYIIY:
http://btpm.nmu.org.ua/ua/download/ITaBnoBceknii%20M.A.%20Teopetnuna%20mexa
Hika.pdf .

Tapr C. M. Kparkuii Kypc TEOpeTHYeCKOi MeXaHUKH. Y4eOHHK. 9-¢ u3a. crep. /
C. M. Tapr. — CII6.: UznatensctBO «Jlamb», 2002. — 768 c¢. — Pexum noctymy:
https://fileskachat.com/download/49922_c08fcc3fbfcda612dcd3f982250b5e4d.html .
Bonpmapenko A. A., Hy6inin O. O., IlepescmaBueB O. M. Teopernyna MexaHika:
igpyunuk: ¥V 2 u. — Y. 1: Cratuka. Kinematuka. — K.: 3nanns, 2004. — 599 c. — (Buma
OCBiTa XXI CTOJITTS). — Pexum JOCTYIY:
http://pdf.lib.vntu.edu.ua/books/2015/Bondarenko_P1_2004_599.pdf .

Hponr B. . Kypc Teoperndeckoit mMexaHuku. YdueOHWK mis By3oB / B.W. Ipowr,
B. B. ly6unun, M. M. Unsun u ap. [log obmeit pen. K. C. KomecnukoBa. 3-¢ uzj.
crepeorun. — M.: u3a-so MI'TY um. H.D. baymana, 2005. — 736 c. — Pexxum nmoctymy:
http://static.flibusta.site/b.usr/Drong_Kurs-teoreticheskoy-mehaniki.512266.djvu .
I'ynisenps O. A.  BekrtopHi (QyHKLIT CKaJIpHOrO apryMeHTy MpU JOCHIIKEHHSIX
KIHEMaTHUKH To4kH Ta TBepaoro Tuia / O. A. I'ynisens, C. YO. Omniiinuk, I'. A. MapkeBuu
// Bicauk Yepkacbkoro yHiBepcutety. Cepist ¢izuko-matemarnyni Hayku. — 2017, — Ne
1. — C. 138-146. — Pexxum moctymy: http://www.google.com.ua/url?url=http://phys-
ejournal.cdu.edu.ua/article/download/2397/2468&rct=j&g=&esrc=s&sa=U&ved=0ahU
KEwjs2d2K2JvIAhWa7KYKHbMeCJI4AChAWCEEwWCQ&usg=A0vVaw0tn8TsJCb70
P8-wliAV6La .

References:

Melnikova H. V., Melnikov Y. B., Melnikova Y. Y. (2006). Basics of vector analysis.
Integrals in field theory. Ekaterinburh: GOU VPO «UGTU - UPE» (in Russ.) Retrieved
from: https://study.urfu.ru/Aid/Publication/368/1/Melnikovs_Vect_analis.pdf .

Gryniov B. V., Kyrychenko 1. K. Ed. Lytvyn O. M. (2008). Vector algebra: textbook for
technical universities. Kharkiv: Gymnasium (in Ukr.) Retrieved from: http://www.e-
catalog.name/x/x/x?LNG=&7211D=&121DBN=VGPU_PRINT&P21DBN=VGPU&S?2
1STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S2
1P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D
0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%
D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%3

7.

Galeeva A. A., Chervikov B. G. (2009). Elements of vector analysis. Electronic study
guide. Kazan: Kazan National University (in Russ.) Retrieved from:
https://old.kpfu.ru/f3/bin_files/el-v!209.pdf .

Malyshev A. 1., Maksimova G. M. (2012). Fundamentals of vector and tensor analysis
for physicists. Electronic teaching aid. Nizhny Novgorod University (in Russ.) Retrieved
from:  https://zzapomni.com/urfu-ekaterinburg/melnikova-osnovy-vektornogo-analiza-
2006-17977/view .

Kilchevski N. A. (1977). The course of theoretical mechanics, Volume 1 (kinematics,
statics, point dynamics). Ed. 2nd. Main edition of the physics and mathematics literature
of the publishing house «Nauka», Moscow (in Russ.) Retrieved from:
http://mechmath.ipmnet.ru/lib/?to=search&s_s1=%CA%E8%EB%FC%F7%E5%E2%F1
Y%EAYEB%EI&submit_search=%C8%F1%EAY%EQ0%F2%FC .

Pavlovski M. A., Akinfieva L. Y., Boichuk O. F.; Edited by Pavlovski M. A. (1989).
Theoretical mechanics. Statics. Kinematics. Kyiv: Vyshcha shkola, Main Publishing
House (in Ukr.) Retrieved from: https://www.studmed.ru/download/pavlovskiy-ma-
teoretichna-mehanka-ukr_b09eb95a413.html .

Nikitin N. P. (1990). The course of theoretical mechanics. Textbook. For engineering and



http://btpm.nmu.org.ua/ua/download/Павловський%20М.А.%20Теоретична%20механіка.pdf
http://btpm.nmu.org.ua/ua/download/Павловський%20М.А.%20Теоретична%20механіка.pdf
https://fileskachat.com/download/49922_c08fcc3fbfcda612dcd3f982250b5e4d.html
http://pdf.lib.vntu.edu.ua/books/2015/Bondarenko_P1_2004_599.pdf
http://static.flibusta.site/b.usr/Drong_Kurs-teoreticheskoy-mehaniki.512266.djvu
http://www.google.com.ua/url?url=http://phys-ejournal.cdu.edu.ua/article/download/2397/2468&rct=j&q=&esrc=s&sa=U&ved=0ahUKEwjs2d2K2JvlAhWa7KYKHbMeCJI4ChAWCEEwCQ&usg=AOvVaw0tn8TsJCb7oP8-wIiAV6La
http://www.google.com.ua/url?url=http://phys-ejournal.cdu.edu.ua/article/download/2397/2468&rct=j&q=&esrc=s&sa=U&ved=0ahUKEwjs2d2K2JvlAhWa7KYKHbMeCJI4ChAWCEEwCQ&usg=AOvVaw0tn8TsJCb7oP8-wIiAV6La
http://www.google.com.ua/url?url=http://phys-ejournal.cdu.edu.ua/article/download/2397/2468&rct=j&q=&esrc=s&sa=U&ved=0ahUKEwjs2d2K2JvlAhWa7KYKHbMeCJI4ChAWCEEwCQ&usg=AOvVaw0tn8TsJCb7oP8-wIiAV6La
http://www.google.com.ua/url?url=http://phys-ejournal.cdu.edu.ua/article/download/2397/2468&rct=j&q=&esrc=s&sa=U&ved=0ahUKEwjs2d2K2JvlAhWa7KYKHbMeCJI4ChAWCEEwCQ&usg=AOvVaw0tn8TsJCb7oP8-wIiAV6La
https://study.urfu.ru/Aid/Publication/368/1/Melnikovs_Vect_analis.pdf
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
http://www.e-catalog.name/x/x/x?LNG=&Z21ID=&I21DBN=VGPU_PRINT&P21DBN=VGPU&S21STN=1&S21REF=&S21FMT=fullw_print&C21COM=S&S21CNR=&S21P01=0&S21P02=1&S21P03=A=&S21STR=%D0%93%D1%80%D0%B8%D0%BD%D1%8C%D0%BE%D0%B2,%20%D0%91%D0%BE%D1%80%D0%B8%D1%81%20%D0%92%D1%96%D0%BA%D1%82%D0%BE%D1%80%D0%BE%D0%B2%D0%B8%D1%87
https://old.kpfu.ru/f3/bin_files/el-v!209.pdf
https://zzapomni.com/urfu-ekaterinburg/melnikova-osnovy-vektornogo-analiza-2006-17977/view
https://zzapomni.com/urfu-ekaterinburg/melnikova-osnovy-vektornogo-analiza-2006-17977/view
http://mechmath.ipmnet.ru/lib/?to=search&s_s1=%CA%E8%EB%FC%F7%E5%E2%F1%EA%E8%E9&submit_search=%C8%F1%EA%E0%F2%FC
http://mechmath.ipmnet.ru/lib/?to=search&s_s1=%CA%E8%EB%FC%F7%E5%E2%F1%EA%E8%E9&submit_search=%C8%F1%EA%E0%F2%FC
https://www.studmed.ru/download/pavlovskiy-ma-teoretichna-mehanka-ukr_b09eb95a413.html
https://www.studmed.ru/download/pavlovskiy-ma-teoretichna-mehanka-ukr_b09eb95a413.html

Cepist «Pi3uxo-mMaTeMaTH4Hi HayKm», 2019

10.

11.

12.

13.

14.

15.

instrument-making specialties Universities 5th edition revised and enlarged. Moscow:
Vysshaia shkola (in Russ.) Retrieved from: https://www.for-stydents.ru/teoreticheskaya-
mehanika/uchebniki/nikitin-kurs-teoreticheskoy-mehaniki .

Tokar A.M. (2001). Theoretical mechanics. Kinematics. Methods and tasks. Teaching
Manual. Kyiv: Lybid (in Ukr.) Retrieved from: http://www.irbis-nbuv.gov.ua/cgi-
bin/irbis_nbuv/cgiirbis_64.exe?Z211D=&I21DBN=EC&P21DBN=EC&S21STN=1&S2
1REF=10&S21FMT=JwU_B&C21COM=S&S21CNR=20&S21P01=0&S21P02=0&S2
1P03=U=&S21COLORTERMS=0&S21STR=%D0%92212%20%D1%8F73 .

Butenin N. V., Lunts Y. L., Merkin D. R. (2002). The course of theoretical mechanics. In
two volumes. St. Petersburg.: Publishing House «Lan» (in Russ.) Retrieved from:
https://www.studmed.ru/download/butenin-kurs-teoreticheskoy-mehaniki-v-dvuh-
tomah_663ca50eb60.html .

Pavlovski M. A. (2002). Theoretical mechanics. Kyiv: Tehnika (in Ukr.) Retrieved from:
http://btpm.nmu.org.ua/ua/download/ITaBnoBchknii%20M.A.%20Teopetnana%20mexa
Hika.pdf .

Targ S. M. (2002). Short course in theoretical mechanics. Textbook. 9th Edition. St.
Petersburg.:  Publishing  House  «Lan» (in  Russ.) Retrieved from:
https://fileskachat.com/download/49922_c08fcc3fbfcda612dcd3f982250b5e4d.html .
Bondarenko A. A., Dubinin O. O., Perciaslavtsev O. M. (2004). Theoretical mechanics.
Textbook in 2 Volumes — Volume 1. Static. Kinematics. Kyiv: Znannia (in Ukr.) Retrieved
from: http://pdf.lib.vntu.edu.ua/books/2015/Bondarenko_P1_2004_599.pdf .

Drong V.1, Dubinin B.B., Ilin M. M. and others. Under general edition by
Kolesnikova K. S. (2005). Theoretical mechanics course. Textbook for high schools. 3rd
Edition. Moscow: Publishing House MGTU named after E.E. Bauman (in Russ.)
Retrieved from: http://static.flibusta.site/b.usr/Drong_Kurs-teoreticheskoy-
mehaniki.512266.djvu .

Gulivets O. A., Oliinyk S. Y., Markevych G. A. (2017). Vector functions of the scalar
argument in the study of point kinematics and solids. Visnyk Cherkaskoho universytetu.
Seriia fizyko-matematychni nauky (Bulletin of Cherkasy University. Series of Physics and
Mathematics), 1, 138-146. Retrieved from:
http://lwww.google.com.ua/url?url=http://phys-
ejournal.cdu.edu.ua/article/download/2397/2468&rct=j&q=&esrc=s&sa=U&ved=0ahU
KEwjs2d2K2JvIAhWa7KY KHbMeCJI4AChAWCEEwWCQ&usg=A0vVaw0tn8TsJCh70
P8-wliAV6La.

0. A. Gulivets
Candidate of Technical Sciences, Associate Professor, Department of Applied
Mechanics and General Engineering, Mechanical Engineering Faculty,
Kryvyi Rih National University

S. Y. Oliinyk
Assistant Professor, Department of Applied Mechanics and General Engineering,
Mechanical Engineering Faculty, Kryvyi Rih National University,
oleynic.sveta@gmail.com

NON-COORDINATE METHOD OF DIFFERENTIALIZATION OF VECTOR
FUNCTIONS OF THE SCALARY ARGUMENT

Summary. The purpose of this paper is to develop a coordinate-free (vector) method for

differentiating vector functions of a scalar argument.

Based on the representation of the increment of the vector function of the scalar
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argument, which simultaneously changes in direction vector and modulus, as the sum of the
increment due to the change in direction and increment due to the change in its modulus,
mathematical dependencies are obtained for coordinate-free vector functions of the scalar
argument that describe the mechanical phenomena occurring in the fixed and moving reference
systems.

In theoretical mechanics, the methods of vector algebra and vector analysis are widely
used. Vector calculus due to the compactness and physical clarity of vector formulas has a
great advantage over the coordinate method. In modern conditions of higher education, when
the number of hours for classroom training is rapidly decreasing, there is an urgent need for
studying theoretical mechanics to apply such methods of performing mathematical operations
on vector quantities that would convincingly and with little time consumption allow to carry
out proofs of certain theoretical positions. As you know, there are two methods for performing
mathematical operations on vector quantities: coordinate-free one (or vector), when operations
are performed directly on vectors, and coordinate one, in which operations are performed on
scalar values that analytically express a vector in a certain coordinate system. The coordinate-
free method is more compact and should be used when conducting theoretical studies. Based
on the hodograph analysis of the vector function of a scalar argument, the vector which
simultaneously changes in direction and modulo it has been established that the increment
vector of this function when the scalar argument changes is equal to the geometric sum of the
increment of this function due to the change in the direction of its vector and the increment
resulting from functions. Based on this, it was found that the vector of the derivative of the
function of a scalar argument consists of two components: the vector of the derivative, which
characterizes the rate of change in the direction of the vector of the function and the vector of
the derivative, which characterizes the change in the modulus of the vector. The paper also
considers the case of differentiation by the coordinate method of the scalar argument function,
which characterizes a mechanical phenomenon that occurs in a certain frame of reference,
which moves relative to other frames of reference, one of which is taken as fixed. It has been
established that the absolute derivative of the vector function of the scalar argument in this
case depends on the angular velocity of rotation of the moving reference systems and the
dependence that characterizes this relationship.

The developed coordinate-free method for differentiating the vector functions of a scalar
argument, the vector of which simultaneously changes in direction and modulo, which is based
on the analysis of the properties of the hodograph of the function, is original.

ApplicationsThe use of the developed coordinate-free method for differentiating the
vector functions of the scalar argument can be used in the educational process and can makes
it possible to carry out the proofs of a number of theoretical positions on the subject
“Theoretical Mechanics” more convincingly and with less time consumption (see References
14, figures 3.)

Keywords: vector, function, scalar, argument, hodograph, differentiation, derivative.
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