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We investigate regularities of internal stresses formation in metal condensates (Cu, Al, Cr,
Au) and the peculiarities of self-organization processes in monocrystalline silicon substrates. The
behavior of interphase interaction parameters on "metal film (Cu, Al, Cr, Au) - silicon" and
during the phase transition in "melt (metal) - solid phase (metal)" on the investigated substrate
were analyzed. The evaluation method of time formation of maximum internal stresses in metal
condensates on solid substrates and mechanism of their formation were proposed. On "Si - metal
(Cr, Cu, Au, Al)" interface, the energy parameters values of interfacial interaction: interfacial
tension, interfacial energy, adhesion work and adhesive bonds energy were evaluated.

Keywords: interphase, interfacial tension, interfacial energy, adhesion work, adhesive bonds
energy.

Introduction.

Without commonality detracting, it can be stated that mechanical stresses arise at the
"solid substrate - metal condensate” boundary because of the intense energy dissipation of the
condensed atoms high-energy flow that is balanced by the interaction with the substrate. It is
believed that the total amount of mechanical stress is equal to additive sum of internal
(intrinsic) o; and thermal oy, stresses values: o =0j + 0y, [1, 2]. The nature of the

thermal stress component o, has been well studied for many metallic condensates [3, 4].

Thanks to complex studies of many metal condensates, the problem of its minimization is
solved today (mostly by technological methods) even in quite complex systems - modern
structures of microelectronics (e.g., [5-8]). However, the nature of o; intrinsic (internal)

component of mechanical stress is still debatable. There is also no physical vision of
mechanical stresses nature in nanocondensates. Basic structural factor to interpret their nature
is used. In general, it is believed that the internal stresses are caused by peculiarities of film
formation process, the disequilibrium of the condensation process, recrystallization and
interaction of condensates with residual gases [1, 9-11].

The accumulation of huge amount of experimental material in the physics field and
technology of thin films today made it possible to formulate some empirical regularities
(mostly of the technological plan) of intrinsic stresses evolution in thin films [1,2, 12-14 ].
However, the mechanism of grain boundaries growth in thin films and physical formation
mechanisms of internal stresses based on thermodynamic approach, taking into account
changes in surface and interfacial energies have not substantiated. Today, there is no such
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theory for explanation of mechanism of initial condensate growth in the form of island-
nanodispersion state. The understanding of macro- and micro-processes responsible for the
internal stresses formation will provide the possibility of metal condensates deposition with
improved characteristics by means of systematic changes in their internal structure and
interphase interaction on “condensate-substrate™ boundary.

This work purposes to clarify the growth regularities of internal (inherent) stresses in
metal condensates on monocrystalline silicon. Which reflect the dynamics of interphase
interaction from the stage of island-nanodisperse condensate to continuous film, and to
substantiate their formation mechanisms from the standpoint of thermodynamics.

Experiment

Internal stresses oi(d) Kinetics in Cr, Cu, Au and Al metal condensates during their
deposition on unheated (111) surface silicon substrates were experimentally investigated. Thin
metal films were grown in VUP-5A at vacuum condition not worse than 10° Pa by the
condensating thermally evaporated metal vepor on substrate surface. As substrates, chemically
polished surfaces obtained by scribing monocrystalline silicon plates of KEF - 4.5 (111) were
used. After the final etching in standard CP-4 polishing etch, the substrates had dimensions of
70x4x0,25 mm3. To remove residual mechanical stresses caused by previous mechanical
processing, the plates were annealed in a vacuum at temperature of 1000°C (£1°C). The
technique of synchronous control of internal mechanical stresses o;(d) in metal condensates

on solid substrates is described in detail [15].

Results

The general regularity of o,(d) dependencies for Cu, Cr, Al and Au films is two-stage
nature in internal stresses evolution during the vacuum condensates growth on monocrystalline
silicon substrates [15, 16]. In particular, there is sharp increase in o at first stage to the
maximum value o, at given condensation rate  and their further decrease with increasing
film thickness in the second stage. Schematically, such dependence is shown in fig. 1. The

obtained regularities are typical for studied metals.
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Fig. 1. Schematic dependence of internal stresses kinetics of metal condensates on silicon.
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The analysis of experimental dependences confirms the positions of characteristic
maxima o, for given sedimentation rate fit on straight line d,, =kea, in the coordinates
dne (@) (fig. 2).
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Fig. 2. Dependence of o ,,,, maximum stresses position on the experimental dependences of o(d) by
thickness in metal condensates on their deposition rate @ .

Note that, in addition to Cu and Al, maximum stress coordinates for Cr and Au films are
also superimposed on the same line. Therefore, for silicon substrate, the angular coefficient of
slope dependence is the same for all studied condensates: Cr, Cu, Au, Al. Since parameter
k=Aoy,,/Aw (fig. 2) specifies angular coefficient of straight line slope has the dimension of

time. It is logical to assume that it determines the condensates transition time from highly
dispersed (island) structure to continuous film with spatial framework over the entire area of
substrate at different rates of their deposition in relation to the given substrate crystallographic
orientation. For the listed metals this time is the same, is about 220 s. It’s correspond to the
time of condensate Ostwald ripening. Pointing the characteristic points of different metals on
one line, proves the dominant role of substrate in mechanical stresses evolution at initial stage
of Cr, Cu, Au, Al condensates growth. Therefore, internal mechanical stresses formation in
copper, gold, aluminum and chromium nanocondensates on silicon surface self-organization
processes on the part of the silicon substrate exert dominant influence. That provides
equivalent conditions for spreading of non-equilibrium island in to disperse structure.

Let us analyze the role of substrate in mechanism of o, stresses evoltion in metal

condensates according to data on fig. 2. In this regard, it should be emphasized that maximum
values of o, for studied metals are reached at the smallest thicknesses in Cr condensates

(=50 nm). As we can see, Al condensates have the greatest thickness to achieve the maximum
stress level. In this context, it is appropriate to consider the interface interaction in "metal
condensate - silicon" at the atomic level, taking into account the potential ability of the
substrate atoms, on the one hand, and the metal condensate, on the other hand, to form
chemical bonds.
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Silicon have relatively high electronegativity (~ 1,8 according to Pauling [17]), is capable
of greater electron attachment than condensed metals (Cr —1,56; Cu — 1,76; Au —1,42; Al —
1,47). Therefore, such interaction will be accompanied with electrons transfer to silicon.

For the studied systems, the value of Xsi.me is always less than 0,4, which, according to
[17] is accompanied by covalent bond action by partial electrons transfer from atoms with
lower electronegativity (metals) to atoms with higher electronegativity (Si). The share of the
ionic component will not exceed ~ 10%.

The adhesive properties of "silicon-condensate™ interphase will determined precisely by
such interaction. A decrease in the electronegativity of the metals in the given series (Cr, Cu,
Au, Al) relative to electronegativity of the substrate should accompanied by increase in the
level of intrinsic stresses on interface boundary, since the role of the substrate in the formation
of bonds with adsorbed atoms increases. Copper stands out here, which has an abnormally high
electronegativity value among the listed metals. By the way, we note that this metal also has
abnormal parameters in terms of other properties, in particular, a high diffusion coefficient,
great plasticity, as well as the ability to twin and recrystallize even at room temperatures.

Note that ability to reconstruct, in which the surface structure changes within wide limits
during the deposition of submonolayer adsorbate coatings, is one of the characteristic
properties of covalent crystals surface (in particular, silicon) [18]. More than 300 such
structures - atomic reconstructions on a silicon substrate of various orientations have been
found [19].

Such surface modification changes many of its properties and can be used as process
control parameter of nanostructures self-organized growth. We emphasize that we are not
talking about buffer layers, which actually replace the material of the substrate, forcing the
growth of "sandwiches". Surface modification by sub-monolayer reconstruction is designed to
ensure the self-assembly process, while preserving such characteristics as low roughness, high
crystal perfection, and low defect density.

From this point of view, the described self-organizing processes are those that take place,
most of all, not in the deposited film, as is realized in molecular-beam epitaxy of the
"semiconductor-semiconductor” type by creating certain spatial-periodic structures on the
surface of the substrate, but by means of silicon surface reconstruction under the deposited
metal with AX <0,4. Later in the deposition process, this reconstructed surface will provide
the same rheological properties of condensed drops and close conditions of thermalization of
the molecular beam of Cr, Cu, Au, Al deposited metals on the silicon surface. The last factor
determines the original dependence shown in fig. 2. The given differences for o, in number

of studied metals can be explained, obviously, only from the point of view of the peculiarities
of the adhesive properties of metals on silicon substrates.

Thermodynamic description of interphase interaction in "'silicon - metal''. Energy
and adhesion parameters

The basis of the mathematical model for describing the interphase interaction in the
studied systems is the ratio of non-equilibrium thermodynamics and physics of the surface of a
solid body. We will investigate the change in energy and adhesive parameters of the
thermodynamic state at "metal film - silicon substrate” interface by equations that describe
mechanical and electrical processes on surface layers [20].

A structurally sensitive parameter on "substrate-film" interface is interphase energy [21].
To evaluate, we will utilize the procedure of transition from surface energy to interphase
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energy [20]. Consider the macroscopic model of solid body surface layer (fig. 3, a), in which
the region x>0 (V;) occupies the solid body, and x<0 (V,) — air (x,y,z — cartesian
coordinates). The surface layer is conventionally represented by deformed ions, the electric
charge of which is balanced by a spatial electron cloud. As a result of the reconstruction of the
surface layer, mechanical stresses arise: compressive o, along the x-axis and tensile - along

the y axis. The corresponding distributions charges and mechanical stresses are presented on

fig. 3 (b,c,d).
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Fig. 3. Model of surface layer, electrical charges distributions and mechanical stresses.

We present the correlation of surface layer thermodynamic model in metal region (x >0)

in coordinates ¥, y, z in the form of four equations system according to [16, 20]:
dive+ poE =0; Ap=pCol &y;

oy =[(K—2G/3)e — o, KAT — K Bp5; + 2Gey; ;

ay = pw=pC,(0—nAT)+ pKe;

2
oy+p=0 for x=h, p=-@,; p+y =const; GXZ—S—;(%—‘P] at x=0;
X

h
0 o(y + )
GhZIGde, Oy =0y, y=n+<&r, a_f(/:)/ngh:Ol
0



8 B. Koman, V. Yuzevych, R. Bihun
ISSN 2224-087X. Electronics and information technologies. 2023. Issue 21

where oy, — surface tension; y — surface energy (SE); oj;, €; — components of stress tensors

o, deformation € (i, j = 1, 2, 3); oy; =0y; 0y =0y ; J; — Kronecker symbols; e;; is the first

ij
strain tensor invariant; p — density of material; p = 100 kPa - atmospheric pressure; m,,® —
spatial and mass densities of electric charge respectively; ¢=® —®,— deviation of the ®
modified potential of the electric charge from its equilibrium value @, in the volume of body;

W — scalar potential of electric field intensity; w =W —¥, — deviation of ¥ from its

h h
equilibrium value ¥,; E=grad¥ — electric field strength; ylzjwldx, ;/Z:J.wzdx -
0 0

& [ OF

. . 2 c,(c, —4vo,) (l—v)csi
electrical and mechanical components of SE; w; Y W, = -
X

2E E

— density of electrical and mechanical components SE; h — effective thickness of the surface
layer; AT =T —T, — temperature change; K, G — comprehensive compression and shear

coefficients; C; is the specific electrical capacity of unit mass of continuous medium;

k =,/,ocq,/g0 v &, k. ap, By —physical characteristics of the material, which are included

in the equation (3.2) [10]; W +®, w +¢ — electrochemical potential of conduction electrons

and it’s changes (increase).
The distribution of electric charges ® and mechanical stresses oy in the vicinity of

surface layer can be found with relations (1) — (3), utilize method of o and e; series

expansion by a small parameter by, = f®,. Surface tension o}, and y energy are determined

with (4), utilize distribution of electric charges and mechanical stresses with (1) — (3) and
taking into account the condition of equilibrium (quasi-equilibrium) of the surface layer (the
third equation from (4)).

Evaluation of silicon surface energy. The parameters ratios of mechanical and electric
fields in silicon are similar to (1)—(4). Since the polarization of atoms in silicon near the metal
surface is quite large, we will use the approach according to which the surface energy
Y4 =74, TSa7q, along with the mechanical y4, , the component y, is taken into account,

which characterizes the bound electric charges distributed in thin layer (the approach of I.E.
Tamm) [22].

For silicon, the state parameter will be the modified chemical potential of the bound
electric charges Z; and the density of bound electric charges «; [22]. At the same time,

2
W, :g_;[aa_\llj is specific energy of bound electric charges field; z4 =Z; -2, potential
X

change (deviation of potential Z; to its equilibrium value Z, far from the surface of the

body); b,y =424 is a small parameter that we utilize similarly to the case of metal since the

pondemotive force in metal is nonlinear.
Evaluation of interfacial energy and tension. The interfacial energy y,, and the tension

o, at the metal-silicon interface are determined similarly to relations (3), taking into account
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that the interfacial layer consists of two parts and its effective thickness is h +h,
(—h, <x<h):

hy hy hy
Ym=Ya+SmVsr V4= ledX; V5= .[Wzdxl Om = J.O'de, Oy =0y, ®)
—~h, —h, —h,
where &, is an empirical parameter found by solving problem.
To estimate o, and charge density Q,, of double electric layer in the metal region, we
use relationship:

hy
O =0~ Qn = [ pootx ©)
where oy, is the surface tension of silicon in contact with air.
The equilibrium condition of the interphase layer (that is, for y,,) and the approximate
relations on the conditional boundaries that limit the area of the interphase layer (at x=h and
x =—h) are written in the form (analogous to (3) for y):

Orm _ ra+Eys) . o po
6km: p ; oy +p=0 (x=+h); oy +p=0 (x=-hy). (7
Here, the index (+) corresponds to the metal parameters, and (-) to silicon;

p = 100 MPa — hydrostatic pressure.
Boundary (marginal) relations. The boundary conditions for interface between media
(at x=0) corresponding to the electric double layer can be written as:

O, =Dy} 2_=-Z,; Jy == Oy =0y; 0y =0},
i"=0; E/=E;; Dy -D, =Q, C))

t_

- -t -
y =05 - mechanical stresses along the normals, U~ - displacement; Ef-

where oy, ©

+

tangential component of intensity electric field; D, , P, - components of induction electric
field and polarization vectors, which are directed along the normal (along the x-axis) to the
interface between the media (x=0);Q is the charges (excess, uncompensated) surface
density created by free electrons. If the metal surface is not externally charged, then 2=0.
Adhesion work and adhesive bonds energy. The work of adhesion A, and the excess

energy vad Of the "metal - silicon" interface that concentrated in the neighbourhood of interface
are determined based on relations [20]:

Asd =Oh+04h —Oms Yad =7h T 7dh —Vm> 9)
where y, - surface silicon energy on air interface. The first expression for A,y (9) is well-
known ratio of physical chemistry, second expression y,4 (9) is entered in the same way as for
A4 — “adhesive bonds energy”.

For numerical calculations of energy and adhesion characteristics of the interphase layer
of contacting interfaces according to above method, based on (1) — (9), the following values of
physical constants were used for silicon (index “+”) and metals Cr, Cu, Au, Al (index "-") [
23,24 1:
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E, =138TITa; v, =0,27; @, =5-10% I/ oy, = 1,328 H/™, y, = 1,182 Jlx/m? (Si);
E_=279TTa; v_=0,21; @_=8,33-108 1/m% oy,_=2,51 H/™m, y_=1,854 Jlx/m? (Cr);
E_=132TITla; v_=0,34; w_=8,45-10% 1/m% &},_=2,16 H/m, y_= 1,992 Jlx/m? (Cu); (10)
E =220TTla; v. =0,44; o_=3,4-10% I/M% oy,_=1,89 H/m, y_=1,18 Jlx/m? (Au);
E_=70TMa; v. =0,35; w_=18,6-10% 1/m% o,_= 1,22 H/m, y_= 1,043 Jlx/m? (Al).
Surface energies y, and y_ were evaluated for "metal - silicon" interface by method of
atomic interactions with Born-Mayer forces uqg [20]:
2
uaﬁ:q——%ﬂ—i%ﬂ+baﬁexp(zﬁj, 11)
where q is the electric charge of the particles; R, ; is the distance between particles o and

B Cup, Ay, b,z are materials constants; pq is the "stiffness” parameter.

Based on small-parameter expansion method [20, 25] (small parameter for metal is
by =b®d,, small parameter for semiconductor is by, =b-Z:) with equations (1)—(11) after
solving contact-boundary problems at room temperature the value of material energies and
adhesive characteristics of "Si - metals (Cr, Cu, Au, Al)" interphase layer were evaluated. The
calculations are given in the table. 1 (contacting systems are placed in order of increasing
maximum stress values o, = o).

Table 1. Thermodynamic parameters of interaction in the system of "metal condensate - single crystal
semiconductor substrate (Si,Ge)"

(AX - electronegativity difference; y,, - interphase energy, o, - interphase tension; A, - work of
adhesion, y,4 - energy of adhesive bonds, Q,, is the interphase charge). Z,4 = Ay / Vag

Surface | AX Vm Om Pag Yad | 7,4 = Ayl yag Q-
J/m? N/m N/m J/m? K/m?
Si-Cr(sol) | 0,34 | 031 0,75 3,00 272 1,13 0,126
Si-Cr (liq) | 0,34 | 0,20 0,52 2.10 1,92 1,09 _
Si-Cu (sol.) | 0,14 | 0,27 0,61 2,88 2,90 0,99 0,123
Si-Cu(lig) | 0,14 | 0,18 0,41 1,88 1,90 0,99 _
20';‘;‘ 0.38 1 012 0,37 2.84 224 1,27 0,093
Si-Au (liq) | 0,38 | 0,76 0,25 1,92 1,82 1,05 _
Si-Al (sol.) [ 0,33 | 0,08 0,10 224 215 1,08 0,099
Si-Al(p) | 033 | 0,05 0,07 1,62 1,70 0,95 _
GeCr | 045 ] 041 0,89 2.25 2,06 0,26 0,150
GeCu |025| 0,20 0,46 273 271 0,37 0,110
Ge-Au |058| 007 0,24 2,68 2,01 0,45 0,078
GeAl |054| 022 0,46 1,79 1,74 0,34 0,125
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The characteristic parameter of silicon-metal interfaces is value of interacting materials
electronegativity difference, which does not exceed 0,4.

The evaluated data contain quantitative information about the features of interphase and
adhesive interactions on "semiconductor - metal (Cr, Cu, Au, AD)" interface. In particular, in
analyzed series of "Si — Me" interface, the o, increase is accompanied with decrease of

interfacial energy, interfacial tension, and adhesion work. A similar regularity is observed for
new parameter y.4 (adhesive bonds energy), evaluated with macroscopic parameters (it

characterizes the level of particles energetic interaction in the near-surface layer). Exceptions
was found only for copper, which is "anomalous”, as already mentioned for other relation.
Such tendency change can be characteristic for other systems as well, if it is necessary to
predict changes in the level of maximum internal stresses and predict adhesive properties.
Another feature in behaviour of interfacial interaction parameters is constancy of interfacial
charge Q,, (the charge of the conventional covering of the electric double layer in the metal
region) on "Si — Me (Cr, Cu, Au, Al)" (Q,,) interface.

Therefore, the self-organizing role of substrate during condensation of listed metals will
be distinguished by values of electronegativity of substrate materials and condensate.

The difference in energy parameters of interphase interaction of deposited metals,
indicates different adhesive abilities of such interfaces. In addition, it is precisely due to this
factor that some differences in the morphology of the deposited metal condensates against the
background of the self-organizing effect of the Si substrate should be expected, which is
observed according to the results of AFM microscopy [26].

The determining factor (table 1) is jump in interphase interaction parameters y.,,, oy, ,

Ay and y.4, which is typical phenomenon for first kind phase transition of melt (Cu —

substrate (Si) — melt (Cu) — substrate (Si).

Such phenomenon is in all condensed metals and indicates the change in the alternative
mechanism of interphase interaction in the dynamic transition in the "condensate - substrate"
system when the nanodispersed liquid substance transmit to island structure.

For comparison, let's consider energy and adhesion parameters of Ge-based systems,
which is similar in physical properties to Si, but has higher electronegativity ( AXg, =2,01).

The last factor determines the value of the electronegativity difference AXg._pe > 0,4 (except

for Cu) for the selected metals, which ensures dominance in the interphase layer of contacting
boundaries of the ionic-covalent bond type. Table 1 shows thermodynamic and adhesion
parameters of the investigated Ge-based systems. It follows from the given data that these
interphase do not have significant differences in the behaviour of the parameters, compared to
the similar ones for the "Si — Me" systems, although they differ in absolute value. It’s possibly
this situation is the relatively insignificant contribution of the ionic component to the
interphase interaction of such contacting systems. However, the interphase energy for such
series of metals decreases, similarly as for Si-based substrate, but doubles these values for Si —
Cr, Si — Al. A similar tendency is revealed by the interfacial tension and adhesion work. It is
likely that better adhesion should be expected in contacting systems with dominance of
covalent bonding. The interphase charge Q,, (coating charge of electric double layer) on "Ge —

Me" boundary also does not undergo significant change.
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Conclusions

The peculiarity of interphase interaction at the boundary of "metal nanocondensate (Cu,
Al, Cr, Au) - solid substrate (Si)" is dominated with self-organization processes on silicon
substrate surface, which provides equivalent conditions for wetting of non-equilibrium island-
dispersed metal condensate. The degree of self-organizing role of substrate in nanocondensates
formation process is determined by electronegativity difference AX value of substrate
materials and the condensate (for silicon and deposited metals, the condition AX<0,4 is
fulfilled, which ensures stable covalent bond in the "silicon - metal nanocondensate™ system).
The time of maximum level formation of internal stresses (time of Oswald ripening according
to the two-stage dependence) at condensation of copper, gold, aluminum, and chromium on Si
(111) substrates at speed 0,03-2,0 nm/s is constant (220 c¢) and is determined by self-
organizing role of silicon surface crystallographic orientation (111). The jump in interphase
interaction parameters y,,,, o,. Ay and y.4, during phase transition at “melt (Cu) —

substrate (Si)” — “solid phase (Cu) — substrate (Si)” was detected.
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BHYTPIIIHI MEXAHIYHI HATIPYKEHHSI TA CAMOOPI AHI3AIIIHI
IMPOLECH B CUCTEMI “KPEMHIUN ~-METAJIITYHUU KOHAEHCAT”

B. I1. Koman, B. M. IO3eBuy, P. I. Biryn
Jlveiscokuil nayionanvuull yHigepcumem imeni leana Opanka,

eyn. [pacomanosa 50, 79005 Jlvsis, Yrpaina,
bohdan.koman@Inu.edu.ua

[Ipupoxgy TepMiuHOi KOMIIOHEHTH MEXaHIYHHX HANpYXEHb GOrep BHBUCHO Ha CHOTOIHI
JIOCTaTHBO JI0Ope Uit 0araTboX METaTiyHMX KOHJEHCATIiB. 3aBISKM YHCICHHUM IOCIIHKEHHSIM
npoGiieMy i MiHiMi3awii BUPIIIyIOTh CHOTOJHI HABITh Yy JOBOJI CKIaAHUX CHCTEMaX — pealbHHX
CTPYKTypaxX Cy4acHOi MIKPOCICKTPOHIKU (31eOUIBIION0 TEXHOJOTIYHUMH MeToaamu). OnHak,
IIPUPOJa BIACHOT (BHYTPIIIHBOT) KOMIIOHEHTH MEXaHIYHOTO HAaIPY)KEHHS 1 JOCi Ma€ UCKYCIHHIN
xapaktep. ICHyIOTh Juine IeBHI MOJENbHI HPEICTaBICHHS MEXaHi3MIB BHHHMKHEHHS TaKHX
HanpyXeHb. BifcyTHe Takox (ismuHe OauyeHHS NPUPOIU MEXaHIYHUX HANpYXEeHb Y METalIeBUX
HAaHOKOHJEHCATaXx.

VYHIKaTbHUM pe3yJNbTaToOM pPOOOTH € BHSABICHA IUHAMIKA XapaKTEpPHOTO MAaKCUMyMy
HanpyXeHb Gme HAHOKOHJEHCATIB BiJ LIBUAKOCTI IX OCa/pKEHHS. BCTaHOBICHO, IO MaKCUMyM
Omo BKJIIAIOTHCS Ha TMPSAMY JIHIIO BiJl IIBUIKOCTI KoHAeHcaril. Ha o xx miniro, kpim Cu ta Al,
BKJIAJAIOTHCS TAKOXK 3HAUCHHS] MAKCHMAJIBHUX HANpy)XeHb s wiiBok Cr ta Au. TakuM 4uHOM,
JUIS KPEMHIEBOI MiJKIAIKH, KYTOBUH KOCOII[IEHT HaXWIy TaKOl 3aJIe)KHOCTI OJHAKOBUH st
JOCIHiKyBaHUX MeTaniyHux koHaeHcatiB: Cr, Cu, Au, Al. KytoBuii koedilieHT HaxXwIy HpsMof,
Ma€ PO3MIPHICTh Yacy - 4yac MEepexo]y METaTiYHUX KOHJCHCATIB BiJl OCTPIBKOBOI CHCTEMH IO
CYUUTBHOI IUTIBKH 3 MPOCTOPOBHUM KapKacOM IO BCiH IUIOMII MiAKIAIKH 33 Pi3HUX MIBUIAKOCTEH
IXHBOTO OCa/UKEHHS CTOCOBHO 3a/1aHOi KpucTaiorpadiuyHoi opieHTamii migknaakd. Jms
JIOCTI/DKYBAaHUX METaNliB, XapaKTepUCTUYHUI Yac OJHAKOBHU 1 cTaHOBUTH Onm3bko 220 c. Bin
BIJINIOBia€, dYacy OCTBAIBJIBCHKOTO JO3PiBaHHSI METAJICBOrO KOHIEHCATy Ha IOBEPXHI
MiAKTaAKA. YKIaJaHHS Ha OJIHY JIIHIIO XapakTepPHHMX MaKCUMyMIB HalpyXeHb A8 PI3HHX
METaJliB, 3aCBiUY€ MepeBaKalouy poJib MiKIAAKN Y GopMyBaHHI [IUX HANPY>KEHb Ha OYATKOBIH
cranii koHaeHcanil Merainy. @opMyBaHHIO BHYTPIIIHIX MEXaHIYHUX HANpPy>KeHb, Y METAIIYHHX
nanokongencarax Cu, Au, Al ta Cr, 3ymMOBIeHe BILUIMBOM MpOIECY camMoopraHisaiii 3 GOKy
MAKIAIKY, IO 3a0e3Medye OJHAKOBI YMOBH PO3TiKaHHA HEPIBHOBAXXHOT METAJIYHOI OCTPiBIIEBOL
HAHOIUTIBKH T10 TOBEPXHI KPEMHIIO.

B po6ori mocmimkeHo 3aKOHOMIpHOCTI (hOpMyBaHHS BHYTPILIHIX HANpy>KeHb B METAJiYHUX
korngencatax (Cu, Al, Cr, Au) Ta 0COOJHMBOCTI caMOOpraHi3aliifHUX MPOIECIB y MiAKIaaAKaxX
MOHOKPHCTaJIIYHOTO KpeMHilo. [IpoaHanizoBaHo MOBeAIiHKY mapaMeTpiB MixkdazoBoi B3aeMoii B
cucremax “meraniyna rutiBka (Cu, Al, Cr, Au ) - kpemHiif” Ta 3a ¢a3oBoro nepexony “ posas
(metanm) - TBepha (aza (Mmerayn) ” Ha JOCTIIKYBaHii MiAKIaali. 3ampoOMOHOBaHA METOIUKA
OLIIHIOBAaHHs 4Yacy (OpMyBaHHS MAaKCHMAQJIBHUX BHYTDIIIHIX HampyXeHb B METaJidyHHX
KOHJICHCATaX Ha TBEPIOTLIBHUX IIJKIAJKAX Ta MEXaHi3M ix ¢popmysanHs. s cucrem “Si — me
(Cr, Cu, Au, Al)” po3paxoBaHi 3HaU€HHsS CHEPreTUYHUX IapaMeTpiB MiX(a30BOi B3aEMOIIi:
Mik(a30BOro HATATY, Mixk(pa3z0Boi eHeprii, poOOTH aare3ii Ta eHeprii aAre3iifHNX 3B’ A3KIB.

Knrouosi cnosa: mixdazoBa rpaHmis, Mik(azoBa B3aeMomis: cHia Mik(}a30BOTO HATATY,
eHepris Mik($a3zoBoi B3aeMo/Iil, poboTa aaresii, eHepril afare3ifHUX 3B’ A3KiB.
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