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MODEL OF POROUS CU3SN FORMATION BY THE FLUX-DRIVEN
CELLULAR PRECIPITATION

Just discovered new morphology formation (porous Cu3Sn with lamellar structure) is
discussed. Several possible explanations are compared. The most reasonable seems to be an
explanation by the new-developed theory of Flux-Driven Precipitation in open system. Simple
formulae for prediction of the lamellar structure parameters and of the propagation velocity
are obtained and compared with experiment. Comparison seems to be quite reasonable.
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Introduction

Phase transformations in materials are very well studied by now for the case of closed
systems. In closed system any phase transformation is a part of evolution path to equilibrium.
Closed system means homogeneous stationary external conditions. Standard examples are:

1. Isolated system - constant energy E and no diffusion contacts. Then evolution means
entropy S tending to maximum.

2. System within thermal bath with fixed temperature T and volume V. Then evolution
means Helmholtz free energy F=E-TS tending to minimum.

3. System within thermal bath with fixed temperature and pressure. Then evolution
means Gibbs free energy G=E+pV-TS tending to minimum.

Yet, very often the phase transformations proceed in open systems. We call a system
open if it exists in inhomogeneous external conditions. Such conditions (for example, external
gradient of temperature or gradient of chemical potential) just make it impossible for system
to reach any equilibrium. Open systems usually stay under in-going and/or outgoing fluxes of
matter or/and energy and entropy.

List of open systems is long. We will concentrate here on the phase transformations under
external fluxes of matter. The most known example is contact zone of diffusion couple during
reactive diffusion. Chemists treat reactive diffusion as a chain of chemical reactions at moving
interfaces of growing compounds layers, which (layers) serve as the diffusion barriers while
providing atoms to interfaces [1]. For physicists reactive diffusion is actually the chain of phase
transformations in the open system under gradients of chemical potentials and corresponding
concentrations inside, and under in-going and out-going fluxes through the boundaries of this open
system [2]. Typically, phase transformations in closed system consist of three main stages of
nucleation, growth and coarsening (ripening) [3]. It is very intriguing how can the “openness” of the
system influence (in our case — external fluxes) the mentioned three stages. In 2002 the theory of
Flux-Driven Ripening (FDR) was proposed ([4]), based on the case of Cu6Sn5-scallops growth
during solid Cu - molten solder reaction. One of the interesting issues of this process appeared to be
the simultaneous growth and ripening of scallops. Another interesting issue was the time behavior
of interface area in such open system — instead of decreasing it tends to constant value. Instead, the
total volume of the new phase does not tend to constant but grows unlimitedly. In 2003 the idea of

3



ISSN 2076-5851. Bicuuk Yepkacskoro yHiBepcurety. 2014. Bunyck 16 (309)

FDR was generalized on the theory of Flux-Driven Grain Growth (FDGG) — [5]. Here also the total
area of all grain boundaries remains constant during the bamboo-structured thin-film growth due to
lateral grain growth. In 2011 the theory of Flux-Driven Nucleation (FDN) of the intermediate
phases and of voids at the moving interphase interfaces was formulated [6]. In this theory, the drift
term in Fokker-Planck equation for the random walk of nuclei in the size space contains two terms —
first term 1s traditional and proportional to the derivative of Gibbs free energy over nucleus size;
second term is determined by the divergence of in- and out-going fluxes at the nucleation site. This
second term may lead to kinetic suppression of some intermediate phases.

The above mentioned stages of phase transformations, both for closed and for open
systems, are typical for the process controlled by bulk diffusion. It is well-known that at
relatively low temperatures, when the bulk diffusion is frozen and grain boundary or interface
diffusion is not frozen, nature finds the way to decompose the thermodynamically unstable
system. This low-temperature process is usually called cellular decomposition (if initial and
resulting phases are solid solutions) or eutectoid transformation (if initial and resulting phases
are compounds or pure materials). The understanding and theory of this process, as alternative
to bulk diffusion mechanism, was developed by Turnbull [7], Hillert [8] and John Cahn [9 ].
Recently, it was discovered that similar process can proceed in open system under condition
of outgoing fluxes [10]. Namely, as we will see below, the components in this process are not
just redistributed along the moving interface (as in normal cellular precipitation in closed
system), but one of components is “sucked out” outside from the moving interface through
the just formed lamellar structure. Therefore, it seems natural to develop the Cahn’s theory
into the Theory of Flux-Driven Cellular Precipitation (or Flux-Driven Eutectoid
Transformation).

Let “1” be a binary compound with narrow range of homogeneity. Let by some reason
(selective oxidation, surface diffusion to external sink, radiation influence,...) some number of
atoms of one of the components (B) is extracted leaving vacancies behind. Let the vacancy sinks at
dislocations be not too efficient — it means that the time of relaxation of the vacancy concentration to
the equilibrium level may be longer than the time of new structure nucleation. As a result,
compound will find itself simultaneously (1) supersaturated with vacancies and (2) depleted with B
(or supersaturated with A) — deviated from stoichiometry. First reason should lead to void
nucleation. Second reason should lead to precipitation (nucleation) of the phase “j”, “next” in
direction of decreasing B (richer in A). For example, let us consider compound Cu6Sn5, from which
some part of Sn atoms is sucked out by fast surface diffusion of tin to react with copper. If
compound Cu6Sn5 loses Sn, it becomes supersaturated by copper, therefore it should precipitate the
particles of the phase nearest at the phase diagram from the copper side. This phase is Cu3Snl — so,
the Cu3Sn1 particles should precipitate. On the other hand, if extraction of tin is related to formation
of extra vacancies, they should gather into voids. Thus, compound Cu6Sn5 should simultaneously
demonstrate the precipitation of Cu3Snl phase and of voids. If the sucking out of B continues, then
both voids and precipitates of new phase should grow along the outgoing flux of B.

So, on one hand, our work is just some modification of the classical Turnbull’s and
Cahn’s approach to eutectoid transformation for the case of open decomposing system. Main
difference is the change of boundary conditions due to existence of outgoing flux. The other
peculiarity is that one of the emerging phases is just “emptiness” (hollow channels). Actually,
we observe decomposition of the pseudoternary system copper-tin-vacancies under exrternal
outflux of tin. On the other hand, this paper has practical aim - to understand and describe the
recently discovered new morphology of the intermetallic Cu3Snl.

At first (in Section II), we will review shortly the main experimental observations.
Then, in (Section III) we will present the discussion of possible reasons of newly discovered
morphology, then follow the basic equations and boundary conditions of the Flux-Driven
Precipitation theory (Section IV). In Section V we will discuss the results.
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Main experimental observations

It is well-known that the growth of Cu3Snl phase layer in the process of reactive
diffusion between Cu and Sn or between copper and Cu6Sn5-phase leads to formation of
Kirkendall voids in the vicinity of Cu/Cu3Snl moving interface [11]. It happens (1) because
copper is the main diffusant across growing Cu3Snl phase layer, generating the back flux of
vacancies to the Cu3Sn1/Cu interface and (2) because the vacancy sinks at dislocations near
interface work not properly, enabling supersaturation by vacancies and voids formation.
Recently, nanotwinned copper was used to form the contact with solder [11]. In this case
voiding can be almost suppressed, due to numerous vacancy sinks at the twin boundaries. Our
present paper is NOT about the Kirkendall voids formation at the interface Cu/Cu3Sn during
reactive growth of Cu3Sn phase. This effect is known and, in principle, its nature and kinetics
are clear. Instead, our paper is about the process which starts LATER: Imagine the layer of
tin-based solder (with thickness 15-30 microns) between two copper rods. If solder is molten,
its reaction with copper goes very fast and in about one minute all solder is consumed by the
fast growing phase Cu6Sn5. If annealing continues, after this the solid state aging of the
sandwich Cu-Cu6Sn5-Cu leads to the growth of two thin Cu3Snl layers. They grow normally
up to several microns thickness each. If copper is not nanotwinned, simultaneously with
growth the chain of Kirkendall voids along both Cu/Cu3Snl interfaces appears. After this the
new phenomenon starts: one can observe formation of much more porous Cu3Snl with
different morphology. This morphology resembles the picture of cellular precipitation, or,
even more, eutectoid decomposition with essential difference — the second phase in lamellar
structure is here just “emptiness” (net of interconnected voids — empty channels).

According to experimental data [10], region of such porous structure inside starts from
the sides and propagates in almost steady-state regime until full disappearance of Cu6Sn5.
Clearly, tin is going out due to some driving force. Most probably, it is a driving force of
Cu3Snl formation at the SIDES of sample due to surface diffusion of tin to the side walls of
copper rods. It looks like the presence of underfill somehow (for example, by wetting) helps
tin to approach the side walls of copper rods, but the full picture is not yet clear in this
respect. One thing is clear — some reason is sucking out tin via the sides of remaining Cu6Sn5
layer.

First, we consider shortly the list of possible explanations of the above described
phenomenon.

Analysis of possible reasons of new morphology
In this Section we analyze three explanations of the porous compound formation and
demonstrate that only one of them (the last one) has chances to be reasonable.

Is it possible that Cu6Sn3 is, first, decomposed into Cu3Snl and Sn which later diffuses
out leaving the empty channels?
Here we shortly analyze the possibility of decomposition reaction
Cu6Sn5->2Cu3Snl + 3Sn. (1)
Figures 1a and 1b below show the Gibbs free energies (from left to right) of (1) pure
copper, (2) Cu3Snl phase, (3) Cu6Sn5 phase and (4a) liquid solution of copper in tin or (4b)
just pure solid tin (in which copper is almost unsoluble).
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Fig. 1a. Gibbs free energies for for phases at Fig. 1b. Gibbs free energies of initial
523 K (liquid tin). components and of two intermediate phases at

423 K (solid tin).

We can see that in both cases (523 K and 423 K) the decomposition of Cu6Sn5 into
Cu3Snl and tin is thermodynamically unfavorable — point of Cu6SnS5 is situated BELOW the
common tangent of Cu3Snl and Sn. The EXTENT of this “unfavorableness” is rather small,
especially at 523 K (Fig. 1a). Indeed, the driving force of Cu6Sn5 formation (instead of
decomposition) from Cu3Snl plus Sn is

AZ cu3sntssnsCussns =

! {(—29784)-(1—5/11)+(—28963)'(5/11‘1/4))_(_30412) _ )

T 6.02-107 1-1/4

=1.42-107"J / atom,

which is indeed rather small. For example, such driving force can change sign (making the
decomposition favorable) under compression with pressure larger than

Ag 1.42-107'J /atom

3
Q) g0.10%
atom
So far we can not see the physical reason for such compressive stress, since the change
of molar volumes seems to lead to tension instead of compression. So, most probably, direct
decomposition of Cu6Sn5 into Cu3Snl plus pure Sn is not favorable.

Yet, one can imagine the reaction

=0.79-10° Pa ~ 780atm .

Cu6Sn5+9Cu ->5Cu3Snl, 3)

as consisting of the following two steps:
Cu6Sn5 — 3Sn -> 2Cu3Snl, (4a)
3Sn+9Cu -> 3Cu3Snl (4b)

During the first step 3 moles of tin atoms may be deducted from one mole of Cu6SnS5-
phase not in the form of bulk tin phase (which is thermodynamically unfavorable, as we have
just demonstrated above), but in the form of surface atoms at the free surface of Cu3Snl
phase in the hollow channels. This possibility will be treated in subsection III-3.
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Tensile stresses accumulation during the growth of continuous Cu3Snl layer in reaction
of Cu with Cu6Sn5.

Another typical argument in discussing voiding or other morphological changes (well
known since discussions around Kirkendall experimental study of interdiffusion), is a non-
conservation of volume during reaction or/and diffusion.

Indeed, let us evaluate the change of volume in reaction 9Cu+Cu6Sn5 ->5Cu3Snl.
3

Molar volume of Cu3Snl phase is V" (¢ = Cu,Sn,) =35.01 cml _
mole
Atomic volume of Cu3Sn1 is
) 11 —-6_3 3
(e = Cuyn ) = 2010 mTfmole 46 10 ™
4-.6.02-10" atoms / mole atom
3
Molar volume of Cu6Sn5 phase is V" (n = Cu,Sn,) =118.72 cml _
mole
Atomic volume of Cu6SnS5 is
118.72-10%m* 3
QO (n = CuySn,) = 18 T2N0 m Tmole g 1o ™
11-6.02-10" atoms / mole atom
3
Molar volume of Cu is V™" (Cu)=17.16 om_
mole
1 1 —-6__3 3
Atomic volume of Cu is Q(Cu) = 7.16 023 m” | mole ~1.19.-10>* " _
1-6.02-10" atoms / mole atom
Reaction of Cu3Sn1 formation from Cu reaction with Cu6Sn5 is:
9Cu+Cu6Sn5 ->5Cu3Snl (6)

Total volume of the Left-Hand Side is
9-Q(Cu)+11-Q(n)=9-1.19-10°m* +11-1.80-10°m* = 30.51- 10 m’

Total volume of the Right-Hand Side 1s
5-4-Q(g)=5-4-1.46-10"°m* =29.20-10 " m’

Change of volume per atom is negative and equal to
29.20-30.51

20

=30 3
AQ  -0.655-10""m ~—0.045.
Q(e) 146-10%m’

Even if all this volume change would go to void formation, the void fraction would not
exceed 4.5 percents, which is clearly much less than we observe in the porous zone. Thus, the
volume change cannot explain the observed amount of voids in porous Cu3Snl. (Instead, voids
formation can be explained by the extraction of tin atoms from Cu6Sn5 — see next section)

In case of rigidly constrained sides of the sample or in case of spherical (closed)
geometry the volume change of minus 4.5 percents would mean significant tensile stresses —
of a few gigapascals. As mentioned above, such tensile stresses cannot provide the observed
amount of porosity but they can make initial nucleation of voids much easier.

AQ(peratom) = 10°m’ =-0.655-10""m".

Flux-driven simultaneous precipitation of Cu3Snl and voids

Currently we can see only one reasonable explanation of the two morphologies of
Cu3Snl — (1) continuous layer of Cu3Snl with Kirkendall voids near the interface with
copper, and (2) porous CuSnl with set of elongated voids everywhere. (We believe that this
set of voids forms the percolating cluster making possible the migration of tin along the
surfaces of voids to react with copper sides.)

8
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Our main assumption is that in the bulk the main diffusant is copper, but at the free
surface of intermetallics (and may be as well as on Cu6Sn5/Cu3Snl interface) the main
diffusant is tin. For simplicity we will assume that the surface diffusion of tin not just faster
but much faster than the surface diffusion of copper. Tin, of course, is not lost - it goes rapidly
to the external (side) surface of copper inducing the reaction with copper and formation of
additional side layer of intermetallic.

Due to the side out-diffusion of tin the phase Cu6Sn5 is gradually converted into two-
phase zone — colonies of the lamellar structures — Cu3Snl layer of some width a is followed
by empty channel of width b and this a+b structure is periodically repeated.

We can evaluate the volume fractions a/(a+b) and b/(a+b) of crystalline Cu3Snl and of
voids as follows: Cu6SnS — 3Sn -> 2Cu3Snl.

If 3 moles of tin go away by side surface diffusion, then molar volume 118.72 cm’ of
Cu6Sn5 converts into two molar volumes of Cu3Snl: 2#35.01cm’=70.02cm’.

The rest is empty (void): 118.72-2*35.01.

Thus, void fraction should be (if one neglects the relaxation effects)

b/(a+b)=1-70.02/118.72=0.41. Respectively, a/(a+b)=0.59.

So, if the volume of tin which has gone, is not relaxed, then the porous Cu3Snl should
contain about 40 percents voids.

Note that if all atomic volumes would be equal, then the ratio b/a would be different — it
would be 3/8: Cu6Sn5 has 11 atoms, 3 atoms of Sn go and are replaced by 3 vacancies, 8
atoms go for construction of 2 molecules of Cu3Snl. So, void is a place of 3 atoms which had
been sucked out, 2Cu3Snl is a new phase volume, containing 8 atoms. If all atomic volumes
are assumed the same, then the ratio must be

b/a=3/8. (7)

Everywhere below we will use THIS approximation.

Kinetic model of the eutectoid-like porous zone formation in open system

In the following, we will concentrate on the behavior and conservation of tin, but it is
impossible to describe the growth inside layer of empty channel without account of copper
diffusion along the moving interface, “leaving place” for empty channels

So far we will treat the channels as planar and interface as planar as well — we will take
it as a constraint. Later we will think about, say, sinusoidal planar shape, introducing at least
one additional parameter of optimization.

Let V be the velocity, with which the interface between Cu6SnS and lamellar structure
“Cu3Snl + lamellar voids” moves from the initial side inside the remaining phase Cu6SnS5.

X H
Cu3Snl ’
1l 2
Cu6Snj !
Y
[ I — '
Sn
V. - = b
Wo—_— .
Cu6Sn5 | 7'y
Cu “ Sn Cu3Snl a2
R T

Fig.2. Scheme of lamellar zone formation by out-diffusion of tin.
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In our model tin at first migrates to the surfaces of hollow channels (“corridors”) (I) via
interface of length a between Cu6Sn5 and Cu3Snl phases, and also (II) via interface of length
b between Cu6Sn5 and a hollow “corridor”. After this tin migrates along the walls of corridor
to react with copper. Nucleation of such kind of structure will be considered elsewhere. Here
we make a model only for the growth stage.

It is important to understand what are the directions and magnitudes of Cu interface
fluxes, in respect to Sn fluxes. Let us make the simple calculation (assuming all atomic
volumes the same): One mole of Cu6Sn5 loses 3 moles of Sn and is converted into 2 moles of
Cu3Snl and void (“3 moles of vacancies”). Let us divide one mole of Cu6Sn5 into two parts:
“left” contains 8/11 mole of Cu6Sn5 and is followed by two moles of Cu3Snl. “Right” part
contains 3/11 mole of Cu6Sn5 and is followed by Void (empty channel). (See Fig.3)

It means that 8/11*6=48/11 moles of Cu atoms are converted into 6 moles of Cu atoms,
and for this the left side should get (by interface diffusion) 6-48/11=18/11 moles of copper
atoms. To the opposite, 8/11*5=40/11 moles of tin atoms are converted into 2 moles of Sn
atoms, and for this the same left part should give out 40/11-2=18/11 moles of Sn atoms. Thus,
the “left” part just exchanges 18/11 moles of Sn atoms to the same quantity of Cu atoms.

The “right” part gives out both copper and tin — 18/11 moles of copper and 15/11 moles
of tin, which fully corresponds to the stoichiometry of Cu6Sn5 phase. Thus, in the “right” part
of interface the fluxes of copper and tin are not opposite, but instead codirected, and their
ratio corresponds to the ratio of molar fractions. (Fig.3)

ECHSSPIE =£ Cu—ﬂsn %C%Sn_==ﬁCu+%Sn
11 11 11
. a2 e b2 —*
«— 18, — L.
11 11
18
—Sn —
11 —_— o
11
2Cu5n, =6Cu+25n
J-E‘H=E.._.H+ESH
1 11
48 18 40 18
6Cu=—~Cu+—=Cu, 25n=—5Sn——>5n
11 11 11 11

Fig.3. Scheme of components redistribution along the interface in FDP. .

Now we should understand what are the driving forces generating the flux directions
shown at Fig. 5. For tin the driving force seems evident — it is a low tin chemical potential
after interaction with side copper - in other words, it is the driving force of already mentioned
reaction

Cu6Sn5+9Cu -> 5Cu3Snl,
which in this case is realized by interface and then by surface diffusion of tin. In the “left”
part of Fig.4 the copper flux along interface just must be opposite and equal by absolute value

10
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to the tin flux along the same interface (to provide conservation of volume, if one neglects the
difference of atomic volumes). Equality of absolute magnitudes and opposite directions of Cu
and tin interface fluxes in the “left” part - along the 7n7/& interphase interface can be realized

by various mechanisms (interface Kirkendall effect, interfacial backstress (“osmothic
pressure”), but here we will not go into details.

In the “right” part the fluxes should be co-directed and proportional to stoichiometric
fractions, to provide the full dissapearance of material ahead of the propagating void channel.
Thermodynamic reason is following: sucking out of tin from Cu6Sn5 decreases its
concentration in this compound and, simustaneously, increases the concentration of copper,
which means also increase of copper chemical potential. So, copper migrates along the slope
of its chemical potential, to the edge of void channel.

We will formulate and solve equations of tin diffusion along the two interfaces —
Cu6Sn5/Cu3Snl (“left” part) and Cu6SnS/void (‘right’.part)

L. /y/ <a/2 . Diffusion of tin along interface Cu6Sn5/Cu3Snl — “left” part

Diffusion of tin along the moving interface in its own reference frame with account of
side fluxes is described very similar to the diffusion at the moving front of cellular
precipitation.

anintn/s ' aznintn/s v '
51 :D;:tn/SS_»lz_,__(nr;an — e (y)) (8)
ot oy o
As usual, further we assume the steady-state approximation:
' aZnintn/s V '
Dmtn/s Sn ~ nll’l[l]/é‘ y)- nch ) (9)
Sn ay2 5 ( Sn ( ) Sn)

If y is counted from the center of interval a, then the solution should be symmetric:

ng"(y) =4, -cosh(%) +B,

L

(10)
intn /e
3, = /DSn 0
Vv
Constant 4, can be found from the conservation condition for tin in an a - band:
) intn/e
_pme Qs sy - (n"cl, —nCe ) esw, (11)
N | _in 2
y=a
Or
_A 4 Va (nncn —nSCS)
A 24, 2DYeSN
so that
(al22,) .
=—-——2—(n"Cy, —n°Cg, ). 12
sinh(a/2lL)( o S") (12)

It is also natural to suppose that at the center of the future Cu3Sn (y=0) the
concentration should coincide with concentration of Cu6Sn5S. This condition gives us the
second constant B, :

0
n"'Ce =4, -cosh(7]+BL =A4,+B, =B, =n"C] -4, (13)

L

11
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< g] . Diffusion of tin along Cu6Sn5/void interface.

a+b

IL. a/2</y/<a/2+b,( V-

Diffusion of tin along the moving interface in its own reference frame with account of
side fluxes is described very similar to the diffusion at the moving front of cellular
precipitation.

anintn/void ' 2 intn/void v '
Sna _ D;:ltn/vozd g - +g(nncgn _n;;tn/vozd (y)) ) (14)
t y

Steady-state approximation:

2__intn/void
pintn/void 0’ ng, zK ( intn /void

Sn ayZ 5 nSn (y) _nncgn) : (15)

Ify is counted from the center of interval b, then the solution should be symmetric:

ng"" (y) = Ay -cosh (%) +B,,

R

(16)
intn /void
A= /DSn o
14
Constant A4, can be found from the conservation condition for tin in a b-band:
) ) intn/void
—Dpynoi ons, O-W-t= (n”C;’n - O)VtéW , (17)
ay y=(a+b)/2+b/2 2
so that
b/22
_ - 12%) ey, (18)
sinh (b/22)

It is also natural to suppose that at the center of the future void (y=(at+b)/2) the
concentration should coincide with concentration of Cu6Sn5S. This condition gives us the
second constant B, :

n"Ce = A4, -cosh(%)+BR =A,+B; = B,=n"C} — 4, (19)

One more natural condition should be the continuity of tin concentration along
interface, including the border between “left” and “right” parts:

a

A, -cosh + B, = A4, -cosh b + B,
22, 22,

or A, -[cosh[z%j - 1] = 4, -(cosh (i) - 1] ; (20)
'(“/M‘—L) (nncgn—ngC§n)- cosh| —— |-1|=
sinh (a /24, ) 24,
or 21)
:M(MC;")- cosh L -11.
sinh (b / ZAR) 224

We already know that, assuming approximately all atomic volumes be the same, the
ration b/a in our case should be equal 3/8, we can express b in terms of a in eq. (21) and get
one transcendent algebraic equation for one unknown a:

12
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.. (3 a
w(fon) (g 1 o
. T onem o evE
sinh(a/24,) cosnl 39 )4 n"Cy —n°Cy,
22,

Taking approximately n” ~n® (since in this Section we already assumed all atomic
volumes the same) and introducing nondimensional unknown and nondimensional parameter

3 l 3 Dimr]/s
N e3)
22, 8 A, 8\ DM
one gets the final equation

sinh (px) cosh(x)—1 C! 20
. = P=rainiat (24)
sinh(x) cosh(px)-1 Ci—-Ci 9

Incase p=

0| W

Dimr]/s
, (— = 1] eq. (24) has numerical solution x =1.9,

Dimr]/vacuum

2
Din[n/gé‘ 10_]3 mflO_Qm
az2-1.9ﬂ,L:3.8,/ ~3.8 —35 — ~13:10°m,
4 10° ™ (25)

N

so that

b zga ~0.43-10°m.

Here we took (so far) the velocity from experimental observations, but very soon below
we will be able to estimate it theoretically (ant it will indeed match this order of magnitude).

If one looks at the experimental pictures, our rough estimations look very reasonable.

Now comes the main question — how to find the velocity V of moving transformation
front?

In the classic works on cellular precipitation in closed system this question (conjugate
with question of optimal period of lamellar structure) is difficult and leads to using of
semiempirical principle of the maximum release rate of Gibbs free energy or to similar
hypotheses. In our case of open system it is much easier to answer this question than in the
classic discontinuous precipitation theory. Reason is that in our case the transformation is
complete. And velocity is not chosen by the system among a variety of possibilities, but
instead is determined unambiguously by the external driving force, sucking out tin and
generating the precipitation process.

The total out-flux of tin from the square area W*W is equal to

J;z:ltal ~ 4 WS- _D;:ltn/s an;;tn/s _D;:,“]/Wid an;;w/vvid —
at b ay y=al2 6'); y:(a+b)/2+b/2
Wy o e n
~ a+b-(a(n’7C;7n —n°C;,)+b(n'Cl, -0)) = (26)
1
v wer —— e | wawry [ 2313 ey
a+b 11 114) 11

To estimate the velocity of transformation front, one should equalize the just evaluated
total flux through some square area W*W of the side surface of decomposing alloy to the total
diffusion side flux through both sides of each of W/(a+b) lamellae. Total flux has the structure

13
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of product of the mobility D/kT, thermodynamic driving force, effective area of the easy
diffusion paths via the net of free surfaces of the lamellar structure:

surf’ :
Jea 2 ud nW5( > )£~inW2V. (27)
a+b [ kT 11
Thus,
228(D) A P A
- ( S ) g (Dsnf)k_i_ (28)

3 l(a+b) kT " I{a+b)
Eq.(28) so far cannot be used for direct estimation of velocity V since lamellar sizes a
and b also depend on V. Therefore let us substitute eq, (25) into eq. (28):

A 1.4 A
N - G A R G
Dmtn/85 11 kT l Dm nie kT
[-3.8 2
v 8
so that
2
S(DY (agY
VzT(k_Tj @

Eq. (29) is our theoretical prediction of the precipitation front velocity V.
Driving force per atom of Cu3Snl formation from Cu and Cu6Sn5 (see Fig.1) is about

Ag ~0.75-102J, ?—i ~lat T =523K

We take characteristic width of porous zone and distance from it to Cu as about 50
microns.
Let us try to evaluate the surface diffusivity of tin at the surface of Cu3Snl using the

N 2 melt
empirical rule (Ds””f) ~10* 2 exp (—8.9 - ]
s

According to equilibrium phase diagram, phase Cu3Snl decomposes before reaching
melting but not far from it at temperature about 950K

* 2 2
Thus, (D””f) ~10'4m—-exp(—8.9@]~10"”m—. It is 100 times less than for

s 523 S
diffusion in melt but ten times larger than the bulk diffusion before melting.
: 2 107 (101
If one takes (D" ) ~107"" " | then ¥’ ~ 2(—2)-1 ~08-10°2
s (5-10°) 107" s
15 hours of annealing after start of pores formation may give the thickness of porous
layer about L=Vt ~8-107" 7 .0.5-10°s = 40-10°m = 40microns
s

That is also very reasonable correspondence to experimental picture.

Summary

We suggest the new mechanism of the recently discovered new morphology — porous
Cu3Sn compound with lamellar structure of crystalline and void phases. We treat this process
as flux-driven discontinuous decomposition Cu6Sn5 -3Cu->2Cu3Snl + Voids, generated by
the outflux of tin from the system by surface diffusion along external surface and along the
percolating net of new-born empty channels. New theory gives the reasonable predictions of
lamellar structure sizes (eq. (25) ) and of propagation velocity (eq. 29).

14
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The nucleation of porous zone and corresponding delay of formation will be discussed
elsewhere.
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Anomauia. 062080procmvcs HeWOOAsHO GIOKpuma Hoea Mopgonoeia (nopucma @aza
Cu3Sn 3 namenspnoro cmpykmypoio). llopisnorombcsa Kitbka MOXCIUsux nosichenv. Havibinvu
npasoonooioHUM 30A€EMbCST NOSICHEHHSL 4epe3 CHeYiaIbHO PO3BUHYIY Meopito  IHOYKOBAHO2O
nomoxamu 8udineHHs y eiokpumux cucmemax. Ompumani i NOPi6HAHI 3 eKCNePUMEHMOM NPOCHi
dopmynu ona napamempie namenAPHOI CMPYKMYypU I WEUOKOCMI NOWUPEHHS TAMEAPHOL
cmpykmypu 6 nepioo ii pocmy. lIlopieHsanms 3 ekcnepumenmom 8UOAEMbCs YLIKOM 3A008ITbHUM.

KuouoBi cioBa: TBepaodasna peaxiis, nudysis, mopa, KOHKypeHiis $a3, maika.

Annomauusn. Oocyscoaemcs HeOA8HO OMKPbIMAs HO8AsL Mopghonozus (nopucmas gaza
Cu3Sn ¢ namennapunoco cmpykmypotr). CpasHu8aromcs HeCKOIbKO 803MONCHBIX 00bACHEHUIL.
Haubonee npasdonodobnvim rasxcemcs obvsicHeHUe uepe3 CHeYUdIbHO PAa38Umyto meopuio
UHOVYUDOBAHHO2O0 ~ NOMOKAMU  8blOENeHUss 8 OmMKpblmulXx cucmemax. Ilonyuenvt u
CPABHUBAIOMCSL C IKCHEPUMEHMOM NpOCmble (Gopmynvl 01 NAPAMEMpPOos8 IAMENAPHOLO
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CMpPYKmMypbl U CKOPOCMU PACNPOCMPAHEHUS JIAMENAPHO20 CMPYKMYPbl 6 Nepuood pocmd.
CpasHenue ¢ IKCnepUMeHmom npeocmasisiemcst 6NoHe y0081enmeopPUmeIbHbIM.

KiioueBbie ciaoBa: TBepnodaszHas peaknus, muddysus, mopa, KOHKypeHIus ¢as,
naika.

Opnepxano penakuiero 28/09/2014 [puitasaTo no apyky 20/11/2014

Y]IK 539.219.3 PACS 05.10.Ln, 61.72.-y
0O.Yu. Liashenko

PECULIARITIES OF THE NUCLEATION AND GROWTH OF THE
INTERMETALLIC PHASES AT SOLDERING: AMBIGUOUS EXPERIMENTAL
RESULTS AND RECENT DEVELOPMENTS IN MODELLING

The interactions between tin or tin-based alloys (in the solid or liquid state) with a
copper substrate are reviewed. The majority of studies show that the n-CusSns phase is a first
to grow rapidly during reflow. The nucleation sequence of the intermetallics and their growth
kinetics depend on the supersaturation of copper in the liquid tin droplet and on the rate of
the removal of this supersaturation in the solder ball. The n phase grows by the well-known
law of growth with time exponent 1/3 (interface controlled regime) or law of growth with time
exponent 1/2 (volume diffusion control) but also obeys to other laws of the growth kinetics
during reflow. The successful models that describe the suppression and growth of the
intermetallics are reviewed. During solid-state ageing, the experimental results show that the
intermetallic growth kinetics, their competition as well as voiding at the interfaces depend on
the kind of the Cu substrate, namely its structure.

Keywords: soldering, nucleation, growth, phase competition, reliability.

Introduction

Soldering is the key technological way to join the separate metallic parts with use of the
filler metallic alloy or pure metal in the medium. Known for thousands of years the technique
is still in the great interest being the one mostly used in microelectronic industry to join the
under-bump metallization layers (UBM), namely the Cu thin films on the printed boards, Cu
wires, etc. The Cu-Sn system is the most in demand system in the soldering technology and
the Sn-based solder are used in all the packaging techniques. The solders are basically the
pure tin or tin-based eutectic alloys in the form of the ball. The permanent trend of
miniaturization produces the new challenges. The most crucial are the reliability issues. The
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significant decrease of the solder size obeys the following tendency [1]: 1) the modern flip-
chip technology operates with solder balls with diameter of 100 um; 2) the transition to 3D-
integrated circuits lowers the size to 20 um; 3) the forecast is that the solder joint diameter
could be reduced to 1 pum.

The conventional solder reaction that develops during so-called reflow process
incorporates reactive wetting of the copper substrate with instantaneous growth of common
intermetallic compounds (IMC) at the solid substrate/liquid solder interface [2]. Reflow
operation is the heating cycle, during which the temperature exceeds the melting eutectic
temperature of solder by two-three tens of degrees and the allotted time of reaction is fixed to
be couple of minutes (typically 2-3 minutes).

As it was mentioned above, the copper is commonly used as the UBM and interacts
with tin. Usually the soldering reactions proceed at the temperatures below 350°C. As can be
seen from the phase diagram, the reaction on the Cu/Sn interface leads to formation of -
CusSn and n-CugSns compounds [3] at such temperature (see Figure 1). There are two
allotropic forms of the CusSn: n° with monoclinic structure, which is stable for the
temperatures less than 187,5 °C and n with hexagonal structure, which is stable for the
temperatures above 187.5 °C.

1200 rerrerre S —— S— S— S—— SRR S aasasaantan e

1100 Fisisre i—
1000

900 — E—
800

700

Temperature °C

aaaaaa

nre

{Sn) —=
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Figure 1. The Cu-Sn phase diagram [3].

No matter of the size of the solder joint, the prolonged heating of the joint during
operation of the device results in the solid-state aging of the joint with slow but constant
growth of the IMC layers. The reliability issues connected with voiding and subsequent
mechanical weakening of the solder joint due to the thickening of the IMC’s are emerging
during long-term solid-state annealing [2, 4].

The aim of this review is to demonstrate the recent developments and ambiguous results
of the study of growth kinetics of the IMC phases during solid-state aging of solder joints and
during reflow.

Reflow of the solder joint

General issues

The interaction between solid copper and liquid tin or tin-based solder starts with rapid
dissolution of copper till the metastable solubility of tin by copper is reached [5]. The
metastable solubility is always higher than the stable one, so even during reaction of copper
with pre-saturated tin-based solder the dissolution should happen. The copper diffusion in
liquid tin is a very rapid process, as it is well known that the magnitude of the diffusion
coefficient in liquids can be as high as 10 m?/s. As a result, the copper concentration profile
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of the “diffusion profile” type emerges rapidly in the liquid tin or tin-based solder. The
conventional solder balls of size of 100 um can be saturated in Cu at time less than 10 s [6].

As it was emphasized before, the formation of the reaction layers proceeds in the
metastable state. It is generally accepted that the growth of the n-CueSns crystallites is
dominant for the initial stages of the reaction [5, 7-8]. As it will be shown below the growth
the thickness of n-CusSns layer exceeds drastically the thickness of the e-Cu3Sn phase at any
moment of the reaction between liquid tin and solid copper.

Experimental studies of the reflow process and reaction between solid copper and
liquid tin

R.A. Gagliano et al. [5] have dipped the Cu foils in the tin bath (heated up in the range
of temperatures of 240-300°C) for the very short time of ls. The foils were quenched
subsequently in the cold water. It was shown that the copper substrate is completely covered
by n-CusSns crystallites even after such short time of reaction whatever the temperature of the
tin bath gsee Figure 2).

Figure 2. The top-view SEM images showing the microstructure of the CusSns after
dipping in the molten tin for Is at a — 240°C and b— 300°C [7].

The morphology of the n grains can be very different, depending on the temperature [9],
Cu or Ni UBM crystallographic orientation [10-13], solder composition [14]. The variety of
the n grains growing during reaction between Cu and liquid tin includes: scallop-like [9],
faceted [14] or longitudinal [15].

One example of the morphology evolution can be given on the basis of the work of R.A.
Gagliano et al. [15]. The study of the reaction layers of the Sn/Cu couple revealed the
formation of the longitudinal n phase grains (see Figure 3 and Figure 4). It was found that the
aspect ratio (namely ratio between grain height and width) is growing with annealing time
(Figure 3) and with annealing temperature (Figure 4).

Figure 3. Morphology evolution of the n-phase grains during solid Cu/liquid tin reaction
at 275°C for a -3 min, b — 45 min and ¢ — 180 min
(the same magnification is given for three images) [15].
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Figure 4. Morphology evolution of the n-phase grains during solid Cu/liquid tin reaction
at different temperature. for a — 3 min, b — 45 min and ¢ — 180 min
(the same magnification is given for three images) [15].

In their work J.O. Suh et al. [14] have shown that faceted dendrites of the n-phase are
formed at the interface between Cu and pure Sn (see Figure 5a) at 250°C after 2 min reaction.
The clearly different morphology, namely round scallop-like n-phase scallops, was observed
by M. Yang et al. [9] after reaction at almost identical temperature of 240°C after 2 min
reaction (see Figure 5b). In both studies it was found that the mean size of dendrites grows
with time and temperature following the Ostwald ripening mechanism.

pe, "
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)

>
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Figure 5. Top view SEM image on the n-phase after 2 min reaction between solid Cu
and pure liquid Sn: formation of the faceted dendrites at 250°C [14] (a) and formation of

round the scallop-like dendrites at 240°C [9] (b).

Recently, a couple of studies implemented synchrotron radiation to track the different
stages of the n-phase growth in situ [16-17]. M.L. Huang et al. [16] implemented synchrotron
radiation in situ observation technique for pre-annealed Cu/pure Sn couple at 260°C for 2h.
The heating cycle during observation was as following: start from the room temperature —
heating up to 280°C with a heating rate 15°C/min — dwelling for 226s at 280°C — cooling
down with a cooling rate 10°C/min. Authors succeed to detect the decrease of the single grain
aspect ratio (see Figure 6a) as well as average IMC thickness (see Figure 6b) during heating
stage. The change in aspect ratio values indicates the transition from the longitudinal to the
scallop-like shape during the heating stage. During dwelling stage both aspect ratio and
average thickness stayed almost constant. During cooling stage the CugSns compound re-
precipitated on the existing CueSns grains resulting in the significant increase of the aspect
ration of individual scallops as well as the average thickness of the IMC. The proposed model
fitted well the experimental data on the basis of the suggested parameters (see Figure 6b).

The initial stage of the soldering reaction was studied by M.A.A. Mohd Salleh et al.
[17]. The growth of the IMC was tracked from the very beginning of the reaction between Cu
and Sn-0.7wt%Cu solder at the melting temperature of the solder (~227°C) and subsequent
cooling. Authors detected the formation of the planar (within resolution of the imaging) layer
of the IMC. The IMC layer develops to the scallop-like morphology subsequently. The voids
were also detected in the vicinity of the IMC. The reaction kinetics was also studied at higher
temperature of 244°C after placing the liquid droplet of solder on the substrate at this
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temperature. Authors measure the IMC thickness versus time (see Figure 7a) as well as
logarithmic dependence of the layer thickness with time (see Figure 7b) in order to identify
the growth constants. The planar IMC layer precipitates at the very beginning (~ 1Is) of the
wetting reaction. As can be seen, the growth of the IMC is not monotonic, three different
regimes were distinguished: 1) the initial slow growth with time exponent 0,07 within first 10
s of reaction at 244°C; 2) the rapid growth with time exponent 0,31 at 10-50 s of reaction
time; 3) slow growth during cooling to 213°C (unfortunately, the cooling rate is not specified)
the growth exponent decreased significantly to 0,03. Cooling stage took approximately 110 s.
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Figure 6. The aspect ratio of two individual grains and the average Cu concentration
gradient — a and the average IMC thickness — b as a function of a reaction (reflow) time [16].
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Figure 7. a — the mean IMC thickness versus time; b — In-In dependence between IMC
thickness and time indicating three stages of the IMC growth during reflow process
(temperature range 213-244°C) [17].

It is believed in majority of studies that the formation of the e-phase is suppressed
initially for some period time ranging from 8-10 s [8, 18-19] to 80 s [15]. Normally, after
reflow process that lasts few minutes the e-phase is formed in the form of the continuous and
relatively uniform layer. Therefore, during reaction between solid copper and liquid tin the
interfacial system consists of two intermetallic layers n-CuesSns and &-CusSn organized in the
following way: Cu/e/m/Sn. The interfacial layers formed after prolonged reaction of copper
with liquid tin are shown on the Figure 8. Normally, during soldering reaction, when the peak
temperature exceeds the melting temperature of the solder by some tens of degrees the -
phase is much thinner than n-phase.
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Figure 8. SEM micrographs showing the interfacial zone after Cu-Sn reaction
for 64 minutes at 250°C [5].

The average thickness of the n-CusSns phase above which e-Cu;Sn phase starts to grow
as a continuous layer at Cu/CusSns interface during liquid Sn/solid Cu interaction has been
evaluated from thermodynamic and kinetic considerations [20]. The model predicts that e-
Cu3Sn phase layer can overcome suppression by n-CueSns phase after mean size of scallops
exceeds about 1 micron.

The growth kinetics of the IMC layer has been studied extensively up to the day (see for
example [9, 15, 18, 21]). The systematic study of the reaction between solid Cu and liquid Sn
is presented by S. Bader et al [18]. The authors have studied the reaction at the initial stage
starting from 5 s to 2.5 minutes. Such duration of reaction is corresponding to the reaction
time during conventional soldering procedure. In their study [18] authors studied the reaction
between micrometric layers of copper and tin deposited by physical vapor deposition (or
PVD). The reaction temperature was 240°C and 330°C and whatever the temperature the
authors found the linear variation of the thickness of both IMC phases: (/; <3 pm) and € (/; <
1 um).

R.A. Gagliano and M.E. Fine [15] studied extensively the reaction between Cu and
liquid Sn in the range of temperatures from 250°C to 325°C (Figure 9). It was found that the n
phase growth is governed by cubic power law of time, whereas the evolution of the € phase is
diffusion controlled following the parabolic growth regime. The layer thickness /; (1 =1 or €)
could be described by the following relations:

I, = kt" and k, =k exp (%) (1)

where k,"=0,026pm's"?; k,"=0,103um-s"? and 0,=53,1kJ-mole™; 0,=13,4kJ-mole™.

2y C "
300" C 3 4 300" ¢
. T5C ; e ¢
~ B e 250C ¢ . ZI¥C
. L -~ o 250°¢
g A ‘ _— & é
2 ¥ A 3T £
13 r s A—‘ —
W g "4 e — N~ s
’ ot - L
8§ - “ 4 =030 [T K .- g
ALY g P o
.‘, ..o * 19 [ aasd y o ; -~ O =1
4\ iy . a8 1 i ; Digs = 1.54 510" am'in
178 & o o T
-’ :_J‘ e A A Doy = T8 «10° uym'ie
- o o
! - D= 4.87 10° umts
2 0 o ¥/
" s N (TR TR0 90 0 00 2000 3000, 4000 5000 6000

Figure 9. The growth kinetic of the a — n-CusSns phase and b — e-Cu3Sn phase in the
temperature range 250-325 °C [15].
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The parabolic growth of the e-CusSn phase and cubic law of growth of the n-CusSns
phase were also detected by M. Yang [9] at T = 240°C and T = 280°C. Nevertheless, the
transition from cubic with n = 1/3 to parabolic regime n = 1/2 of growth was detected for n-
CueSns phase at later stages of reaction, namely after reaching 30 min of reaction at both
experimental temperatures. The e-CuszSn phase was growing following the parabolic regime
with n = 1/2 whatever the time and temperature. The growth constants of the n-CusSns phase
at the initial stages of reaction (¢ < 30 min) could be determined as &, = 0,139um-s” ? and ke
=0,179 um-s”2 for 7=240°C and and T = 280°C respectively. The growth constants of the -
CueSns phase at the initial stages of reaction (r < 30 min) were determined to be k. =
0,021um-s”2 and k. = 0,032 um-s”2 for 7= 240°C and and T = 280°C respectively. These
values were calculated on the basis of the growth exponents measured by authors.

20.1F CusSns = 7.39F  CusSn .
240°C n1=0.317 240°Cn=0.478

12.2F . A '
A n:=0.481 il E ,,| 280°Cn=0.499 ’ .
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Figure 10. The growth kinetic of the a — n-CueSns phase and b — e-CusSn phase
at =240 and 7= 280 °C [9].

M.L. Huang and F. Yang [22] have conducted the experiments with Sn-xAg-yCu
solder balls of different size varying from 200 to 500 pm and demonstrated that the growth
kinetics depends on the size of the solder balls. The Figure 11 gives the variation of the IMC
layer thickness with time during reaction between Cu and Sn-3.0Ag-0.5Cu solder alloy
(Figure 11a) and Cu and Sn-3.5Ag solder (Figure 11b). Authors have also proposed the model
of growth called the concentration gradient controlled (CGC) model but as can be seen from
Figure 1lin some cases it overestimates or underestimates the IMC growth rates in
comparison with experimentally measured values.
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Figure 11. Variation of the IMC thickness with time during a — Cu/Sn-3.0Ag-0.5Cu
reaction, b — Cu/Sn-3.5Ag reaction at 7= 250"C [22].
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Modeling of the phase growth and competition during reflow

In their work A.M. Gusak and K.N.Tu [23] established a theory called Flux-Driven
Ripening (FDR) theory that was called to model the growth of the IMC layer during the
soldering reaction. Two important constraints were used in modeling the system:

1) The geometrical constraint is that the interface of the reaction stays constant. By
assuming that the scallops have hemispherical shape (Figure 12a), it means that the total
surface of the growing scallops is equal to the double surface between scallops and copper
substrate (in their model [23] neglected the formation of the e-CusSn phase). In fact, authors
were considering the ripening process at which the growth of one scallop is happening at
expense of other. As can be seen from Figure 12a the existence of the nanometric liquid
channels between scallops was suggested, but the fracture of the channels total cross-section
was considered to be negligible, so the total interface are between scallops and melt can be
expressed as:

N
gestorsmelt _ 307 R2 = 2 Y 7R? = 28" = const . 2
i=1

2) The second constraint is the conservation of mass which determines that all the in-
flux of Cu atoms is used for the scallop construction. In algebraic representation it means that:
nC. % — JinSfree , (3)
1 1 dt

where n; and C; are atomic density and mole fraction of copper in the intermetallic
respectively. The in-flux is found by applying Fick’s law and knowing the average gradient
equal to the ratio between equilibrium supersaturation AC = C” — C° and mean size of the

scallops

e b
Jn=—apE =C 4)

(R)
where <R> is the average size of a grain, D is the diffusion coefficient of Cu in the melt and
the supersaturation corresponds to the difference between equilibrium concentration of Cu in
the liquid alloy near the substrate C° and equilibrium concentration of Cu in the liquid alloy
near the top of the IMC C°. Both equilibrium concentrations can be found by constructing the
common tangents if the thermodynamic assessment of the system is known (see Figure 12b).

r.' T-ﬁn a TJin \‘
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a
Figure 12. a — Schematic diagram of the cross section of an array of scallops on Cu [23].
There Ji, 1s an input flux of copper from substrate, which is supplied by liquid channels of
width J, Jou 1s a flux of “unused” Cu atoms which haven’t been incorporated in building IMC
phase; b — Schematic dependence of Gibbs free energy on composition.
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The final result of the model is derivation of the well-known interface controlled regime
of the growth with power 1/3 dependence:

(R)=ht, (5)

where the growth rate & is determined as:
9 n D(C"-C°)s
2. ¢

1

k (6)

The FDR theory was tested in various studies and proved its efficiency. For example,
J.O. Suh et al. [14] compared the experimentally measured distributions of scallop sizes
obtained by reaction of Cu with 55Sn45Pb solder with theoretical curves from the FDR theory
and obtained nice correspondence for reaction times varying from 30s to 8 min (see Figure
13). After fixing D ~ 10” ecm’s™ and C” — C° = 0.001 the width of the liquid channels was
determined to be 0 = 2.54 nm.
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Figure 13. Size distribution of CueSns scallops after a —30s, b — 1 min, ¢ — 2 min,
d — 4 min and e — 8 min reflow at 7= 200°C. The solid curve corresponds to theoretical
calculations from FDR theory [14].

The nature of the path of the fast transport of Cu to the IMC surface is still under
discussion. The alternative opinion is that there are no liquid channels between CueSns
scallops but instead there are grooves [19]. In the vicinity of the substrate the existence of the
prewetted grain boundaries (with permittivity of Cu comparable to the high one in the liquid
solder) is suggested. Alternative idea [14] is that there agglomerates of the preferentially
oriented CueSns scallops staying on the separate Cu grains of the substrate. The idea is that
the quantity of the liquid channels can be related not to the amount of the scallops itself but
the amount of the agglomerates.

Reactions during solid state

General issues

The interfacial reactions between copper and solid tin were studied extensively for the
moment but stay in the area of the great interest for industry and researchers. Nevertheless,
some results of research are not always similar, describing principally different morphology
evolution or giving different theoretical explanation of the growth rate limiting processes. The
data on the growth kinetics of phases and their competition is ambiguous: there is no clear
answer on the question, what phase grows faster within the temperature range 125-220°C. It
still under discussion, what is the most mobile specie during reaction: Cu or Sn.
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Experimental studies of the reaction between solid copper and solid tin

The early stages of solid-state reaction Cu and Sn were extensively studied in the works
K.N. Tu [24-25], K. N. Tu and R. D. Thompson [26], R. Chopra et al. [27]. The formation of
the IMC starts even during deposition of the basic materials. The n-CusSns phase is first to be
formed, whereas &-CusSns phase appears after certain incubation time or increase of the
temperature of reaction. As an example, during reaction in thin film (deposited by e-gun
under vacuum) the CueSns phase forms even after annealing at -2°C during the period of one
year. It was checked by the transmission electron microscopy (TEM) that Cu3;Sn phase starts
accompanying the growth of CusSns only after temperature reaches 60°C [24-26]. Modern
soldering technology incorporates electroplating as effective and cheap method of the material
deposition. In the works of W.M. Tang [28] et al. it was shown that CusSns phase is formed at
the Cu/Sn interface even during deposition. Besides, the electronic microscope analysis with
energy-dispersive x-ray spectroscopy (EDX) of the specimen aged for 76 days at ambient
temperature (Figure 14) revealed very clearly the CusSns layer with thickness less than 1pm.

(a) _ (b) Sn

Sn

Sn
Sn Snsn Cu
1 1 1

2 4 6 8 10
Energy/keV

Figure 14. a— SEM image and b — EDX spectrum taken from point A of Cu/Sn couple
after solid state aging at room temperature for 76 days [28].

The reactions at the Cu/Sn interfaces in the solid state at the range of temperatures 70-
220°C were studied in literature in details. Two types of experiments could be distinguished:
the one based on the diffusion couple Cu/Sn or Cu/Sn-based alloys. Such kind of experiments
need: 1) to incorporate accurate metallographic preparation of the surface of two solids; 2) to
be performed either under secondary vacuum, either under the air but with use of the acidic
flux to exclude the oxidation of the surfaces. The initial contact can be also realized by fast
dipping of a copper into the flux and then into the bath with melted tin and subsequent
cooling to room temperature. After the couple Cu/Sn-based alloy is isothermally aged for the
certain time (up to 170 days [5]). The main number of the studies reports the presence of two
phases, namely CusSns and Cu3Sn at the interface.

ThO, [ MN-CugSng

Figure 15. SEM image of the Cu/Sn
Sn interfacial zone developed after reaction
at 215°C in vacuum for 225 hours [29].
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The Figure 15 shows the scanning electron microscopy (SEM) image of the interfacial
zone of the Cu/Sn diffusion couple after aging at 215°C for 225h under the vacuum [29]. The
micrometric inert ThO, particles were placed as markers at the initial interface. Two phases
CueSns and CusSn with the thickness 10-15um and 7-10um respectively are seen. As can be
seen, the Cu/e interface is relatively plane in comparison with irregular &/m and 1/Sn
interfaces. The marker ThO, particles moved in the middle of the CusSns layer.

In their study M. Onishi et al [30] measured the average thickness of each phases (¢ and
n) as a function of reaction time up to 900h in the range of temperatures between 190°C and
220°C. The growth kinetics of both phases obeys parabolic, what means that the growth of
reaction layers is limited by diffusion. Authors report that the growth rate of the n phase was
higher than the one of the € phase whatever the annealing time in the range of temperatures
between 190°C and 220°C (Figure 16a).

The same trend in the phase competition is supported by the results of T.Y. Lee et al.
[31]. Authors performed experiments with electroplated Cu UBM with thickness of 15 pum.
The solder balls used in this study with diameter of approx. 100 pum were reflowed for 1 min
above the melting temperature of the used solder with a peak temperature 240°C. Solders used
in the study were eutectic SnPb, Sn-3.5Ag, Sn-3.8Ag-0.7Cu and Sn-0.7Cu. The annealing
time varied from O (just reflow) to 1500 hours and the annealing temperatures were 125, 150
and 170°C. In all cases the growth rate of the n-CusSns phase was higher than the one of the -
Cu3Sn phase.

Nevertheless, R. Labie et al. [32] report the faster growth of the Cus;Sn phase at late
stage of reaction (annealing time more then 70 hours) at 125°C (see Figure 16b). The
principal difference from experiment held in [30] are the use of the thin electroplated Cu
UBM (5 um) as well as thin layer of the Sn-bump (40 pum height). It should be noticed that to
reach bonding before solid state annealing [32], the Cu/Sn couple was reflowed for 40s at
260°C. This results in the thick initial IMC layer of n-CusSns phase (Figure 16b). Basically,
the total thickness of the IMCs layers increase due to the increase of the e-Cus;Sn phase
thickness that obeys square root law and, evidentially, growth by the diffusion controlled
mechanism.
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Figure 16. a — change of the intermetallic layer thickness with a time of reaction during
reaction in Cu/Sn couple at 220°C [30]; b — change of the thickness for each individual IMC
phase and total IMC change with time in Cu-Sn couple annealed at 125°C [32].

In their experiments with electroplated Cu and Sn film W.M. Tang et al. [28] measured
the thickening kinetics of the individual IMC. Annealing was held at 150, 200 and 225°C.
Authors report that the n-CusSns phase grows faster only at 150°C. Reported growth constants
are higher for the CusSn phase at 200 and 225 °C (see Figure 17).
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Figure 17. Average thickness of the n-CusSns phase (a) and e-Cu3Sn phase (b) versus
square root of time for Cu-Sn couple annealed at 150, 200 and 225°C [28].

P. T. Vianco et al. [33] also measured the total mean thickness of the reaction layers
formed between copper and tin or between copper and alloy as a function of the temperature
of the solid state aging. The experiments were performed at various temperatures from 70°C
to 250°C with aging time up to 400 days. It should be noticed that in the case of Cu/Sn couple
the growth is slightly more expressive than in the case of Cu/SnAg couple. Like in previous
cases, the growth kinetics obeys parabolic law. The activation energy of the reaction layer
growth (¢ + n) was determined: Q¢q(Cu/Sn) =43kJ ‘mole™; Qeiq(Cu/SnAg) =50kJ ‘mole™. The
growth rates of both IMC in Cu/Sn couple were almost equal at 135, 170 and 205°C, the
Cu3Sn layer comprised 0.4-0.6 fraction of the total IMC thicknesses.

In their experiments C. Yu et al. [34] were investigating solid state reaction between Cu
foils (thickness 0.1 mm) with three types of the solders: pure Sn, Sn-0.7Cu and Sn-3.5Ag. The
isothermal ageing was held at 150°C and 180°C. The initial contact was realized by reflow at
260°C for 60s. Such relatively high reflow temperature resulted in thick 1-CueSns layer with
thickness of 2-3pum. Only in the case of Cu/Sn-3.5Ag and Cu/Sn-0.7Cu couples the n-CusSns
continued to grow during isothermal annealing at 150°C and 180°C up to 700 hours
surpassing the growth of the e-Cu3Sn layer. In the case of Cu/pure Sn couple the growth of
the n-CusSns layer was frozen, only the initial scallop-like interface was flattened. The
parabolic growth of the e-CusSn layer proceeded up to the thickness comparable with one of
the n-CusSns layer at 150°C and 180°C (see Figure 18).
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Figure 18. n-CusSns phase, e-CusSn phase and total IMC average thickness versus time
for Cu-Sn couple annealed at a — 150°C and b — 180°C [34].

Kirkendall voids during solid-state reactions

The reason of voiding is the difference of diffusion fluxes of Cu an Sn atoms during
solid-state aging or operation heating [2]. The formation of voids is strongly connected with
formation of the e-Cu3Sn layer during reaction between Cu and Sn. As the CuzSn forms the
flux of vacancies emerges in the direction of the Cu substrate and the lack of the sinks results
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in the voids formation. It should be emphasized that in common soldering reaction the
formation of voids is strongly linked with formation or later stages of growth of the e-Cu;Sn
layer. Therefore, the factors that can influence the formation, suppression or growth of the &-
Cu;Sn layer are of great interest.

It is still under discussion how to choose correctly the proper substrate or electrolyte for
the electroplating of the Cu pads in order to eliminate the formation of the Frenkel voids. For
example, in literature there is a discussion whether the Frenkel voids are formed on the bulky
polycrystalline Cu substrates or electroplated foils.

W. Yang et al [35] report the formation of the Frenkel voids in the Cu;Sn layer during
reaction in the electrodeposited Cu/Sn-Ag solder couple for 3 days at 190°C (Figure 19a). It is
important to notice that when the Cu pad was rolled no voids were detected even after 12 days
of annealing at the same temperature (Figure 19b). It means that mechanical treatment of the
UBM can influence the important reliability issue.

| b

Figure 19. SEM images of electroplated Cu/Sn-Ag couple after 3 days annealing at IOC (a)
and rolled Cu/Sn-Ag after 12 days annealing at 190°C (b) [35].

A. Paul reports the formation [29] of the Kirkendall voids after reaction in the
polycrystalline Cu/Sn couple at relatively high temperature of 215°C as for the solid-state
aging. The annealing time was 225 hours (see Figure 15).

K. Zeng et al. [36] reports the formation of the Kirkendall voids just after reflow
between electroplated Cu and Sn-Pb solder (see Figure 20a). The reflow peak temperature
was given to be 220°C but the reflow time wasn’t specified. The density of voids increases
drastically after 3 days annealing at 150°C (see Figure 20b).

Figure 20. FIB images of the: a — just reflowed electrolated Cu/SnPb joint; b
annealed at 150°C for 3 days [36].

V. Vuorinen et al. have studied the influence of the Cu purity on the voiding [37]. He
demonstrated the absence of the voids for the case when the very pure polycrystalline Cu was
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used (99.99%) for reaction with Sn (99.95%) at 125°C for 3500 hours (Figure 21a). The
excessive voiding appeared when the Cu was substituted by Cu(Ni) alloy with a composition
99.0Cul.0Ni and annealed under the same conditions (Figure 21b). The important result was
achieved when the composition of the Ni in the Cu(Ni) alloy was increased to 10% and no
voids were detected (Figure 21c).

g amples annealed for 350 hou at 125°C. T samples:
a — pure Cu/Sn couple; b — 99.0Cul.0Ni/Sn couple; ¢ — 90.0Cul0.0Ni/Sn couple [37].

Figure 21

The use of the nano-twinned Cu as UBM is believed to eliminate the formation of the
Kirkendall voids. The H.Y. Hsiao et al. [38] have tested the densely packed [111] nanotwined
Cu for UBM. The thickness of the Cu layer was 20 um and it was annealed in the sandwich
structure with Sn3.5Ag at 150°C for 1000 hours. No Kirkendall voids were detected (see
Figure 22a), what is believed to happen because of the existence of the numerous vacancy
sinks between nano-twinned Cu grains. The same kind of the substrate material was tested by
W.L. Chiu et al. [39] in the reaction with pure molten Sn at 260°C. The authors also
investigated the sandwich structure and achieved the complete transformation of the solder
bulk to the Cu3;Sn IMC in 24 hours (Figure 22b). No voids were detected as well.

Cu;Sn

CugSns

Cu;Sn
nt-Cu

Figure 22. a — nt-Cu/Sn3.5Ag couple annealed for 1000 hours at 150
b — nt-Cu/Sn couple annealed for 24 hous at 260°C [38].

C;

Modeling of the phase growth and competition during solid-state reactions

Nowadays, the standard model of the phase growth kinetics is well established [6]. For
the late stages of the solid state reaction, when the sufficient amount of reagents is present, the
phase layer growth obeys well-known parabolic law. Nevertheless, from 1970’s the
microelectronic industry provided new problems by operating with thin films. It was found
that the intermediate phases could be suppressed partially or completely. Most successful
theories of this type belong to U.Gesele and K.N.Tu [40] and A. M. Gusak and K.P. Gurov
[41]. Nucleation issues, in terms of standard nucleation approach, but in application to solid
state reactions, have been discussed by F.d’Heurle in 1986 [42].

Let’s review the general case of the growth of two phases between two insoluble
components. It can be done by considering the flux balance at three emerging interfaces (see
Figure 23a). The concentration profile of such system is given on Figure 23b.
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a

Figure 23. a — the principal scheme of the reaction couple A/B with formation of two
intermediate phases 1 and 2 and b — the concentration profile of the system.

Let us consider the case when the growth of the phases is controlled by the bulk
diffusion through the growing intermediate phases. The equations of flux balance at the
interfaces can be written as:

dx D, Ac
(1_02R) d2R =22,
t Ax,
dx D.Ac, DAc
(CZL_CZR) dj‘L:_ 2x2+ Ax]7 (7)
2 1
dx D Ac
(e -0 S~ 226,

1

where ¢, ca1, cir and cr are equilibrium concentration at different interfaces; xr, xar, Xir
and x;r are interface positions; D1Ac; and D,Ac, are Wagner’s integrated coefficient [43] in
intermediate phases.

The system of differential equations for phase thicknesses could be obtained easily as:
dAx, D/Ac, D,Ac,
=y T a; )
dt Ax, Ax,

dAx, D/Ac, . D,Ac,

(®)

=a +
dr 21 Ax, 22 Ax,

Here

24
¢ 1

1-¢ |c, — ¢

ay =

1-¢,
It can be found by direct substitution that that system has parabolic solutions
Ax; = ky"* and Ax, = kot'?, 9)
where k; and k; are growth constants.
In fact, there a lot of real systems in which the one phase can have much lower diffusion
permeability than another one. Mathematical condition reads as D>Ac, << D;Ac; in this case.
The system controls the necessary flux of atoms to build the fast growing phase 1 by keeping

the thickness of the phase 2 very small. It means that dﬁfz ~ 0 and that the thickness of that

thin phase can be derived from (2) as:
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1-¢, D,A
Ax, ~ Ay, — L2255 (10)
1-c, D/Ac,
Hence, the growth of the fast growing phase can derived as:
dAx, _ 1 DAc . (11)

dt ¢ (1 - ) Ax,
Therefore, Eq.(5) shows that the growth rate of the dominant phase 1 is not depending

on the thickness of the suppressed phase 2. The n-phase grows like the single phase to be
present in the interfacial zone. Its growth kinetics follows the parabolic regime.

Summary

The growth of the intermetallic phases is well studied experimentally during the late
stages of reaction between solid copper and tin-based solder. The FDR model can be used for
the description of the growth during conventional reflow process when the time of reaction
with liquid solder is not exceeding couple of minutes. Nevertheless, the recent results show
that the growth kinetics models should be reviewed for the initial stage of reaction (time of
reaction is less than 10 s) as well as during the late stages of reaction (time > 30 min). The
suppression criterion of the e-phase growth is well defined and says that the phase starts to
grow simultaneously with n-phase when the average thickness of the later exceeds 1
micrometer.

During solid-state reaction the intermetallic phases grow following parabolic law of
growth. The growth process can be described well by existing models of phase during solid
state reactions. However, the the ambiguity of experimental results in the growth competition
during the late stages of the solid state ageing, when the the dominant phase is not clearly
identified should be studied in details. The special effort should be made to reveal factors
affecting voiding at the interface as fas as this problems affects significantly the reliability of
the solder joints.
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Anorauis. O.10. Jlawmenko. Ocoonueocmi 3apoOKOymeopeHHs i pocmy NPOMIHCHUX
¢daz npu nasauni: npomupeuugi eKcCnepumMeHmanvHi OaHi i OCMAHHI O0OCAZHEHHA 6
Moodenrweanni. B Oaniti pobomi npusedeno 021510 pobim no 00CHIONCEHHIO Nnpoyecy
PearyitiHol 83aEMOOII MIHC ON0BOM YU JIOMMIO HA OCHOBI 011084 (AK 8 MEepooMy MAaK i
piokomy cmani) i meepoor mMioow. B binbuiocmi pobim noxazano, wo nio 4ac oniasieHHs
(anen. reflow) npomiscna n-gpaza (CusSns) ymeoproemucs neputoro i pocme wusuoxo. Ilopsook
3apPOOKOYMBOPEHHSL | KIHeMUKa pocmy NpOMIdZCHUX a3 3anexcamsv 8i0 nepecuyeHHs mMioorw
piokoi kpanaunu on06a. Lleuokicmv 3HAMMA Yb020 NEPecUterHs ModXdce MAKOHC 6NAUBAMU
Ha Kinemuxy pocmy ¢a3z. 1li0o uac onnasnenns, n-gpaza (CugSns) pocme 6i0nogiono 00
8I00MO020 3AKOHY 3 HOKA3ZHUKOM pocmy 1/3 (pedxcum pocmy KOHMpOabO8aHuul inmepgeicom),
abo BIONOBIOHO 00 3AKOHY 3 NOKA3HUKOM pocmy 1/2 (pexcum pocmy KOHMPOIbOBAHUL
00 ’emHoI0 Ougysiero), are makoxc pocme 8iON0BIOHO i 00 IHWUX 3aKoHi6é pocmy. [Ipusedeno
027110 pobim, wjo onucyroms egpekmueni mooeni npueHivenHs i pocmy ¢has. Kinemuxka pocmy,
MOpGonocisi npomixcHux ¢haz nid uac CcmapiHHa 6 mMEepOOMy CMAHI, a MAKOH#C
NOpOYMEOpenHsi 8 00 €Mi NPOMINCHUX (a3 3anedcums 8i0 CmMpyKmypu MiOHOI NIOKIAOKU.

Kurouosi cioBa: naiika, 3apoAKOYTBOPEHHS, PICT, KOHKYpEHIIisl pa3, HaliiHICTb.

Annoranusi. A.JO. Jlawenko. Ocobennocmu 3apoovluieodpazoeanus u pocma
npomexcymounvix (has npu naiike: npomueopequsvie IKCHEPUMEHMATbHbIE OAHHbBIE U
nocieonue 00CMuUdCeHuUs 6 Moodeauposanuu. B pobome npusedeno o0630p pabom no
UCCNe008AHUI0 NPOYECCd PeaKyuoOHHO20 63AUMOOCUCMBUS MeHCOY 0JI080M UIU NPONOeM HA
OCHOBAHUU 01084 (KAK 8 MEepooM, MaK U 6 HCUOKOM COCMOAHUU) U MEepOoU meovlo. B
bonvbuuHCmee pabom NOKA3aHo, Ymo 80 8peMs Oniasienus (anei. reflow) npomexcymounas
n-gaza (CusSns) 6osnuxaem nepsou u o6vicmpo pacmem. I[1opsadok 3apooviuieobpazosanus u
KUHeMUKa pocma NpoMeNCyMOYHbIX (a3 3a6UCUM OmM NePeHACHIEeHUs. MeObl0 HCUOKOU
kanau onosa. CKOpocmb CHAMUA 3M0O20 NEPEHACLIWEHU MONCem Maxdice 6GIusms Ha
Kuhemuxy pocma a3z. Bo epems onnasnenus n-gpaza (CusSns) pacmem coenacho
U38eCMHOMY 3AKOHY ¢ nokazamenem pocma 1/3 (pedxcum pocma KOHMPOAUPOBAHHBLIL
unmepgheticom), Ui CO2IACHO 3AKOHY pocma ¢ nokazamenem pocma 1/2 (pesxcum pocma,
KOHMPOAUPOBAHHBIL 00beMHOU Oughghyzueti), HO makdce pacmem CONACHO U OpYeUM
sakonam pocma. llpusedeno 0630p pabom, xomopvie onucwvliéarom 3Qp@ekmusHvie Mooenu
nooasaenus u pocma ¢az. Kunemuka pocma, mopgonozusi npomexcymounvix ¢paz 6o epems
MmeepoOoOmenbHO20 CMApeHus, a Makice nopooopasoanue 8 obveme NPoOMeHCYmouHvlx ¢has
3a8ucum om cmpyKmypbi MeOHOU NOOTONCKU.

KawueBble cioBa: maiika, 3apojblieo0pa3oBaHMe, pPOCT, KOHKypeHIus a3,
HaJIC)KHOCTD.

Opnepxano penakuiero 30/09/2014 [puitasaTo no apyky 10/11/2014
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YK 669.15 PACS 61.72.Cc; 61.72.Dd; 61.72.Nn; 81.30.Kf
B.J. Bonaap, B.1O. laniibuenko, B.€. SIkoBieB

BIIJIUB HUKJ/ITYHUX MAPTEHCUTHUX NIEPETBOPEHDb HA
CTABLIIBALIIO PEBEPTOBAHOI'O AYCTEHITY B CIIVIABAX H32 TA I'18C2

B pobomi nposedeno O0ocniosxicenns nosnomu NpamMux y—Q— ma y—€— MApPMeHCUMHUX
nepemeopensv y cnaasax H32 ma I'lI8C2 6i0nosioHo 3anexcHo 8i0 KilbKOCMi YUK1ig y—a—y—
ma y——y— nepemeopenn. llokazano, wo 6 cnaasax H32 i I'l8C2 3a ymos nazpisanns cniasie
8 iHmMepsai 360pOMHUX O—y— ma E—y— nepemeopers 3i weuokicmio (50-70) epad/c xinbkicmo
MapmeHcumHoi ghazu cniasie matixce He 3MEHULYBANACS.

KuarouoBi ciaoBa: aycteHir, MapTeHcuT, (pa30Be HarapTyBaHHA, CTYIIHb cTadulizalii,
O€3BYIJICIIEBUH CILJIaB.

Beryn

Merton (ha3oBoro HarapTyBaHHs 3aCHOBaHWW Ha TOCIHIJOBHIN peasizailii MapTEeHCUTHHUX
Y—0— Ta O.—y— MEPETBOPEHB B 3aJII30HIKEICBUX CIUIaBax [1] Ta MapTEeHCUTHUX y—&— Ta €—y—
MEepPEeTBOPEHh Yy 3aii3oMapranneBux cmiaBax [2,3]. Lleit meton mopsanm 13 3MiHEHHS
IJIACTUYHOIO J1e(hOpPMALII€IO 1 CTAPIHHAM BUKOPUCTOBYBAIM PaHillle BUKJIIOUHO JJISl 3MITHEHHS
aycTeHITHUX ciiaBiB. [IpoTe 10AaTKOB1 JOCHIKEHHS MeXaHi3MY (pa30BOro HarapTyBaHHS
BHACJIIOK Y—O—y— Ta Y—€—y— MapTEHCUTHUX IE€PETBOPEHb BIAKPUIM HOBI MO>KJIMBOCTI
BIUIMBY Ha KOMIUIEKC (PI3MYHUX BIACTUBOCTEN (pa30HArapTOBAHUX CILIABIB.

Y pobortax [4,5] mokazaHO, IO 3BOPOTHE O—y— TMEPETBOPEHHS, peasli30BaHE 3a
IUQy31IHIM MeXaH13MOM, MOXHa €()eKTUBHO BUKOPUCTOBYBATH ISl MOJIMIIEHHS MarHITHUX
BJIACTUBOCTEH.

B pesynbrari mukiaiuHux MapreHcuTHux neperBopenb (LIMII) y meractabiibHuX
CIUIaBaX TIEHEPYIOThCS JIIHIMHI 1 IUIOMMHHI AeQEeKTH KpUCTalIiuHOi OynoBH (IUCIIOKaLii,
neexTy maKyBaHHsS, MeX1 cyO3epeH 1 HaHo3epeH). B oOmacti Takux nedekrtiB nudysiiiHa
PYXJIUBICTb aTOMIB 3aMillleHHS 1 BIPOBA/DKEHHS 3a HU3bKUX Temieparyp (Huwxkue 0,5
TEMIlepaTypyd IUIABJICHHS) MOXE€ IMIABUILYBAaTUCS HA MOPSAKU. TakuMmM 4YHMHOM, Yy
MeTacTaOUIhHUX  CIUIaBaX Ha OCHOBI 3ami3a 17€l0 TMIABUINEHHS IHTeHCH]iKaiii
HU3bKOTEMIIEpaTypHOi u(y3iiHOT pPYXJIMBOCTI 3 METOK KepyBaHHS JuQy31iHUMU
mporecamMu, MmO (GOPMYIOTh KOPHCHI BJIACTMUBOCTI, MOXHAa peali3yBaTH 3a paxyHOK
BHYTpIIHbOTO yuHHUKAa MII 6e3 BUKOpHUCTaHHSA OyAb-IKMX BUCOKOEHEPreTMYHUX BILIUBIB.
MOo>XIuBICTh IPUCKOPEHHS AUQy31l aTOMIB 3aMILIEHHS 1 BTUICHHS Ha KUIbKa MOPSIKIB 3a
paxyHok y—a—y—(I'HK-OLK-I'LIK) Ta y—e—y—(I'K-I'II{Y-I'IK) MapTeHCUTHUX TIEpETBOPEHD
OyJ0 MOKa3aHO €KCIIEPUMEHTAIIBHO [6,7].

JIist moanbImoro po3BUTKY poOiT [4-7] HEOOXiAHO 3HAWTH MOKIIMBICTH OaraTopa3oBoi
peanizanii UUKIIYHUX Y—O—y— Ta Y—€—Yy— MaPTEHCUTHUX IEPETBOPEHb, HEOOXITHUX s
JOCSATHEHHSI BUCOKOTO CTYINEHIO ()a30BOr0 HarapTyBaHHs y METacTaOUIbHUX 3aJII30HIKETIEBUX
1 3aJ1130MapraHIleBUX CIJIaBax BIAMOBITHO.

IlocTanoBka 3agaui

B 1iit po60Ti npoBeAeHO OCHIHKEHHS TIOBHOTH HPSIMHUX Y—0l— Ta Y—€— MApPTEHCUTHUX
nepeTBopeHs y ciaBax H32 ta ['18C2 BianmoBigHO 3aJI€)KHO Biff KUTBKOCTI ITUKIIIB Y—O—y— Ta
Y—€—Yy— NEPETBOPEHbD.

3 Mmeroro npociipkeHHs BmuBy LIMII Ha audysiiiHi nmpouecu y ¢a3zoHarapToBaHHX
cruiaBax 00’€KTOM JOCIHIDKEHHS OIUIPHO BHOMpATH Taki CIUIaBH, B SKMX 3Ha4yHA 00’€MHa
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yacTka Oepe y4acTh y IepEeTBOPEHHIX. 32 YMOBH 30€peKEeHHsI BUCOKOI OBHOTH Mpsimoro MII
(He3HayHOi cTabOumi3alii pPEBEPTOBAHOIO AYCTEHITY CTOCOBHO HACTYMHOTO MPSIMOIO
MEPETBOPEHHS) 3a TMOBTOPHUX IMKIIB MOXE JOCITaTHCS BHCOKa TyCTHHA JAe(EKTIB
KpucTaJliyHOI OyA0BHM, a, OTXKe, 1 BHCOKHMH cTymiHb (a3oBoro HarapryBaHHs. Taki
(dazoHarapToBaHl CIUIaBU € 3PyYHUMH I JIOCHIKEHHS BIUIMBY jAedekTiB OynoBH Ha
IUQy31iHI XapaKTEepUCTUKU JIETIBHUX €JIEMEHTIB. Y 3B’SI3Ky 3 LKUM JOCTIIWIM BILUIUB
kitpkocTi [IMII Ha 00’eMHY 4acTKy MapTEHCHUTHUX O— 1 €—(]a3 BIINOBIAHO Yy CIUIaBax
H32(31,7 mac. % Ni; 0,06 mac. % C, pemra - 3ami30) 1 '18C2(17,5 mac. % Mn; 2 mac. % Si,
periTa - 3aii3o0).

Marepiaau i MeToAMKA TOCTiTAKEHD

JUis BUMIpIOBAHHSI KUIBKOCTI MapTEHCUTY, BU3HaueHHS M, As Ta Ay a Takox s
JNOoCHiKeHHs: KiHeTuku MII BUKOpPHCTOBYBaJIM MArHITOMETpUYHUNA MeTojA. BuBueHHd
(a30BUX TEPETBOPEHb MArHITHUM METOJOM OCHOBAaHE€ Ha BIIMIHHOCTI MAarHiTHUX
BJIACTUBOCTEN ayCTEHITHOI Ta MapTeHCUTHOT (a3. UyTauBICTh 1 TOUHICTh MarHiTOMETPUYHUX
JOCTIIKEHb 3HAYHO MIJBUULIYETHCS 32 BUKOPUCTAHHS AU(EPEHIIIHHOIO METOAY BUMIPIOBAaHb
B o1 HacM4eHHs. JlocmiKyBaHUN 1 €TATOHHUHN MWIIHAPUYHI 3pa3Kd, CTPOTO OJHAKOBI 3a
JlaMeTpOM Ta Macolo, 3aKpIIUIsUIM B yTpUMYBaul Ta NOMIlaIU B MarHiTHe noJie. [loyoxxeHus
3pa3ka B MarHiTHOMY I10JI1 XapaKTePU3yBAJIOCS KyTOM MDX BICCIO JOCIIKYBAHOTO 3pa3Ka Ta
HampsIMOM MarHiTHOTO MOJIS: BEIMYMHA KyTa MPsIMO MPOINOpLiiiHa KUIbKOCTI (PepOMarHiTHO1
¢a3u 3paska. Taka 3aJeXHICTh J03BOJIsIa BU3HAUUTH KYT MOBOPOTY 3pa3Ka 3a BIAXUICHHIM
JIA3epHOro IMpPOMEHs, KU BiIOMBaBCS BiA J3€pKaja pyXomoi Jep>KaBku. MarairoMmerp
310pano Ha 0a3l ycraHoBku bVY-3. Iloxubka BuMipioBaHHA QepomarHirHoi ¢asu He
nepesuiryBana 0,2-0,5%.

MarsiToMeTpuIHI METOT AJI1 BU3HAYCHHSI 00’ €MHO1 yacTuHU g-MapTeHcuTy 13 'Y
ctpykryporo B crmaBi ['18C2 we wmoxe OyTH BHUKOPHUCTAHMM, II03asK ayCTEHITHA 1
MapTeHCUTHA (Pa3u LBOTO CIUIABY € MapaMarHiTHUMU. Y 3B 3Ky 3 UM 00’€MHY 4YacTKy &-
MapTeHCUTY BM3HAYaJIM PEHTTE€HIBCBKMM METOJOM IO CHIBBIIHOIICHHIO AM(PPaKIIMHUX
pednexci (111)y 1 (0001)e.

MikpoCTpyKTYypy CIUIaBiB BUBYAIM Ha ONTUYHOMY Mikpockomi MUM-7, o6nagnaHomy
nupoBor0 KaMepor 13 0OpoOJeHHAM 300pak€Hb 3 BHKOPHUCTAHHSM CTaHIApTHOL
peAaKiiifHOT TPOrpaMu.

ExcnepumeHT Ta pe3yjbTaTH

Marnitomerpuuni  AgochijukeHHs criaBy  H32  mokasanm, 1o  Xim  mpsaMoOro
Y—O—TIEPETBOPEHHS B MPOILIECI OXOJIOKEHHS B PIAKOMY a30TI1 HICIS NEPIIOTO Y—O—Y—IIHUKITY
3MIHHUBCSI MaJlo — TeMIlepaTypa I0oYaTKy IMepeTBOpeHHs 3Hu3miacs Ha 8°C, a KUIBKICTh
MapTeHcuTHOI1 ¢a3u 3MeHmmiacs Ha 5%. [lpu upomy KUIBKICTH O— (a3 BHUMIPIOBAIU
PEHTIeHIBCBKUM METOJIOM, OCKUIBKM ayCTEHIT CIJIaBy 3a KIMHATHOI Temmeparypu OyB
¢depomarHiTHuM. Ilicns 50 y—o—y—LUKIIB KUIBKICTh O.—MapTEHCUTY 3MeHUIWwiIaca Ha 8 %
(puc. 1). Li pe3ynbTaT OTpUMAaly 32 YMOB HAarpiBaHHs CIUIaBY B IHTEpBaJll 3BOPOTHOIO OL—y—
nepeTBopeHHs 31 WBUAKICTIO (50-70) rpan/c. 3HMKEHHSI MIBUAKOCTI HarpiBaHHs Huxkue 40
rpaj/c TOpUBOJMIO JI0 HEBEIMKOrO JIOJATKOBOIO 3MEHIICHHS TIOBHOTH IPSIMOIO
nepeTBopeHHs. PesynbTaTu 11i€i pobOTH Nenio BIAPIZHSAIOTHCS Bin pe3ynbTaTiB [8], ne B
aHaJIoriyHOMY criiaBi micist 50 y—a—y—IUKIIB KUIbKICTh o—(a3u 3MeHIuiIacs jaume Ha 5%.
Ile moB’s3aHe 13 TUM, 110 B Hamlid poOOTI BUKOPUCTOBYBAIM 3pa3Ku, BUTOTOBJEHI MJIs
NOCTIKEHHs apameTpiB audy3ii, Outbmioi Baru (4 r), HDK 3pa3Ku Uil MarHITOMETPUYHHUX
BumipiB B [8] (0,04 r), mis SKMX MIBHAKICTH OXOJIOJDKEHHS Oylia BHUINOIO, a 4Yepe3 Te
cTa0u1i3alis ayCTeHITY MEHILO0. AHAJIOTTYH1 3aKOHOMIPHOCT1 3MIHU KUIBKOCT1 MapTE€HCUTHO1
¢a3u cnocrepiranu Ha criaBax H30 1 H28T2F02. Cnig 3ayBakuTH, 110 3aJ€KHICTh CTYIEHS
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cTaOuti3anii aycTeHITY y BYIJIELEBUX 3aJI30HIKENIEBUX CIUlaBax OyJia 3HAYHINIOW 3-3a
po3maay BYIJICLIEBOTO 7Y-TBEPJOTO PO3YMHY 3a HArpiBaHHS B IHTEpBajl 3BOPOTHOTO
nepeTBopeHHs [9].

M, %
90—.\ 1
80 —-'\.\&\;r\.\.\. .. §
704\ 2 e
] . \
[ )
60 | L
50 ¢
. L
40 - \ .
30- \\
] N =y
20 T T T T T T T T T T T T T 1
200 -100 O 100 200 300 400 500
t, °C

Puc. 1. MarniromeTpru4Hi KpUB1 0XOJIO/KEHHs 1 HarpiBaHHs ciuiaBy H32 y BuxinHnomy
ctai (1) Ta micns n’staecatu (2) y-o-y- nepexoin

Bucoka 3paTtHicTh O€3ByIielieBUX 3ali30HIKENIEBUX CIUIABIB O MOBTOPHUX LIMKIIIB
Y—O—y—TIepETBOPEHb 0€3 CYTTEBOTO 3MEHIIEHHS KUIBKOCTI o—¢a3u Ja€ MOKIHUBICTH
JOCHIIUTH BIUIMB HAKONMHWYEHUX JAe(PeKkTiB OyqoBM Ha BIACTHBOCTI (ha30HArapTOBAaHUX
CIUIaBIB, B TOMY YHMCJI HA TapameTpu audy3ii.

Hocnimxenns BBy kuibkocTi LIMII Ha noBHOTY y—€— neperBopeHHs y ciiaBi ['18C2
npoBenu peHTreHiBcbkuM MetogoM. Cmna ['18C2 maB TemmepaTypy NOpsSMOro y—e—
MEPETBOPEHHSI BUIIlE KIMHATHOI TEMIIEPATypH, BHACIIIOK YOT0 y BUXITHOMY CTaH1 BIH MICTHB
53% maprteHcuTHOI €— (as3u. Ilicist 3BOPOTHIX €—y—TI€PETBOPEHD 1 HACTYITHUX OXOJIO/KEHb B
PIIKOMY a30Ti KUTBKICTh E-MapTEHCUTY 3pOcTaa.

Ha MeTanorpadigHoMy 3HIMKY IIPUBEJICHO MIKPOCTPYKTYPY CILIaBY,
(azoHArapTOBaHOTO CTa IMKIAMU Yy<>E—TieperBopeHb (puc. 2). Bona mnaramyBama
BIIMAHIITETTOBY CTPYKTPY, XapaKTepHY JJIs CIUIaBYy 3 BEJIMKOIO KUIbKICTIO €—(a3u. BuaHo,
10 €-MapTEHCHUT 3aliMaB MPAaKTUYHO Bce MoJie 300pakeHHs. B yireparypi iHOAI BBaXaroTh
BUJIUMI Yy ONTUYHOMY MIKPOCKOII  MpsAMi  JiHII  BIAMAHIITETTOBOI  CTPYKTYpHU
3aJ1i30MapraHLeBUX CIJIaBIB MEXaMHu, 10 PO3AUISIOTh aycTeHIT 1 e—MapTeHcuT [10].

B pesynbrari niABUILEHHS CTYyNeHs (pa30oBOro HarapTyBaHHS 3a 30UIbLIECHHS KUIbKOCTI
Y—€—y—TIEPETBOPEHb HE CIIOCTEpiragu cTadimizaimii peBepTOBAHOTO ayCTEHITY, SK 1€ Majo
MiCIIe JUISl HU3KH IHIIUX 3ai3oMapranneBux ciasis [10, 11].
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Puc. 2. Mikpoctpykrypa ciuiaBy ['18C2 micist cTa y<>&— IUKITIB.

TakuM 4YHHOM, 3IAaTHICTH OE3BYIVICHIEBHX 3ATI30HIKEICBUX Ta 3aJli30MapraHIICBHX
crutaBiB 10 moBTopHUX LIMII 31 30epekeHHAM BUCOKOI TOBHOTH MPSIMHUX BIAMMOBITHO Y—O— 1
Y—€— MEPETBOPCHb [1a€ MOJKJIMBICTH JOCSATTH BHUCOKOTO CTYNEHIO (pa30BOTO HAarapTyBaHHS i
BHACJIIOK IIOTO JOCTIUTH BIUIMB HAKOMUYCHUX NC(PEKTiB OYJIOBU Ha XapaKTECPUCTHKU
T y3IHHUX TTPOIIECIB.

BucHoBku

Crymiap crabumizarlii aycTEHITy 3alli30HIKENIeBMX CIUIaBiB, (pazoHarapToBaHUX
Y—O—y—TIepETBOPEHHIMH, TIO BIJHONICHHIO IO HACTYIHOTO TPSMOTO Y—O—TIEPETBOPEHHS
BH3HAYHMB 1 CTYMiHb ()a30BOT0 HArapTyBaHHS PEBEPTOBAHUX ayCTEHITHOT 1 MApPTEHCUTHOT (a3.
B crmaax H30, H32 1 H28T2HO2 3a yM0B HarpiBaHHS CIUIaBYy B iHTEpBaji 3BOPOTHOTO Ol—Y—
nepeTBopeHHs 31 mBUAKICTIO (50-70) Tpaa/c KUTbKICTh MAPTCHCUTHOIT 0.—()a3u 3MEHIITyBaIacs
mume Ha 8 %. s crutaBy ['18C2 micnst cta y—e—y— MUKIIIB KUTBKICTh MApTEHCUTHOT £— (pasu
ckiana 95 %. 3a3Ha4ueHi 3aKOHOMIPHOCTI 3MIHH MOBHOTH MPSIMHUX Y—O— 1 Y—€— MEPETBOPEHB y
nporeci 0araropa3oBOro MOBTOPHOTO TEPMOUMKIYBAHHS JO3BOJHIN JOCSTTH BHCOKOTO
cTyrneHs (a30BOro HarapTyBaHHS BiIIOBIIHO 3aJ1i30HIKEICBHUX 1 3aJII30MapTaHIICBUX CILIABIB.
Lle B cBOIO yepry AO3BOJIIIO BIEPIIE IIOCTABUTH 33734y MOCIIDKEHHS BIUIMBY HAKOTTMYCHUX
nedeKTiB KpUCTaTiYHO1 OyI0BH Ha AUQY3iiiHI TporecH y (pa3oHarapToBaHUX CILIaBax.
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AnHorauus. B.U. bowuoaps, B.E. Jlanunvuenxo, B.E. Hkoeénes. Bauanue
UUKTUYECKUX MAPMEHCUMHBIX NPEePAuieHUll HA CMaduau3zayuio peeepmupoeanHozo
aycmenuma 6 cnaaeax H32 u I'l8C2. B pabome nposedeHo ucciedosanue NOIHOMbL
NpAMBIX y—Q— U Y—E— MapmeHcumHulx npespawenuti 6 cnaasax H32 u ['18C2
COOMBEMCMBEHHO 8 3A8UCUMOCTU OM KOIUYEeCMBA YUKIO08 Y—O—y— U Y—E—y— NpespaujeHull.
Tloxazano, umo 6 cnnasax H32 u I'l8C2 6 ycnosusix nazcpesa 6 unmepeane 0Opamuvix a—y—u
e—y— mpespawenuii co ckopocmvro (30-70) epad/c Koauuecmeo MapmeHCUmHou ¢hazvl
CNIa808 YMEHbUAACh HE3HAYUMETLHO.

KiioueBblie cjioBa: ayCTEHUT, MapTEHCUT, (Ha30BBIA HAKJIEI, CTENICHb CTAOWUITU3AIINH,
0e3yraepoIHbIN CIUIaB.

Summary. V.I. Bondar, V.E. Danilchenko, V.E. Ilakovlev. Influence of cyclic
martensitic transformations on stabilization of reverted austenite in N32 and G18C2 alloys.
A completeness of the direct y—a— and y—— martensitic transformations in N32 and G18C2
alloys respectively was investigated in this paper depending on the number of the cycles of
y—o—y— and y—e—y— transformations. It was shown that in N30, N32 and N28T2U2 alloys in
the conditions of alloys heating within the limits of a—y— reverse transformation with the
speed of (50-70) deg/sec the amount of martensitic a-phase has decreased by only 8%. As for
G18C2 alloy after a hundred of y—e—y— cycles the amount of martensitic e-phase was 95%.
These laws of completeness changing under the conditions of the direct y—oa— and y—e—
transformations allowed achieving a high degree of phase hardening in iron and
ferromanganese alloys.

As a result of rising of the degree of phase hardening by increasing the number of
y—e—y— transformations the stabilization of the reverted austenite was not observed, as it was
in the case of a number of other iron alloys.

Thus, the ability of carbon-free iron and ferromanganese alloys for carrying of cyclic
martensitic transformations with high completeness under the direct y—a— and y—€—
transformations makes it possible to achieve a high degree of phase hardening and therefore
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to investigate the effect of defects accumulation on the characteristics of the diffusion
processes in crystal structure.

Keywords: austenite, martensite, phase hardening, the degree of stabilization, carbon-
free alloy.
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A.1. Kopoas, H.B. CTopoxyk

KPUCTAJIIYHI OCOBJIMBOCTI HAITMWJIEHUX ITAPIB BAJKKUX
METAJIIB

Hocniosxceno mouki wapu eaxckux memanie (Pb, Sn, Bi), naneceni mepmosaxyymuum
O0CAOJICEHHAM HA NIONONCKU 3 MOHOKPUCMANIYHO20 KPEeMHII0 3 DISHUMU Napamempamu
wopcmkocmi nogepxi. Memooamu penmeeHiscbkoi ougpaxmomempii ma homomemooom 3
KONUBAHHAM MOHOKPUCMANLY O0emalbHO O00CHIONCEHO KPUCMANOCMPYKMYPHI 0coOaugocmi
CBUHYeBUX Wapié 8 3anedcHocmi 6i0 psady napamempie. llokazano, wo npu HanuiewHi HA
NONIPOBAHY NOBEPXHIO KPEMHII0 CeuHyesuul wap gopmye oyxce 2ocmpy meKcmypy 6
Hanpsamky <lI11>, nepneHOuKyiapHo 00 NOGepXHi NiONONHCKU — CBOEPIOHUN «NIOCKUL
MoHoKpucmany. Ilpu yvomy inmencusnicms oughpaxyivnozo nixy (111) mae anomamanvrno
BUCOKY 6EIUYUHY, CRIBCMABUMY 3 THMEHCUBHICMIO MOHOKpUCMANIuH020 Keéapyy. Hanunenns
Ha wiho8any NOBEPXHIO NIOJIONCKU NPUBOOUMb 00 (HOPMYBAHHA NAIBKU, OAU3LKOI 00
NONIKPUCIANIYHO20 CMAHY. 3poblieHO0 8UCHOBOK NPO 8AXCIUBY POJb MONON02II NOBEPXHI Y
opmysanni «n10CKO20 MOHOKPUCMAILYY NPU HANUWLEHHI CBUHYIO V 8AKYYMI.

Hocniooceno  3anedicHicms  « MOHOKPUCMATIBHOCMIY — CBUHYE8020 0Cady 68i0 1020
moswuny. Ompumano HeMOHOMOHHUU Xapakmep 3MIHU  IHMEHCUBHOCMI  OCHOBHOI
ougpaxryitnoi ninii (111) ocady i3 36inbueHHAM MOBWUHU, 3aNPONOHOBAHO NOSICHEHHS MAKOI
3A71eCHOCTI.

KurouoBi ciioBa: peHTreHOCTpYKTYpHUI aHami3, audpakTorpama, TEpMOBAKyyMHE
HaIWJICHHS, TOHKA TJTIBKA, IHTCHCUBHICTh TUMPAKIIITHUX MAKCUMYMIB, TEKCTYpa.

Beryn

B nanuii yac TOHKI 1apy MeTaliB 1 iX CHOJIYK LIMPOKO BUKOPUCTOBYIOTHCS B OaraTbox
rajiy3six MpOMMCIOBOCTI — y BUPOOHUUTBI ONTUYHUX NPUIAIIB (MPOCBITIIOYI TOKPUTTS 1
OaraToiapoBi IHTEpPEPEHIIIHI CUCTEMH ), B MIKPOEJIEKTPOHII1 (I1IBKOB1 TACUBHI Ta aKTUBHI1
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enemeHnTd) Ta iH.[1, 2]. BigmoBimHO MOCHTIIKEHHIO BJIACTUBOCTEH METAJICBUX IUTIBOK Ha
PI3HUX MIAJIOKKAX, B TOMY YHCII IUIIBOK BAKKHUX METAIIB, MPUCBIYCHO psia poOdit [3-6].
O6’exTaMu JOCIIKEHb IEPEeBaXHO OyiaM CYOMIKPOHHI IIapH, a OCHOBHUMH METOJaMU
NOCHIUKEHHsT —  JokanbHI  Metoqu ACM, enexkTpoHHa  pacTpoBa  MIKPOCKOTIs,
(OTOENEKTPOHHA CIIEKTPOCKOITIS.

B Toi1 e yac B psal 3a1a4 NpakTUYHE 3HAUYEHHS MAIOTh MOKPUTTS 3 TOBLIMHOIO LIApy
0,5-5 MIKpOH, B IKMX CIOCTEPIra€ThCsl psiZi 0COOIUBOCTEN KpUCTaniyHOT Oy10BU.

B naniif poOoTi eKCHepUMEHTaIbHO AOCIIIKYBAIUCH TOHKI METajeBl IIapyd CBUHIIIO,
0JIoBa Ta BICMyTy. byno BcTaHOBIEHO KpuctajorpagiuHi 3aKOHOMIPHOCTI iX OyIoBU B
3aJIe)KHOCTI B TOBIUMHM HamujeHoro 1apy. OCHOBHMM METOJOM JOCHIDKEHHS €
PEHTTEHOCTPYKTYPHUM aHami3 sK IHTErpajJbHUH MeToi, J0o0pe po3poOieHuil Jyis
3aCTOCYBaHHS JI0 TOHKHUX IUTIBOK [7].

IlocTaHoBKa eKClIepUMEHTY Ta pe3yJbTaTH

3pa3ku ISl TOJANBIIOTO aHamily Oyno OoTpuMaHO Ha BakyymMHomy mocty BVYII-4
LUIIXOM T€PMIYHOTO BaKyyMHOTO BUIIApOBYBAHHSI 3 TAHTAJIOBUX HarpiBayiB 1 OCA/HPKEHHS Ha
JIENIEKTPUYH] MIJKIaAKH 3 LUTIPOBAHOrO Ta IMOJIPOBAHOTO KPEMHIIO, CKJlIa Ta CIIOJIU
(myckoBiTy). 'mnOuHa BakyyMmy BimoBijana TeXHIYHUM naHuM cucremMu BYII-4, mBugkicts
OCa/DKEHHS MeTally cKiiaaana oim3eko 10 Hm/c.

JlocnijpkeHHsT NPOBOAWINCH B JIUCKPETHOMY PEXKHMMI Ha  PEHTTE€HIBCHKOMY
mudppaxkromerpi JJPOH y xapakrepucTuuHOMYy BUIPOMIHIOBaHHI 3aii3HOi TpyOku. Ha puc.1
MpeAcTaBiIeHo ¢parMeHT audpakrorpamu HamuieHoro mapy Pb Ha momipoBaHiil ruiommHi
(400) MoHOKpHC-TaNIIYHOI S1 — IJIACTUHU Ta BIAMNOBIIHA IUISTHKA AU(PAKTOrpaMu MaCHBHOIO
cBuHIO Mapku C3.

3200|

2600| ~ J320000imp/s

2000}
1400
800}

200}

37 38 39 40 41 42 43 44 45 46 47
Puc.1. linsuka nudpaxrorpamu 3 minismu (111) ta (200) cBunIItO.
FeK o -ButipomintoBanHs | — HanuseHuit map Pb, 2 — MmacuBHUI CBUHEIT.

Oco6nuBicTIO AU(PPAKTOTPAaMU TUTIBKM CBHHIJI0O € aHOMAJIbHO BHUCOKa IHTEHCHUBHICTH
il (111), sika Ha JBa NOPAIKK NEPEBUILYE IHTEHCUBHICTh MIKY MOJIKPUCTAIIYHOTO 3pa3Ka
Ta MaiKe MOBHA BIICYTHICTh IHIIMX ITIKIB, SIK1 3T1AHO 3 [8] MOBMHHI MaTH IHTEHCUBHICTH 60-
20 BiacoTkiB iHTeHcHBHOCTI miKy (111). Takuii xapaktep nudpakrTorpamu SIKICHO CBIAYUTH
PO YTBOPEHHS B IUTIBLI TOCTpOi TEKCTypu B HampsMKy [111], meprneHaukyaspHOMY 10
MOBEPXHI TMIIOKKK. 3 jiteparypHux mkepen [9, 10] mobpe Bimome yTBOpPEHHS
TEKCTYPOBaHUX IIJIIBOK METAIB NPHU €JIEKTPOJITUYHOMY OCAPKEHHI, IaBHO BIJOMO PO MOSIBY
TEKCTyp TpU TEPMOBaKyyMHOMY ocapkeHHi [11, 12], ame Taka BHCOKa IHTEHCHBHICTH
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PEHTTEHIBCHKOTO peduieKCy, CIIBCTaBUMa 3 IHTEHCHUBHICTIO B1J KBapLleBOr0O MOHOXpOMaTopa,
CIIOCTEPIra€eThest gnepuse? .

JUis  OCHIDKEHHST KPHUCTaIlYHUX 1 OpIEHTAUIMHUX OCOOJMBOCTEH HaIMJICHHUX
CBUHLEBUX IUTIBOK B peHreHiBchkii kamepi PKB-86 Oynu orpumani ix peHTreHorpamu
KOJIMBaHHA 3 (hikcalli€ro I1BOBUMIpHOT nudpakuiiHoi kapTuHH Ha poTomutiBKy. [lnocki 3pasku
KPEMHIIO 3 MOKPUTTAM, po3mipoM 4x10MM, BCTAaHOBIIIOBAIKCSA B KaMepl Ha TOHIOMETPUYHII
TOJIBI[I BEPTUKAJIBHO 1 KOJIMBAIKCA Ha *3 rpajlycH BiTHOCHO OpEITIBCHKOIO MOJIOKEHHS IS
pednekca (222). XapakTepHa peHTTeHorpama (puc. 2) mokasye, 1o MOKPUTTS SIBJISE COO0I0
Maii’ke MOHOKPHUCTAJIUHUMN, 3 HEBEIMKOI MO3aiuyHICTIO, MacuB. Peduekc (222) nexurb Ha
exBatopi (mopsn 3 pedaexkcom (400) kKpeMHIEBOT MIAJIOKKH), IO CBIAYUTH MPO OPIEHTAIIIIO
IUTIBKA HIUTBHOYNMAKOBAaHUMU aTOMHMMHU Inapamu (111) mapanensHo niymmoxui. L daxtu
MOSICHIOIOTh aHOMAJIbHO BUCOKY (BITHOCHO MOJIKPHUCTAJIIYHOTO 3pa3Ka) IHTEHCUBHICTH JIHIi
(111) Ha nudpaxTorpami.

(331)Pb gfﬂpb’ / 20)Pb
422)Pb . 1]
v
-
: -
! 222)P|

E A

Puc.2. Penrenorpama konuBaHHs HanusieHoro mapy Pb Ha MoHOKpHCTaniuHii
nioxii Ss. CuKo-BunpomintoBanssi. | HTepBa koiuBaHHs 6°.

Binomo [13], mo XapakTepucTUKU MiJI0KKH MalOTh CYTTEBUM BILIUB Ha (OPMYyBaHHS
METaJIEBOr0 Iapy, IO HamwiseThbcs Ha Hei. B maHill poOOTI B SIKOCTI MIAJIOXKOK Oyio
BHUKOPHUCTAHO CKJIO Ta KPEMHIEBI IJIACTUHU 3 MOJIPOBAHOIO 1 nuTioBaHOIO OBepxHE0. st
KUIPKICHOT OIIIHKM CTaHy IIOBEpXH1 JBOX OCTaHHIX OyJI0 MpPOBEACHO IX JOCIIIKEHHS
30HJIOBUM METOJIOM 3a JOMOMOTOI aTOMHO-CHIIOBOTO Mikpockomy NT-206. Byno orpumano
pO3MOAUTM MIKPOHEPIBHOCTEM Ta JlaTepalbHUX CHUJI (CHJI TepTA) Ha KUIBKOX JUISTHKaX
noBepxHi 13x13 mkMm. OTpuMmaHi 300pa)K€HHsI TOBEPXHI Ta XapakTepHl Mpodiiorpamu
HaBeJIeH1 Ha puc. 3, 4.
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ACM-gocilzkeHHS I0BEPXOHb KPEMHi€BOI IVIACTHHHM 3 Pi3HOI0 00p00KOI0

[TonipoBana («a3epKagbHaY) MOBEPXHS [InipoBana («mMaToBa») MOBEPXHS
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Puc. 3. AkcoHoMeTpHruHi 300paxeHHs AUISIHOK 13X13 MKM 3pa3KiB 3 pI3HOIO

IIOBEPXHEIO.
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JIIOBITHUX 3pa3KiB (puc. 3).

3 pucyHkiB 3 Ta 4 BUJHO, 110 CE€pPEIHS BHUCOTa HEpIBHOCTEW HUTIPOBAHUX MOBEPXOHB
KPEMHIEBUX IJIACTUH CYTTEBO OUIbIIA, HDK MOJIPOBAHUX.

PosnoninenHss ~ MIKpOHEpIBHOCTEH MO  TOBEPXHI  JO3BOJIAJIO  BCTAaHOBHUTH
cepennboapudmernane (Ra) ta cepemupbocratuctuyHe (Rq) 3HadeHHST MIKpOHEPIBHOCTEH
MMOBEPXOHb 3pa3KiB, sKi ckiamaroT Outst 200 HM a1 MaToBaHOI MOBEPXHI 1 B Mexkax SOHM —
JUTSI I3EPKABHOT MMOBEPXHI 3pa3Ka.

3a po3noAUIOM JIaTepaTbHUX CHJI 110 TTIOBEPXH1 OyJIM BCTAHOBJIEHI CEPEIHbOCTATUCTUYHI
CIJIM TepTsA B3JOBXK IIOBEPXHI 3pa3Ka, SIKI OINOCEPEIKOBAHO (B YMOBHHX OJIUHUIIX)
JI03BOJISIIOTh BCTAHOBUTHU MaKCUMaJIbHy MEXaHIYHY HalpYKEHICTh B IOBEPXHEBOMY IIapi (10
1,5 MkMm) 3pa3kiB. BcranoBieHO, 10 11l MOKa3HUK Ma€ MPUOJIM3HO OJHAKOBE 3HAYCHHS IS
MOJIIPOBAHOI 1 I11()OBaHOT TOBEPXOHB 3pa3Ka.

BrnuB penbedy nmoBepxHi MiAJIOKKH HAa XapaKTep KPUCTAIIYHOTO OCajy BHBUYEHO Ha
ONMCAHUX BUIIE KPEMHIEBUX IIJIACTUHAX Ta CKISAHINA mioxii. [IniBku cBUHIO GOpMyBaIuCh
OJIHOYACHO, B IJIEHTUYHUX YMOBaX, METOJOM TE€PMOBAKYYyMHOIro HamuieHHs. JlociiKeHHs
npoBeaeHl Ha audpakromerpi JIPOH B onumcanux Bumie ymoBax. Ha puc. 5 y cmiBcTaBieHi
MOoKa3aHo AU(PPAKTOTPaMU TPhOX 3pa3KiB. BumHO, 110 aHOMaJIbHO BUCOKA IHTEHCUBHICTD MIKY
(111) ToHKOro mIapy CBHHLIIO Ha IOJIIPOBaHIA IMOBEPXHI KPEMHIIO HE CIOCTEPIraeTbes y
TaKOro X IO TOBIIMHI I1apy, 3OpMOBAHOMY Ha MAaTOBIi MoBexHI. Lle cBIAUNUTH PO CyTTEBUI
BILTUB penbedy MIJUIOKKNA HAa KPUCTAIIYHUIN CTaH OcaKeHoro mapy Pb.
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Puc.5. Jlinsnka nudpakrorpamu 3 mdiHiamu (111) ta (200) Pb, Hanumienoro Ha pi3Hi
MiUI0KKHU. 1 —1oipoBaHa (J13epkaibHa) noBepxHs (400) MOHOKpUCTANIYHOT S1 — MJIACTHHH,
2 — muidoBaHa (MaToBa), 3 — HoJiKpUcTanidHui 3pa3ok Pb. FeKa-BunpominioBaHHs.

Binomo [14], mo Taki CTpyKTypHI mapameTpu, sIK MapaMeTp TpaTKd, IHTerpajibHa
IHTEHCUBHICTh JAU(paKUIHHUX MAKCUMyMIB TOHKOTO IIapy MeETaliB 3ajeXaTb BiJ HOro
TOBUIMHM. JI7  BH3HAYEHHS  3aleKHOCTI  JOCIIKYBAaHOIO  SIBUIIA  aHOMAaJbHOIO
TEKCTYpPOYTBOPEHHS BiJl TOBIIMHHU IIapy OyJO0 BUIOTOBJIEHO B 1IEHTUYHUX YMOBAaxX psij
3pa3KiB TOJIIPOBAHUX KPEMHIEBUX IJIOKOK 3 PI3HOIO TOBIIMHOIO HAMWJICHOI CBHHIIEBOL
wiiBky. Jlig KoHTpomto ToBuMHM 1mmapy npu manux (0,1-0,5 MxM) 3HadeHHSIX Oyio
BUKOPUCTAaHO METOJHUKY MIKpoiHTepdepoMeTpli y BapiaHTi, mnojaidHomy g0 [15] Ta
peHTreHoIyOpeCIeHTHOI crnekTpockormii. OcTaHHI METOJI € JOCTaTHhO TIPOCTUM Yy
peaiizaiii, ajne Opu BUKOPUCTaHHI A 30y/DKEHHsS (pryopecueHLii IUIIBKH HENEepPepBHOIO
CHEKTPY ICHYE HEBHM3HAUEHICTh Yy BUOOpI €(QEKTUBHOI MPHUBEACHOI JOBXKUHU XBUJI1
MEepBUHHOIO BUIIpOMiHIOBaHHS [16]. Tomy BuMIipiOBaHHS TOBIIMHM OYIM NpPOBEIEHI 3
BUKOPUCTaHHAM JUIsl 30y/UKeHHsT MoHoxpoMatuuHoro FeKo — BHIIpOMIHIOBaHHS 110
dbopmynam, HaBemeHuMm y pobortax [17, 18]. BumiproBaHHS TOBIIMHU TPOBOJMIN 10
IHTeHCUBHOCTI (uryopecueHiii Bif mignoxku (iHist K-cepii Si 3 eneprieto 1,74keB) ta minii
M-cepii Pb 3 eneprieto 2,39 keB Big Hanecenoro mapy. Pe3ynbTaTi BUMIpIOBaHb HaBe/IEH1 Ha
puc. 6. Ha puc. 7, s npukiiaay, HaBeIeHO HTepQeporpaMmy TOHKOTO CBUHIICBOTO IIapy Ha
KpeMHil B 00JIacTi MOJPSIMUHN, HAHECEHOI CIeliaibHO ISl BUMIPIOBAaHHS TOBIIWHHU IIapYy.
Pe3ynbratu BUMIpIOBaHb 000Ma METOJIaMU CHIBIaJaiIl B Mexax 5%.

3aeXKHICTh AHOMAJIBHOTO TEKCTYpPOYTBOPEHHS y CBUHLEBUX TOHKUX IUTIBKax,
YTBOPEHUX TEPMOBAKYYMHHUM OCA/DKCHHSIM HAa MOHOKPHCTAJIBHIN KPEMHIEBIA TOJIPOBAHIN
MUIOKI Oyfia AOCHiIPKEHAa METOJOM PEHTTEHIBCHKOI AM(PPAKTOMETpli Ha psAMl 3pa3KiB 3
PI3HOIO TOBIIMHOIO IUTIBKH. B SIKOCTI mapameTpa «MOHOKPUCTAJIBHOCTDY CBHUHIEBOI IJIIBKU
OyJI0 NPHUMHATO IHTEHCUBHICTH 11 audpakuiinoro mika (111). Jng 3meHIIeHHS MOXHOOK
JIYUJIPHUKA 3-32 BHMCOKOI IHTEHCHBHOCTI, BHUMIPIOBAHHS TPOBOJAWIM MPU 3HIDKEHIN
MOTYXHOCTI TpyOKu. Pe3ynbratu HaBeneHi Ha puc. 9. JlocTaTHBO BEJIMKHM PO3KH]l 3HAUYEHb
IHTEHCUBHOCTEHN MOSICHIOETHCS 3HAYHOIO YYTIUBICTIO MPOLECY HANIMJIEHHS 10 psay (HakTopis,
B IIEpIILY YEPry - Bij LIBUJKOCTI OCAPKEHHS, 3aJIeKHO1 B1J] TEMIIEpaTypH BUIIapOBYyBaya.

Ha 3anexxHocTi puc. 8 BUAUISIOTHCS JB1 AUISHKM — HENIHIHHOTO HIBUIKOTO 3pOCTaHHS
IHTEHCUBHOCTI JiHIT mpubau3HO 10 TOBUIMHU ocany 0,45 MKM 1 MOBUIBHOTO 3MEHIICHHS il
BEJIMYMHHU 13 POCTOM TOBIIMHM HanwieHHs. [lepiie, o4eBUAHO, MOSICHIOETHCS 30UIbIIEHHAM
00’eMy CBUHIIO, KUK (OPMYIOE€ IHTEHCHBHICTH audpakiiii. 3MEHIICHHS IHTEHCHBHOCTI
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MakcumyMma (111) i3 3poctanHsM TOBIIMHE mapy Pb Moxke OyTr 00yMOBJICHE HAKOTIMUECHHSM
pi3HOTO poay NedeKTiB i, K HACTIAOK, TOCTYIIOBOTO «PO3CISHHS» TEKCTYpH Ta MEPEXOIy 10
MOJIIKPUCTAIIYHOTO CTaHy. JleTanpHIIINNA ONMC MEXaHI3My PO3MIPHOT €BOJIIOIIT KPHCTATITHOT
CTPYKTYpH HANMJICHUX IIapiB MOXKIUBHUN 3 3aIy4CHHSM TCOPETUYHOTO amapaty Qi3uku
METaJliB Ta KOMIIOTEPHOTO MO/JICITFOBAHHSI.
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Puc.6. 3ayexHicTh IHTEHCUBHOCTI (piryopecueHinii Si-miuioxKkuy (craiaoda KprBa) Ta
Pb-mmokpuTTs (3pocTarova KprBa) BiJ TOBIIMHHU IIaPy.

ol i LA
P, L AL

X 3 "
L sty % UWE ¢ %

Puc. 7. KapTuna «ToBIUHHOD iHTEp(dEpeHIIii CBUHIIOBOTO
apy Ha KpeMHii B 00J1acTi MOAPSATTUHY.

I{ixaBuM € TWTaHHS, HACKUIBKH 3araJlbHAM I TPYNH BKKHX METATIB € SBUIIC
aHOMaJIbHOT TeKCTypu3amii. JJs JOCTKEHHS BOTO MUTAHHS B ICHTUYHHX YMOBax Oyimu
OTpUMaHi MIKpOHHI mapu BicMyTy Ta osioBa. Judpakrorpamu mapy Bi ToBmmHO0O 1,6 MKM,
HAIMJICHOTO Ha MOJIIPOBaHY IUIACTHHY KPEMHIIO 1 CKJIO, Y CHIBCTABJICHHI 3 IITPUX-IarpaMor0
MOJIIKPUCTAIIYHOTO BICMYTY, TpeAcTaBieHi Ha puc. 9. OueBHIHO, MO0 NMPU HAIMICHHI
YTBOPIOEThCSL TekcTypa 3 Biccio [003]. Ile sBumne momiOHE 0 ONMMCAHOTO BHIIE IPOIECY
AHOMAJILHOTO TEKCTYPOYTBOPCHHS y HANWICHUX IUTIBKAX CBUHIIO, XO4Ya BICMYT Mae
POMOOEIPUIHY KPUCTATIYHY IPATKy 1 CYTTEBO BIPI3HIETHCS BiJl CTPYKTYPH CBHHIIIO.
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Puc. 8. 3anexHnicts iHTeHCHUBHOCTI JiHi1 (111) Hanunenoro mapy Pb
B1JI TOBIIMHU IIapy.

ToHKi HanuiIeH1 Ha CIIOY LIApH BICMYTY BUBYAJIKCH paHiue [4], ane aBTopaMu Oyinu
BUKOPHUCTaHI JIOKajdbHI 30HI0BI MeTtoqn ACM 1 OCHOBHa yBara NpHIAUICHHA BUBYCHHIO
Mikpopenbedy TMOBEpXHI ocapkeHoi IuliBKM Bi. PentreniBcbka ndpakromerpid, sk
IHTErpaJIbHUA MeTOJ, Ja€ iH(opmallilo Mpo MAaKPOCKOIIYHI XapaKTePUCTHKU CTPYKTYpPH
IUTIBKH.
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Puc. 9. linsuka nudpaxrorpamu 3 minismu (003) ta (006) Bicmyty. FeKa-
BUIIPOMIHIOBaHHS | —I11ap BICMyTy, HalMJIEHUH Ha KPEMHIi, 2 — Ha CKIIO.
YopHi BiApI3KH — MITPUX Jlarpama MoJIKpUCTaIIYHOro BicMyTy 3 [13].

AHajoriyHe BUIICONHMCAHUM JOCTIDKEHHST OYyJ0 TPOBEACHO 3 OJIOBOM, SIKE Mae€
TeTparoHajibHy TrpaTky. Judpakrorpamu mapy Sn TOBLIMHOIO OIS 2 MKM, HallUJIEHOIO Ha
MOJIIPOBaHy IJIACTMHY KPEMHIIO 1 MOJIKPUCTAIIYHOIO OJIoBa, IpeacTaBieHi Ha puc. 10.
Bunno, 1o po3nouiy IHTEHCUBHOCTI MAKCUMYMIB Y IBOX 3pa3KiB JEIIO BIIPI3HAIOTHCS, ajie
rocTpa Tectypa i Judpaxiiiiii ki aHoMalabHO BUCOKOT IHTEHCHBHOCTI HE yTBOPIOIOThCA. Lle
CBITYHUTH, MO (i3WKa MPOILECIB KPUCTaTi3alii BaXKHUX METaJIB MPU TEPMOBAKYYMHOMY
HaIWICHHI € CKJIaJHUM Oarato(akTOpHUM IMpoLecoM, IKUK Mae OyTH BUYEHUI KOMILJIEKCHO,
3 BUKOPUCTaHHSIM TEOPETUYHUX Ta PI3HOMAHITHUX €KCIIEPUMEHTAIbHUX MIXOIIB.
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Puc.10. [ludpakrorpamu HanuieHoro Ha KpemHiii (1) mapy onoBa i MaCUBHUI
noJtikpucTaniyHui 3pa3ox (2). FeKa-punpominroBaHHs.
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Annoranus. A./1. Kopons, H.B. Cmoposcyx. Kpucmannuueckue ocobennHocmu
HANBLIEHHBIX C10€68 MAMCENbIX MeManNoe. Hcciedosanvl moukue Ciou maxicenblx Memaniog
(Pb, Sn, Bi), HaHeceHHbIX MEPMOBAKYYMHbLIM  OCANCOCHUEM HA  NOONONCKU U3
MOHOKDUCIMANTIUYECKO20 — KPeMHUs ¢ PAa3IUYHbIMU — NAPAMEMPamMu  Uepoxosamocmu
nogepxnocmu. Memooamu penmeeHo8CKOU Ougppakmomempuu U Homomemooom ¢
Konebanuem MOHOKpUCMALA NOOPOOHO UCCTIe008AHO KPUCMANOCMPYKIMYPHbLE 0CODEHHOCMU
CBUHLYOBBIX ClI0e8 8 3agucumocmu om pada napamempos. Ilokazano, ymo npu HanvlieHUu Ha
NOJIUPOBAHHYIO NOBEPXHOCMb KPEMHUS CEUHYOBbIN CIOU hopmupyem o4eHb OCmpyio
mexkcmypy 6 HanpasieHuu <II11>, nepneHOuKyisapHo K NOBEPXHOCMU NOOJIONCKU —
€80€00pasHbIll «NAOCKULL MOHOKpucmanny. Ilpu smom unmencuenocmv Ou@GpaKyuoHHo20
nuka (111) umeem amoManbHO BbICOKYIO GEIUUUHY, CONOCMABUMYIO C UHMEHCUBHOCHBIO
MOHOKpucmaniuyeckoeo keapya. Hanvinenue ma winughosannyo nogepxnocms noON0HCKU
npueooum K Gopmuposanuro nienku, OAU3KOU K HNOAUKPUCIALTIUYECKOMY COCMOSHUIO.
Coenan 661600 0 6aXNCHOU POAU MONOJO2UU NOBEPXHOCU 8 (HOPMUPOBAHUU «NTOCKO20
MOHOKPUCMANLAY» NPU HANbLIEHUU CBUHYA 8 8AKYYMe.

Hccnedosana 3asucumocms —«MOHOKPUCALIUYHOCIUY — C8UHYOBO20 OCAOKA OM
MONWYUHBL  HANBIIEHHO20  clos.  llonyyen  HEMOHOMOMHbIL — XApakmep  USMEHEeHUs!
UHMEHCUBHOCMU OCHOBHOU Oupparyuonnou aunuu (111) ocaoka c ysenuvenuem monuuHbl,
npeosiodceHo 00bACHeHUe MAKOU 3a8UCUMOCTIU.
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KiroueBsbie cJI0Ba: PEHTIE€HOCTPYKTYPHBIN aHaIu3, T paKTorpamMma,
TEPMOBAKYYMHOC HaIIBIJICHHUC, TOHKas IIJICHKA, HMHTCHCUBHOCTDH I[I/I(i)paKHI/IOHHI)IX
MaKCUMYMOB, TCKCTYypa.

Summary. Ya.D. Korol, N.V. Storozhuk. Crystalline peculiarities of heavy metals
sputtering layers. Thin layers of heavy metals (Pb, Sn, Bi), deposited by thermal vacuum
deposition on a substrate of monocrystalline silicon with different surface roughness
parameters, are studied. The crystal structure features of lead layers were studied by X-ray
diffraction method and photomethod with monocrystal oscillations. It is shown that deposition
of the lead layer on the polished surface of the silicon forms a very sharp texture in the
<[111> direction perpendicular to the substrate surface — a kind of "flat monocrystal". In this
case the intensity of the diffraction peak (111) has the abnormally high value which is
comparable with the intensity of the monocrystal quartz. Deposition on the polished surface
of the substrate leads to formationof film close to the polycrystalline state. It is concluded that
role of the surface topology very important at the formation of "flat monocrystal” during the
lead deposition in a vacuum.

The "monocrystalline” of lead sediment dependence on its thickness is studied. It is
shown that the character of change the main diffraction line intensity (111) of the sediment
thickness is nonmonotonic, the explanation of this dependence is proposed.

Keywords: X-ray analysis, diffractogram, thermovacuum deposition, thin film, the
intensity of the diffraction peaks, texture.

Opnepxxano penakuiero 20/10/2014 [puitasaTo no apyky 25/11/2014
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VK 539.219.3 PACS 66.30.-h

1O. O. JIsmenko, C. 1. /IepeB'ssnko, O. A. llImaTko

PO3PAXYHOK BIUIMBY TOJABAHHS TPETBOI'O KOMIIOHEHTA
A0 CUCTEMMU Cu-Ti HA EHEPT'TIO CET'PEI'ALIL
B ITPOLLECAX KOMIPKOBOI'O PO3IIAY

IIpoananizosarno eéniue dooasanns mpemvozo komnowenmy (Ni, In, Ga, Mn, Co, Cr, Fe,
Sn ma Zr) na senuuunu enepeiii ceepecayii 8 006’ emi paz ma 6 MidDcghasHux mexnrcax Memanesux
noaikpucmaniunux cucmem Cu-4,35 am.%Ti, wo poznadaromucs 3a KOMIPKOBUM MEXAHIZMOM.
Pospaxynox emmanwniii cecpecayii npoeedeno 3a 6paxy8amHs eHepeill MIdCAmoMHOI ma
NPYHCHOI 83A€EMOOII amomie pisHo2o0 copmy. XapakmepHow 000asKow, WO HPUCKOPIOE
weuokicmo Komipkosozo posnady cniagy Cu-4,35 am.% Ti € oobaska Ni ma npomusazy
oobasku Co, KA CHOBIILHIOE YIO WBUOKICMb. 3 MOOeNbHUX PO3PAXYHKIE eHmAlbnill
SMIUYBAHHS 8 00'eEMi 3epen ma 6 MidCAazZHUX medxcax 6cmanosieHo, wo 3a 0o6asoxk Ni i Co
0o cnnagy Cu-4,35 am.% Ti cunbho GIOMIHHUMU € uule eHMANbnii 3MIUYBaHHA 8 00 emi
3epeH asz. Bcmanosneni ocobaueocmi axcaugi 01 no6y008u Mooei OUHAMIYHOI ceepecayii
ma ii 6nau8y Ha WEUOKICMb KOMIPKO20 pO3nady NOMPIUHUX CUCTNEM.

KurouoBi cioBa: cerperaijisi, nmoBepxHeBa €HEpris, MIrpamisi Mex 3epeH, Audysisd,
KOMIPKOBUH po3Maj.

Beryn

OpaHuM 3 KapIUMHAJIbHUX MHTAaHb JOCIKEHHS KIHETUKH (Da30-CTPYKTYpHUX
[EPETBOPEHb TAaKUX SIK PEKpUCTaIi3allisi, PICT 3€peH, KOMIPKOBHI po3maj MepecuYeHHuX
TBEPIUX PO3uuHIB [1, 2], KIHETUYHOI Ta TEPMOJIMHAMIYHOI cTabUII3aIli HAHOKPUCTATIIHUX
IUTIBOK 3a BIUIMBY cerperaiii Ha Mbk@a3zHux Mexax [3-5] € aHani3 BIUIMBY JJOJJaHKY TPETHOTO
KOMIIOHEHTa Ha PyXOMICTh MEX 3€peH Y cIulaBax. BaxiuBum ¢akropom, sSIKMH BIUIMBA€E Ha
TEPMOJUHAMIYHY Ta eKCIUTyaTallliHy CTaOUIBHICTh MOJIKPUCTATIYHUX CTPYKTYp, €
cerperaiisi aToMiB Ha MDK3epeHHUX Ta MDK(}a3zHuX MexaX. [I[pMHIMIIOBO BIIMIHHUMU € JIB1
CUTyalli, a came, ICHyBaHHS pPIBHOB@)XHMX YW HEPIBHOBAXKHUX cerperauii. PiBHOBaXkHI
cerperauii BHUHUKAIOTh Ha HEPYXOMHMX MeEXax Ta ONHUCYIOTbCA 3 BHUKOPUCTAHHSIM
TEPMOJIMHAMIYHUX NPUHLMUIIB piBHOBaru miacucrteMm [5-9]. IHmmMm crnoco6oM OommMCyroThCs
MpoLEecH JMHAMIYHOI cerperamii, KOJM @polec BiIOYBAaeTbCA 3a pPyXy IOBEPXOHb
po3MexxyBaHHa (a3 3 meBHUMH MmBHAKOCTSIMHU [10-15]. Tlpu mpoMy, SIKII0 TOBEPXHS
po3MexxyBaHHA (pa3 PyXaeThCs 3 BIAHOCHO MaJIOIO IMIBUIKICTIO, TO BCEpEaMHI MexXi (a3 crae
MOXJIMBUM JIOCATHEHHSI PIBHS PIBHOBA)XXKHOI cerperauii KOMIOHEHTIB. BmnuB mnpouecy
MPUTSTaHHS CErPErOBaHMX aTOMIB BHCOKOKYTOBOIO MEXKEI 3€peH Ha IIBUIKICTH (Pa3oBUX
[IEPETBOPEHb OCOOJIMBO I[IKABO JOCIIIUTH B CUCTEMAaX, K1 pO3MaJar0ThCsl 32 KOMIPKOBUM
MexaHi3MoM [1, 10-18] 3a HU3BKHMX TOMOJIOTTYHUX TemIepaTyp. B xoai koMipkoBoro posmany
GpOHT peakuii PyXaeTbcsi y MacUB IEPECHYEHOTO TBEPAOrO PpO3UYHHY, OJAEPKAHOTO
3arapTyBaHHSIM Bl BHCOKHMX T'OMOJIOTIYHHUX Temmeparyp ciuiaBy. I[lpm npomy pyxoBi
BiIOyBa€ThCA TOTMEpEUYHH MUY31HHUI TMepepo3noAlT KOMIIOHEHTIB BCepeauHi 00JacTi
NEpPEeTBOPEHHs, 1[0 3a0e3nedyye po3naj NEepecHyYeHoro CIUlaBy Ha MEHII IepecHuyYeHUui
TBepAMi po3uuH 1 (a3sy BunagaHHa. OCHOBHHMHU IapaMeTpaMu KOMIPKOBOTO POCTY €
MIBUJIKICTh MIrpaiii Mex 3epeH (v), mo € GPOHTOM 3 BEIMYMHOI MDKIUIATIBKOBOI BIACTaH1
(/). Manuit mapametp / € MIMPUHOIO MUIAXY JUQY31i aTOMIB pOZYMHEHOTO €JIEMEHTY 1 pa3oM 3
Koe(DilIEHTOM 36pHOMEXKOBOT (Y31 HUX aTOMIB PyXOMUM (PPOHTOM KOMIPKOBOT peakiiii Dy,
TOBUIMHOIO (PPOHTY — A Ta cerperamiiHuM (akTopoM — § IOB A3aHUM 3 BEIUYUHOIO U
CIIBBIHOIICHHSM U = (45ADp) / I.
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VY pob6oTi [17] nocnimkeHo BIUIMB AOAAHKIB TPETHOTO €l1eMeHTy (auB. Taba. 1) Ha v Ta
noTpidHuM 100yrok sAD, y cmnaBi Cu-4,35 at.%Ti 3a Temneparypu 873 K. Benuuunu v
BU3HAUYEHO METOJIOM ONTHYHOI MeTanorpadii. B tabn. 1 necste eneMeHTIB po3TallloOBaHO B
MOPSIKY BIUIMBY Ha v. OTKe, JIMIIE HIKeNb Ta 1HA1M NPUCKOPIOIOTH KOMIPKOBUH po3Mal.

CTOCOBHO NpHUCKOpPEHHS a00 rajibMyBaHHS PyXy (PpOHTY KOMIPKOBOI peakiii TpeTiMm
€JIEMEHTOM [JIOHMHI HEMa€ OCTaTOYHUX apryMmeHTiB. OKpemi ycHmiXu Yy TMOSCHEHHI
MPUCKOPEHHsI a00 K rajibMyBaHHS KOMIPKOBOTO poO3Majy B OKPEMO B3ATIM cucTeMI, 1110
0a3yloTbCS Ha aHai31 PI3HUII PO3MIPIB aTOMIB, MAaKCUMAJIbHOI PO3YMHHOCTI TOMIIIKHA B
MeTali-0CHOBI, 1i TeMrepaTypH IUIaBjeHHs a00 X ii BINIMBY Ha KPYTU3HY KOHILIEHTpAIIMHOL
3aJIEKHOCTI TapaMeTpa KPUCTATIYHOI I'paTHUII METalla-pO3YMHIOBAYA, HA IHIITUX CHCTEMax HE
MalTh MATBEP/UKEHHSI SK 3aranbHe mpaBwio [17]. B poboti [17] mpoBemeno anamiz
MPUIYIIEHHS, 10 3arajIbHIIINM € PO3IJIA]l BIUIMBY TPETHOTO €JIEMEHTY Ha U, 3ayBa)KMBIIU
Horo poJib B yTBOpeHHI (ha3u BUNagaHHs, TOOTO Horo ancopOiiitHoi aktuBHOCTI. Tak, 1mie B
[1] pesyabTaTu BIUIUBY JOJATKOBOTO JIEIYBaHHS HA MIBUJKICTH pOCTY KOMIPOK
IHTEpPIIPETYBAIKCS caMe 3 TOYKU 30pY HasBHOCTI cerperaiiii Ha Mexax 3epeH (y BHUIAJKY
raJbMyBaHHS JAHOTO MpPOIleCy) abo K iX BIACYTHOCTI 3a MIABUINCHUX 3HAYEHBb L, OIU3BKUX
JI0 TAaKUX y HeJIeTOBaHOMY ciiiaBi. OHavye i Takui miaxig A0 mpoOieMu He 1a€ OJHO3HAYHOT
BianoBiAl. OTxe, MWBUIKICT pyXy PpOHTY KOMIPKOBOI peakilii Mae 3ajexaTy BiJl OBEIIHKU
JOMILIKOBUX aTOMIB Ha abo nepen TuM GpoHTOM. Y po6oTi [17] moBeiHKa aTOMIB JOMILIOK
(moB'sizama 3 TOpPOQUIBHICTIO ab0 TOpPOo(OOHICTIO) XapaKTEPU3YEThCA CTATUCTUYHUM
y3arajJlbHEeHUMH MOMEHTaMH aToOMIB (M), iX PI3HHMIICI0 MDK JOMIIIKOBUM €JIEMEHTOM Ta
METaJIOM-OCHOBOIO (7153 — Mycy) (MMB. Tabm.1).

B po6ori [18] npoBeneHo aHaii3 BIUIMBY JIETYBaHHS Ha KOMIPKOBHI po3mnaj y crijiaBax
CBUHEIb-0JIOBO Ta MOKa3aHo, 10 Topo(oOH1 (HOBEpXHEBO-IHAKTUBHI) JOMIIIKUA TaJbMYIOTh
foro, To1 Ik ropo(duIbHI (IIOBEPXHEBO-aKTHBHI) — MOXYTh 1 raJbMyBaTH i IPUCKOPIOBATU
naHui mporec. Jlo aHamizy cBOiX pe3ynbTaTiB aBTOpH [18] 3amy4aroTh CIIIBBITHOIICHHS, SIKE
OMHCYE 3MIHY MIBUAKOCT1 Mirpatii poHTY KOMIPKOBOI peakilii B pe3ysbTaTi JeI'yBaHHS

U ~ (8VmsADy/ RTP) (G — (26 /1) — (ky / o) — Gur), (1)
ne G. - XiMi4Ha pylliiiHa cuja IpoLecy; ¢ Ta y - MUTOMa MOBEpXHEBAa eHeprisi Mik(da3zHUX
MEX Ta EHeprisi Mex 3epeH; V,, - MoysipHuil 00’em cruiaBy; 7' - TeMieparypa CTapiHHS; k -
CHIBBITHOILIEHHS PO3MOJALTY JOMIIIKK y MeX1 Ta 00’eMi 3epHa; Gy - €HEPrisl TaJbMyBaHHS
MeX1 3€pHa JOMILIKOIO.

['opodoOHi HOMIMIKK NIABUIIYIOTH 0 Ta Y, CHPHUSIOYM THM BHUHUKHEHHS BHCOKOIi
Gy~ (I — k%), 3arampua pymiiina cuma Oyae crmagatd, a pyX (POHTY KOMIPKOBOi peakiiii
rajJibMyBaTHCs. Y BHNAJIKy > TOpPO(UIbHUX JOMINIOK IXHIA BIUIMB HA BEJIWYUHY U
BU3HAYaTUMETHCSI KOHKYPEHIIIE€I0 1BOX (aKTOPIB: MOHMKEHHSM 0 Ta ) 1 NABUILEHHIM Dj Ta

Gy

Taoumus 1
Bemnuunu v, sAD;, , mg 3a 873 K B crmasi Cu-4,35 at.%Ti
3 IOJJaBaHHSIM TPETHOTO eremMeHTy [17]
BwmicT Tpetporo vx10%, | siDy, ms x 10°, (mg3 —mscy) ¥ 10°,
KOMITOHEHTY, aT. % M/c M/c Ki/m Ki/m
0,5 Ni 10,8 6,08 1,303 0,091
0,5 In 9,0 5,06 0,746 - 0,466
Cu - - 1,212 -
4,35 Ti 7,0 3,94 0,751 - 0,461
0,4 Ga 4,7 2,64 1,429 0,217
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0,5 Mn 4,5 2,53 1,097 -0,115
0,5 Co 3,7 2,08 1,260 0,048
0,6 Cr 3,4 1,91 1,200 - 0,012
0,5 Fe 3,1 1,74 1,267 0,055
0,3 Sn 3,1 1,74 0,928 - 0,284
0,3 Zr 1,9 1,07 0,754 - 0,458

3 1aba. 1 BuaHO, 1m0 TopodoOHI (CTOCOBHO Mifi) JOMIMIKH, TaKi K Taiiid, KOOAJIbT Ta
3130, TAJIBMYIOTh pICT KOMIpok B cmiaBl Cu-4,35 at.%Ti, Tomi sk HIKenb (TaKoX
ropohoOHUI CTOCOBHO Mifll) HE MOHIKYE, a HABMaKH, miABUIIye L. B [17] ne moscHoeThCs
THM, IO BIUIMB TOpo(OoOHOI NOMIIIKM Ha IOBEPXHEBY EHEPril0 ¢ TICHO IOB’S3aHHUM 3
KOHLIEHTPALIIE}0 OCHOBHOTO JIETYIOUOT'O €JIEMEHTY ( B HAIlIOMY BUIIaJKy TUTAHY) B CILIaBI1.

Onuc moaedi

B nmanomy nmocnimkeHHI MPOBEAEMO MOJENbHI PO3paXyHKU €HTAJbIIN 3MINIYBaHHS B
OlHapHMX TBEpAMX PO3YMHAX Ta EHTaJIbIIN cerperauii KOMIOHEHTIB Ha Mexax ¢a3 s
METaJIEBUX CUCTEM Ha OCHOBI M1/l Ta HIKEJS Ta CIpoOyeMO BCTAHOBUTH iX 3B'S30K 31 3MIHOIO
LIBUIKOCTI KOMIPKOBOTO po3maay B pe3ylsbTari JieryBanHs ciiaBy Cu-4,35 at.%Ti tperim
KOMITOHEHTOM.

Jljig po3paxyHKy €HTaJIbIlli KOHIIEHTPOBAaHUX TBEPAUX PO3UHHIB BPAaXOBYEMO, 1110 OJIUH
KOMITOHEHT BUITaJJKOBUM YHHOM PO3YMHEHMU B KPUCTAJIUHINA I'paTii HIIOTO, TOJl MOXJIHUBO
BuKOopucTatu minxig Miegemu [19]. B TakoMy BUManKy €HTambIlisi YTBOPEHHS TBEPAOTO

PO3YHMHY 3 YUCTUX KOMIIOHEHTIB € CYyMOIO TPhOX JOJAaHKIB: AH chem _ XIMIYHOT CKJIaJI0BOT

eHeprii B3aemonii, AH elastic _ npyxHoi eneprii 1 AH struct CTPYKTYPHOI €HEprii, siKa B

CBOIO YEpry Ma€ BiIMIHHI BiJl HYJIsl 3HAUE€HHS TUIbKU JJIS1 TBEPIUX PO3UMHIB 3 MEPEXITHUMU
MeTalaMH.

N 2ALULIN N 1N

fe _ chem N elastic L+ Afy Struct 2)
Hexaii c¢,i c,KOHIEHTpalii €JIEeMEHTIB TBEpAOTO PO3YMHY, a C,, C, IOBEPXHEBI

KOHLIEHTpallli KOMIIOHEHTIB Ha iX MOBepXHAX B3aemonii. [loBepxHi B3aeMoxii — MOHSATTA

3anpornoHoBaHe MieeMOI0 Ul BUIIAJIKY LIUILHOTO 3allOBHEHHS MPOCTOPY chepaMH BILIUBY
KOYXHOTO KOMITIOHEHTY B O1HapHOMY CILJIaBi

2 2
3
cs _ CAVA cs _ CBVB (3)
4 2 2078 2 2’
cV3i+ceVy; cV3i+ceVy

ae V,,V, - MoaspHi 00’ eMH.
Po3paxyHok mnoBepxHeBoi entampmii AH™(4inB) i AH™(Bind) mna posuumis
enemenTa A B B Ta B B A Oyzaemo 31iiCHIOBaTH 3a BUPA30M:
AH " (s5) = ¢ jc, () AH ™ (4inB)+ ¢, AH ™ (Bind)). (4)
JpyruM JOJaHKOM € BEIMYMHA EHTalbMIl NpPY)KHOI B3a€EMOJii KOMIIOHEHTIB, fKa
PO3paxoBYEThCS Uepe3 NPYKHY EHTaJbIII0 po3urHy A B B 1 HaBnaku

AHelastic (SS) =c,c, (CBAHelastic (AlnB)+ CAAHelastic (BlnA)) ) (5)
3uavenns AH “““(AinB) i AH"“"(BinA) mu 3uaxomm yepe3 06’ eMunii Moayms K,
1 Moxayisb 3cyBy G, [19]:

2KAGB (WA _WB )2 AHelastic (BinA): 2KBGA (WB _WA )2 )

AHelaStiC (AlnB) —
4G, W, + 3K W, 4G W, +3K W,

(6)
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O06’emu cdep BIIMBY KOMIIOHEHTIB W, , W, po3paxoByBaJIUCh 3a (GOpMYyJIaMu:

W=V, +a?i P =y, a0 (7)
n n

ws ws

4 ont napaMmeTpH, 0 XapaKTepU3yrTh

n, - TYCTUHU BIINOBIJHUX C€IIEMEHTIB; @, ,Q,

ws 2" Fws

ac n

€JIEKTPOHETaTUBHICTh METAJIIB; ¢ - EMITIpUYHA KOHCTaHTa!
2

Vg
o= I.Sﬁ (8)
1 1
Mmoo md

Jist  po3pyXyHKY €HTaJIbIMIl 3€pHOTPAHUYHOI cerperamii OiHApHUX CIUIaBIB MU
BUKOPUCTOBYBaIM MoJenb Mienemu [19], mo BkiItoyae B cebe SIK PO3PaXyHOK XIMIUHOT
€HTaJIbIli 3MINIYBAHHS KOMIIOHEHTIB, TaK 1 €HTalbIii HpPYKXHOI B3a€MOAIl 13-3a PI3HOTO
po3Mipy aTtowmiB. 3rimHo Mojaeni Mak-Jlina [6] piBHOBakHa KOHIIEHTpAIlisl CErperOBaHUX
aTOMIB Y MEXX1 3€pHA BU3HAYAETHCA 3 PIBHSIHHSA:

X X AH ¢

gb c
= ex , 9
l—xgb 1-x, P kT ©)

X, MOJIbHI YaCTKH KOMIIOHEHTY PO3YMHEHOI peYOBUHH B MDK(Da3HUX MeKax 1 B 00'eMi

c

e Xy

3epeH, AH ™ - eHTanpInis cerperaiiii, a¢ 1l MO3UTHUBHE 3HAYCHHS BH3HAYAE CXUIBHICTD MEXI
3€pEeH 10 cerperartii.
[lepmnit nomanok ¢dopmynu (10) BiAmoBinae 3a MDKAaTOMHY XIMIYHY KOMIIOHEHTY
eHeprii B3aemoii [20]
2

| 1 . 2 2
AH* = —0.71><§><v x| = AH™ (AinB)—c,y V3 + ¢,y V3 |+ AE,, (10)

2 2

Y S172 . .
ne c,yiV7}, c,yaV; TOBepxHEeBa eHeprisi YMCTOrO MeTaily, C, =4,5x10° 6e3po3mipHa
HaIiBEeMIIIpUYHA KOHCTaHTa. /[pyrMM [10JaHKOM € €HTaJbIlis HPYXKHOI B3a€EMOJIi aTOMIB B

MEX1 3€peH, sKa BUHUKAE MpH aedhopmariii:
1 1
247N ,, K G o1, ry(r, —15)° K18 K185
o= s IyE = ————, (1]
4Gyry +3K 1, 4rnN ,, 4rnN ,,

ne - r,,r, aTOMHI pajlycu KoMIoHeHTiB A 1 B; N, ctama ABoraapo.

PesyabTaTn

Jljig po3paxyHKy €HTaJbIiil 3MILIyBaHHS BCEpPEANHI 3epeH OlHapHUX TBEPAMX PO3UMHIB
Ha OCHOBI M1J[l Ta TUTaHy 3a BUpazamu (2), (4), (5) Ta entanbmiii cerperaiiii 3a Bupazamu (10),
(11) B mMexax 3epeH 3 BpaxyBaHHSM SIK XIMIYHOI MDKAaTOMHOI B3a€MOJIl, Tak 1 MPYXKHOI
B3a€MO/IIT aTOMIB BUKOPUCTAaHI JjaHi, 110 NpuBeaeHo B Tabmumi 2.

Taoanusa 2
[TapameTpu, 1110 BUKOPUCTaHI1 JUIsl po3paxyHKiB [19]
Vx10°,| rx107°,| @.B | n_,on | Kx10",| Gx10",
M’/MOJTb M IYCTHHH Ila Ila
Cu 7,12 1,3849 4,45 3,18 13,1 4,513
Ti 10,58 1,6127 3.8 3,51 10,52 3,934
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Ni 6,6 1,3780 5,2 5,36 18,64 7,505
In 15,75 1,8414 3,9 1,6 4,109 0,3728
Ga 11,82 1,6734 4,1 2,25 5,69 3,747
Mn 7,35 1,4283 4,45 4,17 5,967 7,652
Co 6,7 1,4132 5,1 5,36 19,15 7,642
Cr 7,23 1,4205 4,65 5,18 19,03 11,67
Fe 7,09 1,4112 4,93 5,55 16,83 8,152
Sn 16,3 1,8626 4,15 1,9 11,09 1,844
Zr 14 1,7705 3,45 2,8 8,335 3,414

Pesynbratu po3paxyHKiB NpuBeIeHO B TaOuLsx 3 Ta 4.

Tabumuns 3
Benuunnu po3paxoBaHMX eHTaJbI B O1HapHUX cIUlaBax Ha ocHOBI Cu.
Af Chem ’ A €lastic | AH form ’ AR Chem ’ AE,, AH
Jlx/mMomb | JI/MOITB JI>K/MOTIB JI)KZ/\I/IOJ'[B Jlx/mMonb | JI/MOITB
Cu-Ni -2226,5 787,2 -1439,3 -8280,2 1116,4 -7163.8
Cu-In -109,0 9591,1 9482,1 12719,7 18149.,9 30869,6
Cu-Ti -9010,1 7628,6 -1381,6 -22659,1 26218.,4 3559,3
Cu-Ga -731,4 87143 7982,9 4641,2 52386,9 57028,1
Cu-Mn 3750,0 91,5 3841,5 5533,8 209,8 5743,6
Cu-Co 6377,5 503,8 6881,4 -9215,3 730,7 -8484,5
Cu-Cr 12498,7 0,0 12498,7 -3791,9 60,0 -3731,9
Cu-Fe 12875,5 84,9 12960,4 -6401,3 3.8 -6397,6
Cu-Sn -319,7 26699,6 26379.,9 12043.4 84149,2 96192,6
Cu-Zr | -22613,4 21237,7 -1375,7 -38913,4 81356,2 424428
Tabanus 4
BenuunHu po3paxoBaHUX €HTAJIbIIN B O1HApHUX cIuIaBaxX Ha OcHOBI Ti.
Af Chem ’ A lastic | AH form ’ AR Chem ’ AE,,, AH
JIK/MOITb JIK/MOITb JI>K/MOTIB H)KZ; oL Jlx/mMonp | JI/MOJb
Ti-Ni -34454,0 11406,0 -23047,9 -6921,1 47573,6 40652.,4
Ti-In 357,2 3568,4 3925,6 30904,8 5156,8 36061,6
Ti-Ga -684.9 723.,0 38,1 22635,6 2341,6 249772
Ti-Mn -8159.,4 5871,1 -2288,3 18134,6 30255,6 48390,2
Ti-Co -28190,5 10908,6 -17281,9 -6554,5 45379,8 388253
Ti-Cr -7405,3 8526,8 1121,5 4903,9 40251,9 45155,7
Ti-Fe -16801,0 9043,2 -7757,8 -2083,9 37105,4 35021,5
Ti-Sn -253,3 9621,1 9367,7 30002,0 25564,1 55566,0
Ti-Zr -250,0 3633,3 33833 -8089,3 15447,7 7358,4

Jliis po3paxyHKy I'yCTUH IIOBEpXHEBOI eHeprii OlHapHUX cIuiaBiB (AuB. Taba. 6 Ta 7) Mu
3acTocyBaiu y3araibHeHHS benenmikryca [21] wmogmemi Mienemu. s po3paxyHKIB
BUKOPHUCTOBYBAJIM TIOBEPXHEBI €HEPrii ¥ ,, ¥, YMCTUX KOMIIOHEHTIB OiHapHOro cruiaBy [19]
MIpUBECHI B TaONIULI 5, TOBEPXHEB1 KOHIIEHTPALil Ta €HTaJbIIl B3aEMO/I1i KOMIIOHEHTIB:

54



Cepis «®Dizuxo-mMaTeMaTHyHi Haykm», 2014
AH™ (4inB)
s s 5 s
Vap =C4V4TCpYVp —CyCp 2 . (12)
Vi

Tabumus S
[ToBepxHeBi eHeprii YNCTUX KOMIIOHEHTIB ¥ B TBEPIOMY PO3UMHI:

Ti Cu Ni In Ga Mn Co Cr Fe Sn Zr

v, Jox/m” 2,111,875 2,450,675 1| 1,6 2,55 2,312,475 | 0.675 2

Po3paxoBaHi TyCTUHM MOBEPXHEBOI €HEPTii ), B MeXkax 3epeH OIHAPHMX CIUIABiB Ha
ocHoBi Cu npuBezeHi B Tabnuii 6, Ha ocHoB1 T1 - B Tabymii 7.

Tabumnus 6
['yCTHHY TIOBEPXHEBOT eHeprii y ), B craBax Ha ocHoBi Cu.

0,5Ni | 0,5In [435Ti| 04Ga [ 0,5Mn | 0,5Co | 04Cr 0,5 Fe 0,3 Sn 0,3 Zr

7/0 1,8276 | 1,8154 | 1,8501 | 1,8211 | 1,8234 | 1,8277 | 1,8261 1,8267 | 1,8191 | 1,8278
4B

Tabumus 7
['yCTHHM TIOBEPXHEBOT €Heprii y, B craBax Ha ocHOBi Ti.

O5Ni | 05In | 0,4Ga |0,5Mn| 0,5Co | 04Cr | 0,5Fe | 0.3Sn | 0,3 Zr

y%, | 2,1839 | 19157 | 2,0125 | 2,072 | 2,1816 | 2,1333 | 2,1581 | 1,9817 | 2,0926

[IpoBenemo anani3 i BUMAAKy ropooOHHUX CTOCOBHO MiAl JoMmimok. 3 tabnuui 1
BHJIHO, IO Taiid, KOOAJIBT Ta 3aj1130, TaJIbMYIOTh picT KOMIpoK B cruiaBl Cu-4,35 at.%Ti, Tomi
SIK HIKEJIb, HaBMaKH, MABUINYE L. JIJIs aHalli3y BUKOPUCTAEMO BUIIAIKH TOJABAHHS JI0 CIUJIaBY
Cu-4,35 at.%T1 no6aBok Ni ta Co B 3B'I3Ky 3 THUM, ILIO PO3PAaxXOBaHI HAMU EHTAJBIIII

cerperauii (nuB.Tabn. 2 i 3) AH;73 =40,6 x/bx/mone ta AH,% = 38,8 kII>K/MOIb MaroTh

npuOIM3HO OJHAKOBI 3HAUEHHS, TaK SK 1 EHTaJbIll cerperamii Ha MeXax 3epeH
seg  _ seg  _ _ -
AH S, ==7,2 xJlx/mone Ta AH %, = -8,5k/[/Mouib. 13-3a IpHOIM3HO 0THAKOBUX aTOMHHUX

paaiyciB aromiB Ni Ta Co npuOIM3HO OJHAKOBHUMH € 1 €HTalbIil cerperaunii 3a paxyHOK

AH elastic

MPYKHOT B3aEMOJIII K B 00'eMi 3epeH , TaKk 1 B Mexax 3epen AE . 3 Tabnumi 4
el

TaKOX BHJIHO, 10 ToBepxHeBl eHeprii unctux Ni Ta Co npubIM3HO OJHAKOBI, TaK SK 1
noBepxHeBi eHeprii crutaBiB Cu-0,5 Ni ta Cu-0,5 Co 1 Ti-0,5 Ni ta Ti-0,5 Co momapno. Llei
HarJIAJHUN MPUKIIa] BKa3ye Ha Te, 110 J00aBKa HEBENMKOi KUIBKOCTI Ni 10 MepecuueHOro
crutaBy Cu-4,35 at.%T1 maifke BlIB141 30UIbIIIY€E MIBUIKICTh KOMIPKOBOTO PO3Ialy CUCTEMHU, a
no0GaBka HeBenukoi KuibkocTi Co HaBmaku Maike BJIBIYlI 3MeHIIYye ii B 3B'I3KYy 3

BIIMIHHOCTSIMM B €HTAJbIIIAX 3MIINIYBaHHSA TBEPAOIro po3uuHy AH ch €M o 3amexarth Bin
MDKaTOMHO1 B3aemojii B 00'emMax 3epeH (a3. Bkazani BIIMIHHOCTI NPUBOJATH 0 3MIHU
€Heprii raJbMyBaHHS MEXI1 3epHa JOMIIIKaMHU, 110 NMOTpedye po3B's3aHHs Audy3iiHOT 3a1a4l
MepPePO3MOoALTy KOMIIOHEHTIB SIK repes; GPOHTOM KOMIPKOBOTO PO3Maay, TaK 1 MOTIEPEK HbOTO
B pyxoMiii Mexi ¢a3 [22].

BucHoBku

Jljig onucy eKNepUMEHTalbHO BCTAHOBJIEHUX JAHUX IPO BIUIMB TPETHOIO KOMIIOHEHTY
Ha HIBUJKICTH PYXY MEXI KOMIPKOBOTO pO3Maay NepecHYeHHX OIHApHUX CIUIaBIB BIIEpILIE
BUKOPUCTAaHO TEPMOAMHAMIYHHMI minxin MiegeMu Ta HOro y3arajJlbHEHHS A0 PO3pPaxyHKY
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EHTaJIbIIIi cerperaiii B MeKax 3epeH 3 BpaxyBaHHSM SIK €HEeprii MIKaTOMHOI B3aeMOIi, TakK 1
eHepriil npyXHO1 B3aeMO/Iii, 3B'13aHUX 3 BIAMIHHOCTSIMU B aTOMHUX po3Mipax. BcranoBieHo,
10 y BUINAAKY J0/IaBaHHS 0 OIHApHOI CUCTEMH aTOMIB TPETHOTO KOMIIOHEHTY 3 MPUOIU3HO
OJIHAKOBUMHU aTOMHHMMH pajilycaMu, NPUCKOpPEHHs abo rajbMyBaHHS ()POHTY KOMIPKOBOI'O
po3maay CcKopille BChOIO 3B'SI3aHE 3 BIIMIHHOCTSAMHU KOe(ilieHTiB audy3ii aTOMIB Iepen
(dbpoHTOM peakxiiii, Ta , BIAMOBIAHO, 3 PI3HUMHU 3HAYEHHSMH TaJIbMIBHOI CHJIM, IO i€ Ha
pyxomMmy Mexy ¢as.

B HacTymHMX JOCHIIPKEHHSAX IUIAHYETbCS MPOBECTH INOJAiblle y3arajlbHEHHS
OTpPUMAHUX pE3yJAbTaTIB JOCIHIKEHHS JUId MOTPIMHUX CHCTEM Ta BHM3HAYaTU BILIUB
MOBEPXHEBUX €HEprifi, eHeprii 3MillyBaHHS Ta EHTaJbIii cerperauii KOMIIOHEHTIB Ha
HIBUJKICTh PYXY I'pPaHHUIl 3€pHA K B BUNAAKY ropouIbHHX, TaK 1 ropodoOHuX 100aBOK
KOMIIOHEHTIB 70 OiHapHOi cuctemu. [lnaHyeTbcst moOymyBaTH MoOJENl TajJbMyBaJIbHOTO
BIUIUBY J100aBOK TPETHOTO KOMIIOHEHTY Ha IIBHJAKICTb MDK(a3HOTO (DPOHTY B pe3yJibTaTi
pPO3paxyHKy BIAMOBIAHUX AU(Y31HHUX 3a1ad K y (POHTI MEpeTBOPEHHs, Tak 1 B 00'eMi
3€peH.
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Annoranus. F0.0. Jlawmenko, C. H. /lepesanko, O.A. IlImamko. Pacuem enuanusn
oooagnenus mpemovezo Komnonenma kK cucmeme Cu-Ti na unepeuto cecpezauuu 6
npoueccax Aueucmoz2o pacnaoa. Ilpoananuzuposano enusHue 000aGIEHUS MPEMbe2o
komnonenma (Ni, In, Ga, Mn, Co, Cr, Fe, Sn u Zr) nHa eenuyunwvl 3Hepeuil cezpecayuu
obveme az u 6 medcghasnvix epanuyax memaniuyeckux noaukpucmaniuveckux cucmem Cu-
4,35 am.% Ti, pacnaoarowuxcs no aueucmomy mexanusmy. Pacuem sumanvnuii cecpecayuu
npOBeOeH C Y4emom IHePIUll MeNCAMOMHO20 U YNPY2o20 63aUMOOCUCMBUSL AMOMO8 PA3HO20
copma. Xapakmepnoii 006a8KouU, 4mo ycKopsem cKopocmu adeucmozo pacnaoa cnaasa Cu-
4,35 am.% Ti senaemcsa dobaska Ni 6 npomueosec dobaske Co, komopas 3ameonsem 3my
ckopocmb. C MOOeNbHbIX pacyemos SHMANbNUll CMeueHus: 8 0oveme 3eper U 8 MeHchasHblx
epanuyax ycmanosaeno, umo 6 caydyae 0obasoxk Ni u Co 6 cnnae Cu-4,35 am.% Ti
CYUIeCmeeHHO pa3iudtbl IULUb IHMATLRUU CMeuleHUs 8 o0veme 3eper gaz. YcmaHnosnennvie
ocobeHHocmu 8adXCHbl OJisl NOCMPOEHUSL MOOeNU OUHAMUYECKOL cespe2ayuu U ee 8IUsHUSA Ha
CKOPOCMb SIUEUCHO20 pacnada MpotHbIX CUCTEM.

KiroueBble coBa: cerperarysi, MOBEPXHOCTHAS SHEPTHs, MHUTPAIMS TPaHUIl 3EpPEH,
g dy3usi, TYSUCTHII pacna.

Summary. Yu.O. Lyashenko, S.I. Derev'yanko, O.A. Shmatko. The calculation
influence addition of the third component to system Cu-Ti on segregation energy in
processes of the cellular decomposition. Analysis of the influence of the third component
addition on grain boundary mobility in alloys is one of the impotant problems of the phase
transformation kinetics. Segregation of atoms on grains and interfacial boundaries is an
important factor that influences the thermodynamic stability of polycrystalline structures. We
consider the influence of the addition of the third element (Ni, In, Ga, Mn, Co, Cr, Fe, Sn and
Zr) on the values of the segregation energies in the volume of the grains and on segregation
energies at the interphase boundaries of the metallic polycrystalline systems. We treat the Cu-
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Ti system at the low homologous temperature as a model system. For description of the
experimental data about influence of the third component addition on the rate of the grain
boundary velocity at the cellular decomposition the Miedema thermodynamic approach is
used. In such case the enthalpy of formation of solid solution from the pure components is the
sum of three terms: interatomic interaction energy, structural energy and elastic energy.
Calculation of the enthalpy of the grain boundary segregation includes both the calculation of
the chemical enthalpy of mixing of components and enthalpy of elastic interaction depending
on the different size of atoms.

We evaluated of the enthalpies of segregation taking into account the energies of
interatomic and elastic interaction of atoms of different kind. It was found that Ni addition
enhances the cellular decomposition rate of Cu-4.35at%Ti alloy whereas Co addition reduces
this rate. We estimated the enthalpies of mixing in the bulk of grains and in the grain
boundary interphases and found that with addition of Ni or Co in the Cu-4.35at%Ti alloy the
enthalpies of mixing in the bulk of grains differ significantly. The peculiarities revealed in this
study are important for construction of the model of the dynamic segregation and its influence
on the cellular decomposition rate in the ternary systems.

Keywords: segregation, surface energy, grainboudary migration, diffusion, cellular
decomposition.

Opnepxxano penakuiero 12/09/2014 [puitasaTo no apyky 20/11/2014
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KOMIT'FOTEPHE MOJEJIIOBAHHSA Y ®I3ULI

YK 538.911: 539.264: 621.9: 539.261 PACS 64.70.Nd, 61.48.-c, 81.20.Wk, 05.10.Ln
O.4. Pyas, .M. Kip'sau, P.M. HikonoBa, B.I. JlaabsinoB, A.M. Jlaxunk

BUBYEHHS CTPYKTYPHOI'O CTAHY ®YJIEPEHIB Cg B IPOLECI
MEXAHOAKTHUBALIIl OGEPHEHUM METOAOM MOHTE-KAPJIO

B pobomi oocniosceno cmpykmypui 3minu, axi eiodysaromocs 6 gynepenax Cey npu
mexanoaxmugayitiniu (MA) o06pooyi. Ha ocHo8i MoOOenvbHuUx amomuHux KoHgicypayill,
pekoncmpyuoganux — obepueHum  memooom  Moume-Kapno, 6ecmanoéneHo  KilbKicHI
Xapakmepucmuky OIUHCHLO2O0 I CEPeOHbO20 AMOMHO20 NOPAOKY, SAKI ONUCYIOMb CIMPYKMYpPY
dynepumy Csp y 6uxionomy cmawni ma nicia mexaroaxmusayii. Ilokazano, wo nicisa 14
200uHHOi MA 06pobKU 6 cmMpyKmMYpi ompumano2o mamepiairy OOMIHYIOMb 3-KVMHI amoMapHi
«KIIbYA», HAABHICMb AKUX C8IOUUMb NPO NOBHY amop@hizayito KpucmanivHux @ynepenis. 3a
pe3yiomamamu  Memooy paodiaibHOo20 PO3NOOILY amoMi8 6CMAHOBIEHO, WO NPOOYKmu
MexXaHoaKxmueayii xapakxmepusyomscs 2pa@imonodionum munom OauUHCHb020 NOPLOKY.

KimrouoBi ciaoBa: Oynepern Cgp, cepenHiii aTOMHUN TOPSAIOK, MEXaHOAKTHBaIlliHA
00poOka, obepHenuit meroa MounTe-Kapiio.

Beryn

Byrnenesi HaHoMarepiaiu 3HAWIUIM IIMPOKE 3aCTOCYBAHHS B pI3HUX Tally3six
MPOMHUCIIOBOCTI. [0 6araToodilf0unX 3 TOYKU 30pYy NPAKTUYHOTO 3aCTOCYBAaHHS aJIOTPOITHUX
¢bopM ByIJIeLEeBUX HaHOMAaTepiaiiB BIAHOCATHCA HOro MoJieKyisapHi popmu — Qynepenu. B
poboTtax [1-2] BcTaHOBIEHO NMO3UTHBHUI BILUIUB 100aBKu ¢ynepeny Csp 10 MPOMHUCIOBOTO
MacTHJIa Ha MPOTU3HOCHI Ta aHTU(PPUKIIIHHI BIACTUBOCTI BY3JIiB TepTs (CTallb 1O M1l 1 cTalb
no craii). B nux ymoBax Marepiajii HiAJal0ThCsl BIUIMBY BHCOKHMX TEMIIEpaTyp, THUCKIB Ta
MEXaHIYHUX HaBaHTaK€Hb. ICHye psa poOIT, B IKUX IPOBOIMIIOCS JOCITIIKEHHS CTIHKOCTI Ta
cTpykTypHi 3MiHu B (enepeHax Cgo/70 MpU MeXaHOAKTUBAIIHINA 00pobmi [3-4]. Omuak
JNOCHKEHHsT OylM TpoBeleHI Ha SKICHOMY piBHI 0e3 BCTAHOBJIEHHS KUIBKICHUX
XapaKTEPUCTHK JIOKAJIbHOI CTPYKTYpU OTPUMAaHUX MaTepiajib.

Buxonsum 3 uporo mera, poOOTH MOJISrae y BCTAHOBJIEHHI NTapaMeTpiB, SIKI ONUCYIOTh
CTPYKTYpHI 3MIHHM JIOKQJIbHOTO ATOMHOTO OTOYEHHS, IO BiIOYBAaIOTHCSA B KPUCTATIIHUX
3paszkax ¢ynepeHiB Cep B IpOIIeCi MEXaHOAKTUBAI[IITHOT OOPOOKH B TUTAHETAPHOMY MJIMHI.

Marepiaau i MeTOaM AOCTiTKEHHSA

VY sKOCT1 BUXITHOTO Matepiany B po6oTi Oyiu Bukopuctati pynepenu Csp, BATOTOBJICH1
y ®iBuko-texHiuHoMy 1HcTUTyTi YpB PAH 3a TpaguuiiiHumM MeToa0M eneKTpOoIyroBOro
BHUIAPOBYBaHHS T'PAa(ITOBUX E€ICKTPOMIB 3 MOJATBIIOK EKCTPAKIIIEID TOJIYyOJOM B amapari
Coxkcnera. ®yneperu Csp Macoro ~ 6,7 T Ta 15 KyJIbOK 3 HITPUAY KPEMHIIO 3aBaHTaXKyBaJIUCs
B PO3MEIIIOBAIbHUN CTaJIeBUM KOHTEHep, GyTepoBaHUNA HITPUIOM KpeMHis. Po3mentoBaHHs
npoBoJwiiocss B arMmocdepl aproHy Ha jaboparopHoMmy maHeTapHoMy MiuHI Fritsch
Pulverisette P-6 npu kiMHatHii Temneparypi npotsrom 1, 3, 8 ta 14 rogun. HIBuaxicTs
oOepranHst craHoBuiga 400 o0O0OpOTIB 3a XBWJIMHY TMPOTITOM BCIX €KCIIEPUMEHTIB.
CriBBIAHOLIEHHS] Macu KyJIbOK 10 Macu 3pa3zka — 30:1. Ilicins kokHOT 3yNMHKH BinOupanacs
HEBEJMKA KUIBKICTh IOPOIIKY J/JIsi TPOBEICHHS CTPYKTYPHUX JociikeHb. OTpumani
MOPOIIKHU HE MICTSAThH JOMIIIOK BIAMOBITHO JI0 XIMIYHOTO aHANII3Y.
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PeHTreHocTpyKTypH1 JOCHIPKEHHS IPOBOIMIIMCS Ha J1abopaTOpHUX Iu(dpaKkTOMETpax B
CuK, ta MoHoxpomaruzoBaHoMy MoK, —BUIIPOMIHIOBAHHSAX 3 BUKOPHUCTAHHSM TIe€OMETpii
bpera-bpentano Tta JlebGas-lllepepa, BimmoBimHo. [l AeTambHOrO BHUBYECHHS JIWHAMIKH
CTPYKTYpHUX 3MiH B ¢yinepurax Csp 3 €KCIIEpUMEHTAIbHUX PEHTTEHIBCHKUX JIaHUX METOJ/I0M
paaiagbHOTO PO3MOALTY aroMiB [5, 6] Oyno po3paxoBaHO CTPYKTYpHI (haKTOpH, Ha OCHOBI
SAKUX B1I0yBajlacsi peKOHCTPYKIIISl aTOMHUX KOH(Irypauiid ¢ynepeHiB y BUXITHOMY CTaH1 Ta
IICJST MEXaHOAKTUBaLINHOT 00poOKku. Jljis OTpUMaHHSA MOJEIbHUX aTOMHUX KOH(Irypamii
BUKOpHUCTOBYBanu mnaketu nporpam RMCPow v.2.4 ta RMCA v. 3.14, anroput™ pobotu
AKX omucaHuii B pobortax [7-9]. Bcei mopenpHi koHirypauii Britodanun 6480 aromis
BYIJICHIO, PO3TAIIOBAHUX B MOJEIBHOMY KyOi (3%3X3 eJeMEHTapHHX KOMIPOK B KOKHOMY
HaTpsAMKY) 3 po3mipom L=42,78 A. Jlns yHUKHEHHS HEpeKpUTTs aTOMIiB MiHIMalbHE iX
30mmkeHHs Oyno BHOpaHe B MiCll HEPETHHY JIBOTO CXMWIYy MEpIIOro MaKCUMyMa
€KCIIEpUMEHTAJIbHOT (PYHKITIT paiiaibHOTO PO3MOALITY aTOMIB 3 BICCIO abcuuc. Takum 4uHOM,
MiHIMaJIbHa BIACTaHb MDK aTOMaMu BYyTJIeHIO Oylna BCTaHOBJIeHa SK rc.c=1,25 A, mo
3aJI0BOJIbHSIE peKOMeHaarli [7].

Pe3yabTaTH Ta iX 00roBopeHHst

Ha gudpakuiiinux cnekrpax (puc. la), orpumanux B CuK, BunpomiHioBaHHI, 10 Mipi
30UIbIIEHHS Yacy pPO3MEJIOBAHHS CIOCTEPIraeThCsl MOCTyHoBa amop(izaiis BHXIIHOTO
3pazka. Ilicns 8 roaun wexaHoakTtuBanii (MA) BinOyBaeTbcs MOBHa amopdizaris
KPUCTAIIYHOT TPaTKu (PyIepUTiB, a MOaIbINe 30UTbIIEHHS Yacy po3MeNtoBaHHs 10 14 roaun
MPU3BOAUTH N0 JECTPYKIi MoJieKysl ¢ylepeHiB 3 (GopMyBaHHSM aMOpP(HOIo BYIJIELIO 3
MEepPEeBAXHO TpadIiTOnoqIOHMM OMMKHIM ~aTOMHUM mopsiakoM. lle minTBepmkyeTbest
HAasBHICTIO IMPOKOTO MAaKCUMYyMY B ob6iacti 20~25,3°, BnactuBoro amophHomy rpadiry.
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Puc. 1. a— ¢pparmentu audpakrorpam ta 60 — ctpykTypHuil dpakrop A(q) ¢pynepuris Ceo
y BUX1THOMY CTaHi1 Ta MICJIsl MeXaHOaKTUBaIiiHO1 00poOku, Cu K,— BUIIPOMIHIOBAHHSI.

60



Cepis «®Dizuxo-mMaTeMaTHyHi Haykm», 2014

TpanguuiiHUM METOJO0M JIOCHIPKEHHS CTPYKTypu aMophHUX MaTepialiB € METO[
pajiaJbHOTO PO3MOAUTY aTOMIB, B OCHOBI SIKOTO JIEKHUTh 3aJI€KHICTh MDK (YHKIIEIO
pagiabHOTO PO3MOAUTY aTOMHOi TYCTHHH Ta IHTEHCHUBHICTIO KOTE€PEHTHOTO PO3CITHHSA
PEHTTE€HIBCbKUX IPOMEHIB. 32 PEHTT€HIBCbKUMU JU(paKTOrpaMaMu, OTpuMaHuMu B MoK, -
BUIIPOMIHIOBaHHI, OyJluM pO3paxoBaHi CTPYKTYpHHH QakTop 1 QYHKUIS pagiaJbHOTO
po3nojiuty atoMiB Byrienio B dynepeHax Csp, MEXaHOAKTUBOBAHUX MPOTATOM PI3HOTO yacy.
CtpykTypHHil (DaKTOP BHXITHOTO 3pa3Ka XapaKTEPU3YETHCS HASBHICTIO TPhOX IHTEHCHUBHUX
mHiE: s = 0,74 A'l, s, = 1,25 Alis = 1,44 A'l, SIK1 3a IOJIOKEHHSM BIIIOBINAIOTH
kpuctaniyHomy @yrneputy Cgp. Ilicnms 1 wacy po3mentoBaHHS JiHIT S 1 S3 MOYHUHAIOTh
PO3MIMpIOBAaTUCS, a MICHs 3 TOAUH 00'€IHYIOTHCS B OJIHY 1YK€ LIUPOKY JIHIIO 3 OJIOKEHHSIM
makcumymy s, = 1,25 A™. Ha crpykrypromy daxropi micas 8 rogms MA okpim miHii s'
3'IBIAETHCS MaTO iHTeHcHBHA TiHis, s", = 1,85 A, Ilicnst 14 rommn 06poOKM CTPYKTYpHHI
(axTOp xapakTepu3yeThcs HasBHicTIO Himii s; = 1,75 A, sKa 3a momoxkeHHsAM BiAmOBimae
rpadiroBiii cknaaoBiid. 3 uporo BuUILIMBaE, 1m0 14 roauHnHa MA o0poOka MpU3BOJIUTE 10
YTBOpEHHs1 ByriieneBoro HaHomarepiany (BHM) 3 rpaditononiOnum THIOM OIMXHBOTO
MOPSLIIKY.

BuxopucToByroun eKcrepuMEeHTallbHI CTPYKTYpHI (aKTOpH, OOEpHEHHM METO/I0M
Mounre-Kapno (OMK) Oynu 3reHepoBaHi MojeidbHI KOHQIrypauii aroMmiB BYIJEIIO IpU
pi3HUX pexumax MA oOpoOku ¢ynepeniB. Buxingna koH@irypamis y KOXHOMY BUIAAKY
IpeJicTaBiIsuIa co000 KpUCTalIiuHy CTpyKTypy ¢yneputy Cso. Ha xoxHii iTeparii oaAuH aToM
BMIIAJKOBMM YHMHOM 3MilllyBaBCs BiIHOCHO CBOTo ToJjoxkeHHs Ha 0,2 A, B pesynbTari yoro
OTpUMYyBajiacsi HoOBa KOHQIrypaiis, sl IKOi po3paxoByBajacs napHa (GpyHKIIS pagiaJbHOTO
po3moJly aToMiB 3a MeTtoaukoro [7]. Jlns KokHO1 irepauii po3paxoByBaBcs KOEQILIEHT
PO30ODKHOCTI MDK MOJIENbHUM Ta €KCHEPUMEHTAIbHUM CTPYKTYpHUMH (aKTOPaMH.
[Iponienypa OMK TtpuBasia mo TuX mip, JOKM KOEPIIIEHT PO3ODKHOCTI HE IepecTaBaB
3MEHILyBaTUCS 1 HE MOYMHAB KOJIMBATHUCSA HABKOJO OJHOIO 3HAYEHHS. Y3TOKEHICTh MIK
eKCIEPUMEHTAJIbHUM Ta PO3PaXyHKOBUM CTPYKTYpHUMU (akTopamu (puc. 10) Bka3ye Ha Te,
10 MOJIeJIbHA KOH(DIrypallisi aTOMIB BIIIOBITAE peaNIbHIA CTPYKTYp1 MaTepiamy.

Jis  oTpuMaHUX KOH(QIrypalidi aToMiB BYTJIEII0 B TMpOLECl MOJEIIOBAaHHS 3a
MeToauyHo (opmynoro [10] Oynu po3paxoBaHl PO3MOAUIM BaJEHTHHUX KYTIB 3B'SI3KY
(puc. 2a). Po3noain BaleHTHUX KYTIB 3B'A3Ky MDK aromamu Byriewto st ¢ynepeHiB Csp y
BUXIJJHOMY CTaH1 XapaKT€PU3YETbCS OJHUM IIMPOKUM MaKCHUMYMOM, SIKHH PO3KJIAJAa€ThCS Ha
Bl KOMIIOHEHTH 3 MOJOXKEeHHSIMHA ~ 110 1~ 117 °, ki € 6au3bki g0 tabmuuaux — 108° 1
120°. Ilicns MA o0OpoOku mpoTsroM 1 roavHu Ha PO3MOJUIL KYTIB 3B'A3KYy MaKCUMYMH,
BrnactuBl ¢ynepenam Cyy, 3IUIIAIOTBECA HA CBOIX MICHSX, ajle KPIM HHUX 3'SBISETHCS
HEIHTEHCUBHUH IIMPOKUN aCUMETPUYHUN MAaKCUMyM B MOJIOKEHH1 ~ 60°, sKkuii BKa3ye Ha Te,
0 B CTPYKTYpl Mojiekyd B mpoueci MA BigOyBarOThbCsl 3MILIEHHSI aTOMIB BIJTHOCHO CBOIO
PIBHOBAXXHOIO MOJIOKEHHS.

[licns 3 TOOMH pO3MENIOBAHHS IHTEHCHUBHICTh MAaKCHMYMIB, $IKi BiAMOBIAAIOTH
dbynepenam Cgp, 3MEHITYETHCS, @ MakCUMyM Tipu 60° 3pocrtae (puc. 2a), MO CBIAYUTH MPO
yacTKoBe pyiHyBaHHS MoOJekynl Cgp. Ilomanmpiie 30UIbIIEHHS Yacy MeXaHOAKTHBAIIHOT
00OpOOKM MPU3BOJAUTH JI0 IOBHOTO 3HUKHEHHS Ha KYTOBOMY pO3MOAUIl MaKCUMYyMIB,
XapaKTepHUX [UIsl CTPYKTypu ¢ynepeHiB. Posnmoain mnpuiiMae BUIJISIA, TUIOBUM Ams
BYIJIELIEBUX MaTepiaiB B aMoppHOMY cTaHi [11].

BinnmoBigHo no niteparypHux Jukepen [12], cTpykTypy HEBIOPSAKOBaHMX MarepialliB
KOPEKTHIIlIE ONHCYBaTH, BHM3HAYAIOUM CEpeAHIM TUI aTOMApHOTO MOPSAKY, SKUI
PO3MOBCIO/KYEThCA HE JIMILE Ha MEplly KOOpAMHAUIdHY cdepy, fK 1€ NPUHHATO HpH
BHU3HAUYEHHI OJIMKHBOTO TIOPSAKY, a i Ha HACTYNH1 KOOpAUHALINHHI chepr — Ha BIACTaHb JI0 1-
2 HM. [Insg KUIBKICHOT XapaKTEPUCTUKH CEPEHbOIO MOPSAKY OyJo BBEIEHO KpuTepii
1. Kinr [13], sikuit 103BOJIsSi€ BU3HAYUTH XapaKTepHI s MaTepialy aTOMHI KOHQirypauii y

61



ISSN 2076-5851. Bicuuk Yepkacskoro yHiBepcurety. 2014. Bunyck 16 (309)

BUIJISI/II 3aMKHEHUX «KUIelb» (MOdiroHiB) B aHcamOni atomiB. «Kulblis» YTBOPIOIOTHCS B
pe3ynbTaTi 00€HaHHSA aTOMIB y MeXaxX MaKCHUMaJIbHOT TOBXKUHU XIMIYHOTO 3B's3Ky. Po3mip
KUTBIISI N B CITII1 BA3BHAYAETHCS KUTBKICTIO KYTIB.
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) 60
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Puc. 2. Po3noninu a — BaJIEeHTHUX KYTIB 3B'SI3Ky Ta 0 — «KLUIEIb» 3a po3MipaMH (n —
KUIBKICTB KYTIB) JIsl 3reHepoBaHux MmeToioM OMK koHbirypariiii aToMiB ByTJIEIIO B
¢dynepenax Csp B BUXIZHOMY CTaH1 Ta MICIS MEXOAKTUBAIIMHOT 00OpOOKH.

BuxopuctoBytoun kputepiii 1II. Kinr, Oyino mnoOynoBaHO pO3NOJUIM aTOMapHUX
KUTCIIbY», SIKI XapakTepu3ytoTh MoJiekyny Csp y BHUXIIHOMY CTaHI, Ta IPOaHATI30BaHO
OUHAMIKY 1X 3MIH ITiCJIsi MEXaHOaKTHUBaIiiHOT 00poOkH (puc. 2,6). 3 MpuBEIECHUX PE3yIbTaTIB
BUJIHO, LII0 Y CTPYKTYpi (pyJepeHiB y BUXIJIHOMY CTaH1 IOMIHYIOTh 5- Ta 6-KyTH1 «KUIbLISY,
K1 yTBOpIOIOTh Moyekyny Csg. Ilicng 1 romuau MA Ha po3nonuti okpiM 5- Ta 6-KyTHI
«KUteup» 3'IBIAOThCA 3-KyTH1 (parmeHTu. Ilpm 3 roamHax po3MeNntOBaHHS IPOJOBKYE
3pOCTaTU KUIBKICTh 3-KYyTHHUX «KUIELb», a BIACOTOK 5- 1 6- KYTHHUX 3MEHIIYEThCS, TOOTO
MIPOXOJIUTh B3a€MHA 3aMiHa OJHUX CTPYKTYPHUX OJMHMIL Ha IHINI, 110 BKa3ye Ha IMpOILEC
amopdizarii, Skuii TpoxoAuTh B ¢ynepeHax. Ha posmoainax po3paxoBaHUX IJIsi MOJEIBHIX
KoH(irypamiii ¢ynepenis, nigganux MA o6po6ui npotsarom 8 ta 14 roauH, I1O0MIHYIOTH 3-
KYTH1 «KUIBLS», 1110 CBIIYUTH MPO MOBHY aMOpQi3allito BUXIAHUX MaTepiaiiB.

BucHoBku

Ha ocHOBi ekcrnepuMeHTalbHUX (paAlajibHOTO PO3MOAUTY aTOMIB) 1 PO3PaxyHKOBHX
(oOepuenuit Meron MonTe-Kapno) MeToAiB HpPOBENEHO PEKOHCTPYKLII0 CTPYKTYpHOTO
nepexony ¢ynepeHiB  Cgp 3 KpHUCTAIIYHOIO CTaHy B amophHuUi B  mpoleci
MEXaHOAKTUBAIITHOT OOpPOOKM Ta BH3HAYEHO KUIBKICHI XapaKTEPUCTHUKH JIOKAJIbHOTO
OJIMKHBOTO MOPSIIKY B PO3TALIYBAHHI ATOMIB BYTJIELIIO.

CraTuCTUYHUN aHaNI3 aTOMAapHUX KUIELb [IPU BUBYEHH1 JTUHAMIKY IIEpexony QysepeHiB
Csp 3 KPUCTAIIYHOIO CTaHy B amMop(HUI NOKa3aB, 10 B BUXIJHOMY CTaHl aTOMHU BYIJIELIO
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00'eIHYIOTBCS B 5- 1 6-KyTHI HOJIIFOHH, sIKI yTBOPIOIOTh MoJieKyny Csg. Ha mouarkoBiit craaii
MexaHoaktusarllii (1-3 rogunan) mMonekyna Cs) 9aCTKOBO PO3MAJAAETHCS Ha OKPEMi aTOMH, SIKi
00'eIHYIOTBCS B 3-KyTHI «KUIbLID» a 4acTka 5- 1 O-KyTHHX 3MeHlyerbcs. llpu Ounbiin
TPUBAJIOMY 4aci MexaHoakTupalii Mojekyaa Cs) MOBHICTIO PO3MAJAETHCS HA OKPEMI aTOMH,
K1 00'€THYIOTbCSI B Me€XaX JIOBXKHHHU XIMIYHOTO 3B'S3KY B 3-KYTH1 «KUIbLSD» (TIOJICOHM),
BJIACTHBI BYIJICLIEBUM MaTepiajlaMu B aMOp(HOMY CTaHi.
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Annoramus. A.JI. Pyos, H.M. Kupvan, P.M. Huxonosa, B.H. Jlaosanos,
A.M. Jlaxnuk. H3yuenue cmpykmypuozo cocmoanusa ynnepenoe Cgy 6 npouecce
Mexanoakmueauyuu oopamuum memooom Moume-Kapno. B pabome uccrnedosanvl
CMpYKmypHvle — U3MeHeHUs,  Komopwvle  npoucxooam &  ¢yinepenax  Csy  npu
mexanoaxmusayuonHnol (MA) oopabomke. Ha ocnoge mMooenbHbIX amoMHbIX KOHu2ypayutl,
PEKOHCMPYUPOBAHHBIX 00pamHblM Memooom Moume-Kapno, ycmanosnensl KonudecmseeHHbole
Xapakmepucmuky OnuNiCHe20 U CpPeoHe20 amoMHO20 HOPSOKA, KOMOopble ONUCHIBAIO
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cmpykmypy ¢yirepuma Cgyp 8 UCXOOHOM COCMOAHUU U Nocie mexanoakmusayuu. Ilokazaro,
ymo nocne 14 uacosoii MA obpabomku 6 cmpykmype noay4eHHo20 Mamepuaia OOMUHUPYIOM
3-yeonvHbie amMomMapHvle «KOIbYA», HAIUYUEe KOMOPBIX C8UOemeNbCmeyem O HNOIHOU
amopguzayuu Kpucmaiiuveckux @yniepenos. Ilo pezyiemamam memooa paouanbHO2O

pacnpeoeieHuss  amomo8  YCMAHOBIEHO, ymo  NPOOYKMbl  MeXaHOAKMUBAYUU
Xapakxmepusynomcs 2pagumonoo0oOHbIM MUNOM OIUNCHE2O AMOMHO20 NOPSAOKA.
KiroueBsie  cioBa: ¢ymnepensl  Ceo, CPEIHHM  aTOMHBIM  TNOPSJIOK,

MexXaHOaKTHUBAIlMOHHAs 00paboTka, oOpatHbIid MeTo MonTe-Kapio.

Summary. A.D. Rud, I.M. Kirian, R. M. Nikonova, V. I. Lad’yanov, A.M. Lakhnik.
The study of structural state of fullerenes Cgy in the process of ball-milling treatment by
reverse Monte-Carlo method. The structural changes that occur in fullerenes Cgy at
mechanical activation processing are studied. Based on model atomic configurations
obtained by reverse Monte Carlo method, the quantitative characteristics describing the
structure of fullerite Cey in the initial state and after ball-milling are established.

The bond angles distributions for the reconstructed atomic configurations in fullerenes
C60 in the initial state and ball-milled ones were calculated. It was shown that it is
characterized for the pristine fullerenes Ce9 by a broad maximum, which decomposes into two
components with the positions of ~ 110 and ~ 117° It stays in place after ball-milling
treatment for 1 hour, but a low intensive broad asymmetric maximum with position of ~60°
appears, what indicates displacements of carbon atoms from equilibrium positions in the
structure of molecules Cgg. Further increase of milling time results in disappearance of
maxima characteristic of structure of the molecule. The distribution takes the form typical for
carbon materials in the amorphous state.

Statistical analysis of atomic rings in the structure of ball-milled fullerenes was
performed using S. King criterion. The pristine molecule of Cs is characterized by 5- and 6-
fold rings. At the initial stage of ball-milling treatment (1-3 hours) the molecules partially
decomposes into individual atoms, what results in appear of essential amount of 3-fold rings
with simultaneous decrease of the percentage of 5- and 6-fold ones. After 14 hours of the
processing, 3-fold rings are dominated in the carbon material produced, what indicates full
amorphization of fullerenes Cgy. Using the method of radial distribution function, it is found
that amorphous carbon possesses graphite-like type of short-range order.

Keywords: fullerenes Cgp, medium-range order, ball-milling treatment, reverse Monte-
Carlo.

Opnepxano penakuiero 11/10/2014 [puitasaTo no apyky 19/11/2014
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YK 538.9 PACS 66.30.-h
J.0. 3paes, C.B. KopHienko

JOCIIIKEHHSA KIHETUKU POCTY IHTEPMETAJITYHOI'O 3°€EJHAHHSA B
CHUCTEMI MIJIb-OJIOBO ITPH EJEKTPOMIT PAIIII

IIposedeno excnepumenmanvhe 00CAIONCEHHs KIHeMUKy pocmy HO8OI gazu & cucmemi
MiOb-011080 npu enekmponepenecenni. Iloxazano, wo picm gazu Ha anodi 6i006ysacmvcs
weuoute Hixc Ha kamodi. Kinemuka pocmy ¢hazu 8ionogioae NiHitiHOMY 4acO80M) 3AKOHY.

KuarouoBi cioBa: peakuiiina nudysis, OiHapHa cucCTeMa, €JIEKTPONEPEHECEHHS,
KIHETHKa POCTY.

Beryn

CyuacHi TeHJEHLIi PO3BUTKY KOMII'IOTEPHOI TEXHIKM, — 3MEHIIEHHS pPO3MIpiB
IHTErpaTbHUX MIKPOCXEM, 30UThIIEHHS 1X MOTYKHOCTI, Ta 3pOCTaHHS IIUIBHOCT1 €JIEMEHTIB, —
MPU3BEIU 10 CYITEBOTO MpOSIBY fBHILA eJeKTpornepeHeceHHs. Came 3 LHUM IOB’s3aHa
npoOieMa 4YacTKOBOI'O UM IOBHOTO pyWHYBaHHS JIIOTHEBUX 3’€JHaHb, Ta 3aMHUKaHHS
MIPOBIIHUKIB B MPUJIAIaX MIKPOEIEKTPOHIKH.

EnexTpruyHuil cTpyM BENMKOI I'YCTUHHM TaKOK CYTTEBO BILJIMBAE HA MPOLIEC YTBOPEHHS
IHTEpMETAIIUHUX CHOJIYK MK KyJbKaMHM JIIOT1 1 MifHOO miakiaakoro (flip-chip technology B
€JIEKTPOHIILl1), @ TAKOXK HAa MEXaHIYHI Ta eJIEKTPUYHI BJACTUBOCTI TAKUX 3’ €HAHb, TOMY 3apa3
MPOJIOBXKYE JOCHUTh IHTEHCHUBHO BECTUCh po0OOTa MO BHMBYEHHIO peakuiiHOi nudysii B
CHCTEMAX: Mib—ITIOTh i HIKeIb—II0Th TpH TycTHHi cTpymy 10° A/M” i Brme [1-7].

ExcriepyMeHTanbHO BCTAHOBJIEHO, 110 IPOMYCKAHHS IOCTIHHOrO CTpyMy B IpoLeci
peakuiiiHol nudy3ii MoOXke BIUIMBAaTH HE TUIBKM Ha KIHETUKY pocTy (a3, aje HaBiTh Ha
¢azoBuit ckiax 3oHU. llepma Bimoma Mojenb  (a30yTBOpEHHS 1 KOHKYpEHIli
IHTepMeTaNiuHuX (a3 y NpUCyTHOCTI 30BHIIIHBOIO CTpyMy Oyna 3amporioHoBaHa ['ypoBuM 1
['ycakom [8]. 3 Hel ciiaye, MO €IeKTPOMIrpallis IPU3BOAUTH O TOCTYIOBOT 3MIHU KIHETUKHU
pOCTY IIMPHHM iHTEPMETATiYHOTO 3 €IHAHHA: Bia mapabomiunoi (Ax’~¢) 1o miHilHOT
(Ax ~t) y BUNIQAKYy KOJIM HANpPsIMOK €JIEKTPUYHOIO CTPYMY CIpHUsie pocTy (a3 (HampsMok
PYXy €JIEKTPOHIB CIIBMAJA€ 3 HAIpsIMKOM Ju(y31i HAMOLIbII PYXJIUBOrO KOMIIOHEHTA). Sk
IO X EJIEKTPUYHHUM CTPYM HEPElIKOKAE POCTYy HOBOI (a3u (HANpSAMOK PYyXY €JIEKTPOHIB
NPOTWISKHUN [0 HAnpAMKy Ju¢y3ii HalOUIbII PYyXIMBOTO KOMIIOHEHTa), TO picT (a3u
MOCTIAHO  CIOBUIBHIOETbCA TOKM 30BCIM HE MNpUNUHUTHCS. LI BUCHOBKU  Oynu
eKCIIEPMMEHTANBHO TATBepuKeH] B podoTax [9-10] mist ryctun crpymis 5x10° A/m?.

Opnak, icHye Oarato poOiT, B SKHUX pICT IHTEPMETAJIIYHOIO 3 €AHAHHSA MPHU
eJeKTpoMmirpaitiii BigOyBaeTbcs e 3a mapadoiaiuHuM 3akoHOM [1-7]. OcobmuBicTIO TTUX
€KCIIEPUMEHTIB € Te, L0 aHOJ 1 KaToJl 3’€/IHaHI MDK COOOI0 CIUIBHUM IIApOM JIFOTI — came
TaKa KOHCTPYKIIIS peali3y€eThCs MPHU 3’ €JHAH1 €JIEMEHTIB 3 MIAKIAAKOIO B €IEKTPOHIIIL

B po6ori [11] npu gocaimxkeHi BIauB e(eKTy MOJISPHOCTI Ha KIHETUKY YTBOPEHHS Ta
pocTy iHTepMeTalqHoro 3’€HaHHs B cucteMi Cu—Sn Oylia BUKOPUCTaHA MPUHIIMIIOBO HOBA
cXeMa eKclepuMeHTy. MiJH1 el1eKTpOoIu, Ha SIKUX BIOYyBa€ThCs peakiiiina qudysisa, He Oyiau
CIOJIy4eHl MDK cO0O0I0 CHUIBHUM IIapoM osioBa. [Ipu Takiii KOHCTpYKUIi JOCIIPKYBaHOTO
3pa3ka, IHTepMeTaliuH1 3€JHaHHA Ha eJIeKTpoJaxX pPOCIH 3a JIHIHHUM YaCOBUM 3aKOHOM, fK 1
nepeadayno B poOoTi [8]. byB Takox oTpuMmaHUil 1 HECTIOAIBaHUHN pe3ynbTat: pa3za Ha 000X
€JIEKTPOIax pocia MIBUALIE, HDK y BUIIAJAKY, KOJIUM CTpyM OyB BIJICYTHIM, XO4a 3riIHO Teopii,
o0 1 MIATBEPAKYETbCS UUCICHHMMM €KCHEpUMEHTaMHu, picT (a3su npu BIACYTHOCTI
EJEKTPUYHOTO CTPYMY MOBHHEH OyTH OUTHIIMM HDK Ha KaTOJl, ajié MEHIIUM HDK Ha aHOIl
(ms mocnimpKyBaHOI B eKcrepuMeHTi cucteMu). OgHUM 3 MOKIMBUX IOSICHEHh TaKOTO
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pe3ynbTaTy MoXe OyTH Te, 1110 B HaCHIIOK IPOXO/PKEHHS €JIEKTPUYHOTO CTPYMY BUIUISETHCA
TEIUIO B 30HI KOHTAKTY €JICKTPO/IIB 3 JIIOTTIO, 1 TEMIIepaTypa B 1udy3iitHii 30H1 Oyje BUIIOIO,
HDK y nigii. Tomy, 1106 KOPEKTHO CHIBCTABIATH PE3yIbTaTH €KCIIEPUMEHTY 31 CTpPYMOM 1 0e3
HBOTO, BiANaa Uil OCTAHHBOTO, CJIIJ MPOBOJUTH 3a OUIBII BHUCOKOI TeMIepaTrypu. 3aiyis
3’CyBaHHs MPUYMUH Takol KIHETUKU POCTY HOBOI ¢a3u mpu Ta 0e3 enexkTpomirauii B JaHiil
po0oTi Oy70 IPOBENEHO HOBE JOCIIKEHHS POCTY IHTEPMETAJIIYHOrO 3’ €IHAHHS B CHUCTEMI
Cu—Sn.

MeToauka npoBeeHHS eKCIIEPUMEHTY

JJis BUTOTOBIICHHS 3pa3Kka OYyJI0 BHKOPUCTAHO: 2 MiJHI JIPOTHHKH, TPAaHYJIbOBAHE YHUCTE
0JIOBO, 3alli3HA IUJIACTUHKA, IO CIYXKWJIa TPOBIIHOIW MIAKIAAKO I JPOTHHOK.
[Tonepeunuii nepepiz BUKOPUCTAHUX B €KCTIEPUMEHTI APOTUHOK d = 0.204 MM.

=

Cu Cu

repMeTuk

Puc. 1. Cxema 3paska s
; OCJIJUKEHHS eJIEKTpoMIrpariii B
nignoxKa a JUKCH P pan
Sn CHUCTEMI MiIb-0JIOBO.

3a IOIIOMOTOI0 YUCTOrO 0JI0BAa MIAH1 JPOTUHKH, 31 CTOPOHU MOULTIPOBAHOIO TOPI,
Oynu 3amy)KeH1 Ta MpHUMNasHi 10 3aJi3HOI TUIACTMHKUA TakK, M[00 MDX TOpLEM IPOTHHKHU 1
3a71i30M OyB HpomIapok onoBa. Kynbku 0510Ba, Ha KOXKHOMY KOHTAKTi, Oyu Macoro 255 mr. Ix
PO3TAIOBYIOTh TaK, IIO0 KYJIbKH Bill JBOX APOTHHOK HE KOHTAKTYBaJH, IO BUKIIOYAE
MePEHECEHHs aTOMIB MiJll BiJl OJTHOTO €JIEKTPO/Ia IO IHIIIOTO Yepe3 CIUILHUMN MPOIIApOK 0JI0BA
(Puc. 1).

Jlo oxniel qpoTUHKU OyJIO MIABEACHO «+», a JI0 1HIIOI «—» BiJ JDKEpesia MOCTIHHOTO
ctpyMy. [3omdmis MimHMX 3pa3KiB Ta JOJATKOBO HAHECEHWW TEPMETHK 3a0e3reduyBayin
MIPOXOJKEHHSI CTPYMY TUIBKHM 4epe3 MONEpPedyHUd Nepepi3 JPOTHUHH, Yepe3 UHITKY T'PaHHUII0
«M1/1b-0JIOBOY, 1[0 JIO3BOJIUJIO KOHTPOJIIOBATH I'YCTUHY CTPYMY Ta HiAiOpaTv MOTpiOHUM s
JOCITIJIIB CTPYM.

Biaman npoBoauBcs mis Takux vacis: 20 rox., 30 roa., 50 roa., 60 rox.,70 rox.,80 rox.,
100 roz. ipu Temmeparypi 175 °C ta npu rycrumi crpymy — 10° A/’

BuBueHHs  MIKpOCTPYKTYypH  IHTEpMETali[iB  HPOBOJWIOCS 332  JOIOMOTOIO
Metanorpagigaoro Mikpockony [IMT-3, sikuii 3a6e3neuyBaB 301ab11eHHS B 488 pasiB.

[TinroToBka Mikpouutipa 3pa3ka BKIIOYANa: MEXaHIYHY OOpOoOKy 3a J0MOMOTOH0
abpasuBHoro mamepy «P100» — «P3000», momipyBaHHsS Ha 0OepTaJIbHOMY BepcTaTi 3
BUKOPHUCTAHHIM JpiOHoAucnepcHOro po3unny Cr,Os, TpaBlieHHS Yy peaKTHBI, IPOMHUBAHHS Y
BOJI Ta MIACYIIYBaHHS.

Jliisa MikpoTpaBiieHHs 1UTi(1B Oys10 BUKOpUCTaHO HacTynHUM TpaBHUK: 3 mu1 HNO3 + 97
mi C,HsOH (mpouec Tpuas npotsrom 40 ¢) [12].

B pesynbrari exciepuMeHTy B 1u(y31iHIN 30H1, 1[0 BUHUKJIA HA KOXKHOMY 3 KOHTAKTIB
Cu—Sn, poctyts aB1 ¢azu CuzSn 1 CueSns. Ockinbku ¢aza CuzSn A0CTaTHBO BY3bKa, TO IS
aHayizy BBaxayocs, mo pocre onHe 3’eaHaHHS (CusSn + CueSns). Takuit kpokx Oys
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00yMOBJIeHHH Maior0 mupuHOIO (a3 CuzSn. AHANOTIYHAN TIAXIA U aHATI3Y pe3y/IbTaTiB
eKCIIEpUMEHTY OyB 3aCTOCOBaHUH y poOoTi [2].

Busnauenns cepennpoi mmpuan 3’eqHaHHS (CuzSn + CugSns) 37IMCHEHO HUISIXOM
aHaTizy U poBux GoTo AUPY3iiHOT 30HU 3a JonoMororo rporpamu Adobe Photoshop CSS.

Pe3yabTaTn ekciepuMeHTy Ta ixX aHaJIi3

[upuna inTepmeraniay (CuzSn + CueSns) Ha aHOII € CYTTEBO OUTBIIIO0 HDK Ha KAaTO1
(puc. 2, 3, 4, 5), ml0 € TPOSABOM €(EKTy TOJAPHOCTI MPHU peakmidHid mudy3ii mix miero
MOCTIHHOTO EJIEKTPUIHOTO CTPYMY.

Puc. 2. Burisin qudysiiiaoi 30au cucremu Cu—Sn. Kator.
Yac Bigmany 30 rox, temmeparypa 175 °C, ryctusa crpymy 10° A/m?.

Puc. 3. Burisin qudysiiiaoi 30au cucremu Cu—Sn. AHOJI.
Yac Bigmany 30 rox, temmeparypa 175 °C, ryctusa crpymy 10° A/’

Puc. 4. Burisin qudysiiiaoi 30au cucremu Cu—Sn. Kator.
Yac sigmany 80 rox, temmeparypa 175 °C, rycrusa crpymy 10° A/’
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3anexHocTi mwupuHu pa3u (CuzSn + CueSns) Big yacy NpoBeIEHHS €KCIEPUMEHTY Ma€e
MHIMHUE XapakTep (Ax~f¢) sK Ha KaTojl, Tak 1 Ha aHoal (puc. 6). Ha 3paskax 0e3
TIPOXOKEHHS cTpyMy (a3a pocTe 3a mapaboTiyHEM YacoBUM 3akoHOM (Ax” ~1). Pict ¢pasu
Ha KaTo/ll B110yBa€eThCs MOBUIBHILIE HDK Y 3pa3Ky Bianan sikoro 3jiiicHioBaBcsa npu 190 °C .
Axmo Bimnan 3paska 6e3 cTpyMmy BinOyBaeTbes 3a Temmeparypu 175 °C, to daza Ha karoni
pocre mBuame [11]. Ile mMoxHaA MOSCHUTH, TUM IO peajbHAa TemIepaTypa B 00iacTi
IuQy31iiHOT 30HM, 3a paxyHOK [0JAaTKOBOTO HAarpiBy SIKUHW BUKIMKAHUA NIPOXOKEHHIM
€JIEKTPUYHOTO cTpyMy ctaHoBuTh 190 °C [13].

VY OuibLIOCTI POOIT 3 eNeKTpoMIrpalii JOCIIDKYIOTbCA 3pa3Ky, 110 MalOTh €JIEKTPOIU
K1 3’€/IHaH1 CIUIBHUM MPOIIAPKOM JIIOTL. B ekcriepuMeHTax 3 TakuMu 3pa3kaMu HOBa (aza
pocTe JHIIe 32 MapaboIidHIM 3aKOHOM ( AX’ ~1), IO CyTepPednTh TEOPETHUHI MOJIENi OO
nporecy [8]. Takuit 3aKkoH pocTy a3y MOSICHIOITH JI€I0 3BOPOTHUX HANPYT, SIK1 BUHUKAIOTh
B PE3Y/IbTATI eIeKTPOMIrpalii Ipy BeIHKHX ryctrHax cTpyMis (5-10° A/m?) [2].

B namomy excriepumenTi Oysia OTpUMaHa JiiHIMHA KIHETHKa POCTY LIMPUHU HOBOT (a3u,
ajle MpU IbOMY BHUKOpDUCTaHa KOHCTPYKIIS 3pa3KiB, B SIKUX MIIHI1 €JIEKTPOAH HE Maju
CIUIBHOTO MPOLIAPKY 0JIOBA, 1110 BUKIIIOYAE (Y3110 MiJll 3 KaTOLy 10 aHOy Yepe3 CIUIbHUI
npomapok onosa (Puc. 1). Oxe, mapaboTiuAMil 3aKOH POCTy IMMPHHN HOBOT daszu (Ax> ~1)
JUTSI CXEMHU €KCIIEPUMEHTY, KOJIM MiTHI €JIEKTPOU 3’ €AHaH]1 MpoIIapkoM ojioBa (ado JItOTi Ha
Horo ocHOB1) MOke OyTH NOB’sI3aHUH 13 3HAUHUM IIEPEHECEHHSM aTOMIB MiJl BiJ KaToJa /10
aHoJa /Ui BENHMKUX TYCTHUH cTpyMmiB. llle omHuM 3 aprymMeHTIB Ha KOPHUCTH IIi€l TilmoTe3n
MO>K€ CIYI'YBaTH BIJICYTHICTh B HAallIOMY €KCIIEPUMEHTI IOPOYTBOPEHHS Ha KaTO/1 1 HAsIBHICTh
[BOTO TMPOIECY B €KCHEPUMEHTaX 13 3pa3KaMu, [0 MAlOTh CHUIBHUN MPOIIAPOK JIFOTI MK
€JIEKTPO/IaMHU.

12,00
10,00
%010 748 | 7,45
6,10 ;
,____-—'l"'—'_'-l 5,93
6,00 ol %
i il 5,00
AX, MKM 436 | 4| 514

' T e +— | am

4,00 .
386 436
2,00
0,00
0,00 20,00 40,00 60,00 80,00 100,00 120,00

t, ron,
B AHoA + Kartopn A bes ctpymy

Puc. 6. 3anexHicTh cepeHbOT UPUHHU IHTEPMETAIIYHOTO 3’ €JHAHHS BiJl Yacy
excriepumenty. Temmeparypa 190 °C, rycruna crpymy 10° A/m?.

BuxopucTtoByroun AaHi OTpUMaHi 3 €KCIIEpUMEHTY OyB po3paxOoBaHUM IHTETrpaJIbHUN
koedimienT qudy3ii HoBoi dazu (CuzSn + CueSns) 3a HacTynmHOO Gopmynoro [11]:
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dt dt

1 1 ’
- + -
Axkt Axan

ne D — xoediuieHT B3aeMHOi qudysii y HOBIH ¢asi; Ax,,, Ax, — mupuHa HOBOI (a3u Ha

(dAxk[ dAx,, ]
cCucSn : +
(1)

5AcCu =

KaTOJ1 Ta aHOJ1, BIANIOBINHO; €., , Cg, - CEPEHE 3HAUEHH KOHUEHTpALIl Mil 1 oJ0Ba y (asi

(Cu3Sn + CugSns).
Cepenne 3HaueHHA KoedilieHTa B3aeMHOI AMQY3li IHTEPMETAIIYHOTO 3’ €JHAHHS

2
DAc=731-10" 2
C

BucHoBku

1. PesynpraTamMu eKCIIEpUMEHTY MIATBEPAKEHO (DaKT OUIbII MIBUJIKOIO POCTY HOBOI
¢asu (CusSn + CueSns) Ha aHomi HDK Ha Karoal. B Toi ke dac pict ¢a3m Ha KaToAdl €
MOBUTBHIIIUM, HDK y BUMAJKY BiAMaIy 3pa3ka 0e3 MPOMmyCKaHHs EICKTPUIHOTO CTPYyMY.

2. Pesynbraru eKciepuMeEHTY [OKa3ald, U0 NP MPOIYCKAHH1 €IEKTPUYHOTO CTPYMY
130TepMiuHMI picT iHTepMeTaniuHoro 3’eqHanHs (CuzSn + CueSns) B cuctemi Mifb—0J0BO,
KOJIM BIJICYTHI CHUIbHUN mpoliapok JitoTi (Sn) Mbk enektpogamu (Cu) BinOyBaeThCs 3a
JIHIMHUM ~ 4YacOBUM  3aKOHOM, IO  Y3TOJKYETbCA 3 paHille  NPOBEACHUMHU
eKCIIEPUMEHTAJbHUMU  JOoCHDKeHHs MU A cuctemd Cu—-Sn  Ta  TEOpeTMUYHUMU
nepenoayeHHIMU.

3. Ha ocHoBI ofepxaHuX y poOOTI JaHMX MOKHA CTBEPIKYBATH, IO y BHUIAIKY
ICHYBaHHS CIUIBHOTO MPOIIAPKY OJIOBA MDK MIHHUMH €JIEKTPOJaMH MPU BEIHKUX TYCTHHAX
CTpYMIB IEpEHECEHHs aTOMIB MiJll BiJl KaTo/a /10 aHOJa 4Yepe3 1ieil mpoIIapoK MOXKe CYTTEBO
BIUIMBATH Ha KIHETHKY POCTY HOBOI (ha3u — napaboIiuHui 3aKOH POCTy HOBOT (pa3u, a TaKOXK
MPU3BOAUTD JI0 MOSIBU MOP Ha KATOJI.

4. 3a naHUMU EKCIIEpUMEHTY BHM3HAUE€HO 3HAYEHHS IHTETpaJIbHOrO KoedilieHTa

2
audysii ans pasu (CusSn + CugSns): DAc=7,31-10"% 2.
c
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Annoranus. /[.0. 3paes, C.B. Kopnuenrko. Hccnedosanue Kunemuku pocma
UHMEPMEMATIUYECKO20 COCOUHEHUA 6 CUCeMe Medb — 011060 NPU IIEKMPOMUZPAUUU.
IIposedero sKcnepumeHmanvbHoe UCCIe008aHUEe KUHEMUKU pPOCma HO80U (azvl 8 cucmeme
Me0b-01060 npu snekmponepernoce. lloxazano, umo pocm @azvl Ha aHoOe NPOUCXOOUMm
ovicmpee, uem Ha kamoode. Kunemuxa pocma ¢hazel coomeemcmeyem JIUHEUHOM)
BDEMEHHOMY 3AKOHY.

KioueBbie cioBa: peaknuoHHas muddysus, OmHapHas cHUCTEMa, SJIEKTPONEPEHOC,
KHHETHKA POCTa.

Summary. D.O. Zraev, S.V. Kornienko. Investigation of the growth kinetics of the
intermetallic compound in the system copper - tin with electromigration. Experimental study
of the growth kinetics of a new phase in the copper—tin system at an electronic transport is
carried out. It is shown that the phase growth on the anode is faster as compared with that on
the cathode. The phase growth kinetics on the electrodes corresponds to a linear time law. In
these experiments, the anode and cathode have no common contact through the solder layer.
This eliminates the diffusion of copper atoms from the cathode to the anode. If the anode and
cathode have common contact through the solder layer, then the phase growth kinetics on the
electrodes corresponds to a parabolic time law.

Keywords: reaction diffusion, binary system, electromigration, growth kinetics.
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VK 539.219.3 PACS 66.30.Pa

C. M. 3axapos, B. B. Mopo3oBuu, 0. O. JIsmeHko

MOJEJIOBAHHS TU® Y31l ATOMIB 3A HASBHOCTI PYXOMMX TA
HEPYXOMMX IMACTOK HIJI JI€0 30BHIIIHLOI CTOXACTUYHOI CUJIN

Memooom Monme-Kapno Oocniodceno 6naug 308HIUHbOI  CMOXACMUYHOI CUTU  HA
nepeposnodin amomie oughyzanma 6 KyOiUHOMY 3PA3KY NPU HASAGHOCMI PYXOMUX MA HEPYXOMUX
nacmok. Po3enaoascsi 6unadok 6unaoko8o pO3NOOLIEHUX HEPYXOMUX mMa PYXOMUX HNACMOK.
Tlokazano, wo cepeone 3HaueHHs CMOXACMUYHOI CKIA0080i He 8NIUBAE HA OMPUMAHI PONOOLIU
amomis oughyzanma. Hassnicms nacmox 6 0CHO8HOMY 3MIHIOE MUN KOHYEHMPAYitiHUX npoqhinie, 3

posnodiny Tayca npu xonyenmpayii nacmox C <107 6 excnowemyiiiny 3sanexcuicmo npu

konyenmpayii C >107 . Bnius pyxaueocmi nacmox 3600umvcs 00 POIMUMMA KOHYEHMPAYiliHUX
PO3n00ini6 ma BUHUKHEHHST 000AMKOBUX JIOKATbHUX MAKCUMYMIB 8 KOHYEHMPAYIUHUX PO3NOOLIAX
MISPYIOUUX AMOMI6 8 pe3yIbmami Oii CmoxacmuyHoi 308HIUHBOL CUTU.

KuarouoBi cioBa: 30BHINIHS CHiIa, CTOXacTUYHUM apeiid, audysis, M0acTkwy,
KOpeJIALiiHI e(eKTH.

Beryn

OnucanHs Ta MOJENIOBaHHSA Judy3il B KpucTalax Imif JAl€l0 30BHIMIHIX CHJI,
MPUBOIWIOCH B poboTtax [1-5]. B HuX cnocTepiranucs epexTu KOpesilii, po3paxoByBaBCs
aCUMNTOTUYHUIA 4Yac CepeAHbO-KBAJIPATUYHOIO 3MIUIEHHS. THUIOBUM  BHIIAJKOM €
NOCTKEHHsT AUQy3ii AOMINIOK min Jieto enekrpuyHoro noss. Kopensuilini edexktu Oynu
PO3IJIIHYT1 TAKOX B OIS [5].

CretnigHo0 Mpo6IEMOIO € HasABHICTh «UIYMIB» IT1]1 4ac BILIUBY 30BHIIIHBOT CHJIH, 1110
NPU3BOAUTH JO BUHUKHEHHS 30BHIIIHBOrO croxactuyHoro edekry. [IpucyrHicTh
CTOXaCTMYHOI CKJaJ0BOi MoOke OyTH TOB'sI3aHAa 3 ICHYBaHHSAM YacoBOi 3aJIeKHOCTI
koedimienta qudysii D(¢) [6, 7]. BB cTtoxacTuyHUX IIyMiB Ha AUQY31t0 aTOMIB JTOMIIIIOK

MPU HASBHOCTI MACTOK € III€ HE JI0 KIHIA BUBYEHUM mNuTaHHsIM [7, 8]. ExcriepuMeHTanbHi
pe3ynbTaT, Hanpukian [9, 10], mokazyoTh, 0 HASBHICTh 30BHIMIHBOT CHIJIM TTPU3BOJUTH 0
TpaHcpopmanii audy3iiHuX npouIB 1 IX 3HAYHOIO BIAXWIEHHA BiJ CTaHJAAPTHUX
po3nonutis ['ayca. € Benuka KUIbKICTh IPUYMH, 1[0 MOXYTh BIUIMHYTH Ha €KCIIEPUMEHTAIbHI
npodiai KOHIEHTpalli, cepel HUX — MPUCYTHICTb PYXOMHX Ta HEPYXOMHUX IMAaCTOK, SK
[IPaBWJIO, FE€TEPOTEHHO PO3MOJUIEHUX MO 3pa3Ky, HAsBHICTh 30BHILIHBOTO BIUIMBY, BILIUB
CHEKTPY 30BHIIIHbOI CHJIH, TOLIO.

Y poGoti [8] mpoBeaeHO MOJENIOBaHHS KOHLEHTpauliHuUX npodiniB audyszanra B
3aJIe)KHOCTI Bl INIMOMHU NMPOHMKHEHHs micis (ikcoBaHoro uacy aum¢ysii. 3a BiACYTHOCTI
30BHILIHBOI CHJIM 1 MACTOK JJIsl AUPYHIYIOUMX aTOMIB, KOHLEHTpaUIiHUN Npo@duib MOBUHEH
Oyt moaiOHuM no posnonuty ['ayca. Haxun Takoi kpuBoi B KoopauHarax '"jmorapupm
KOHLIEHTpaLii - KBaapaT TMOMHU", O3BOJIAE€ BUSHAUUTH Koe(inieHT audy3ii. Y pobori [§]
BU3HAUYEHO $K 3MIHIOIOTHCS KOHIEHTpALliHI pO3MOALIM 3a HASABHOCTI CTOXAaCTUYHOIO
30BHIIIHBOTO BIUIMBY Ta 3a MPUCYTHOCTI HEPYXOMMX HAcTOoK. B maHoMy JociiikKeHHI
MIPOBEJIEHO Ta BU3HAUYEHO 3MIHM KOHUEHTPALUIMHUX NPo(dLIiB B 3aJI€KHOCT1 BiJ] PYyXJIMBOCTI
MACTOK MpH Aii 30BHIIIHBOT CTOXaCTUYHOT CHIIH.

Mogenp MaconepeHeceHHs

VY wmiit poboTi mepepo3noAll aroMiB audy3aHTa MiJ €0 30BHIMIHBOI CHUJIM, K 1Y
BUIIAJKy MOJEIl HEpyXxoMux nactok [8], 3moaenboBano 3a merogoMm Mourte-Kapno B
TPUBUMIpHIA KyOluHIM rpartui. Po3paxyHkoBoro oOnacTio € mnapaienenines; po3Mipamu
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1000x300x 300 aTomiB, Ae HaMOLIBIINIA PO3MIP BIANOBIAA€ HANIPSAMKY Jii 30BHIIIHBOT CHIIH
(puc. 1). Ilo HanpsiMKax y 1 z BUKOpPHUCTaHI NepIOAUYHI TPaHUYH1 YMOBHU. B Mojeni noyatok
pyxy aroMiB Audy3aHTa BIOYBaeTbcs 3 30BHINIHLOI rpaHi (x=0) 1 iX Mirpauis no 3pasky
TPUBA€E JO NEBHOro (PIKCOBAaHOIO MOMEHTY 4acy f. 3a BIACYTHOCTI 30BHIINIHBOI CHIIU
HMOBIpHICTh CTpHOKa aToMa B IKOMYCh HalPSIMKY i JJOPIBHIOE

P=-", (1)

1€ z - KOOpAMHALI{HE YUCIO PeIlTKU (z = 6 B BUNAAKY KyO14HOI IpaTKH), a vV - 4acToTa
CTpUOKIB aToMa B HanpsMKy i. BmnuB 30BHINIHBOI cuiu B Mojeni OyB JIOCATHYTUI
BBEJICHHSM IapaMmerpa B, sKuil onucye HMOBIPHICTh CTpUOKa aToMa AU(Y3aHTa B HANPSAMKY
X:

1+B
=, 2
=76 )
SKIIO CTPUOOK B11OyBa€ThCs B HANPSAMKY BIC1 X Ta
1-B
P =—, 3
T 3)

AKIIO CTPUOOK MPOXOJMTh B HPOTHICKHOMY HANpSIMKY. MMOBIipHOCTI CTpHOKIB B iHIIMX
HampsiMKax (B3J0BXK OCEHl y Ta z) 3aJMmIniacad He3MIHHUMHU. [lacTku BBEIEHO B MOJEIbHUN
3pa3oK PIBHOMMOBIPHO PO3MILIEHUMHU. Y poOOTI OyliK PO3TJSHYTO BHUIIAJIOK JIUIIE TOYKOBUX
nactok. [Ipu npoMy BpaxoBYeThCs, IO NACTKHU 1 AUPYHAYIOUl ATOMU HE B3a€EMOJIIOTH caMi 3
co0oro0 Ha BijacTtaHi. KpiM TOro, icHye MOJIMBICTH TOTO, 10 aToMu JIudy3aHTa MOXKYTh
3aJIUIINTH MACTKY 3 JI€SKOI0 WMOBIPHICTIO P, siKa 3aJI€KUTh B1Jl KOOPIAUHATH X.

0,03
0,03
0,025
% 0,025 §
= <
: £ 002
= , 1
g 0,02 z o)
5 5
g 0,015 2 0,015
2 001 2 001+ %
B = /A
= 0,005 = 0,005 o
0 0 mmﬂw@ %
0 5 100 150
FIM%HHa TIPOHMKH €HHS 0 Tn8una npox—mm—xex—r‘ll-p;? 150
a 0

Puc. 1. Po3noain atomiB audy3anTta 1o 3pa3Ky B 3aJ€KHOCTI B1I CTOXaCTHYHOL
KOMITOHCHTH AB Ta P HAsIBHOCTI @ — HEPYXOMHX Ta 0 — PyXOMHX ITaCTOK:

B=02; AB=0(),0.1 (+),0.2(0);C=10".

JUig nominmieHHs e(QeKTUBHOCTI KOMIT'IOTEPHUX pO3paxyHKIB OyB BHKOPHUCTaHUMN
“residence time algorithm™ [2, 7, 11, 12], mo mo3Bomisie amekBaTHO 10 (hi3UYHOT MOjENi
BpaxyBaTH 4ac nepeOyBaHHS aroMa B macTmi. Y TUmoBid cxeMi Monte-Kapno nudysiiiamit
CTpUOOK aTOMa MOJIEIIOETHCSI HACTYITHUM YHMHOM: T'€HEpYEThCsl Bunaakone uucio R €[0; 1]
110 MOPIBHIOETHCS 13 3a7aHO0 HMOBIpHIcTIO (1) cTpulka B neBHOMY HanpsMKy i. CTpubox
BiIOYBa€ThCs, AKIO R < P, B IHIIOMY BUIIAJKy 3HAYCHH JIYAIBHUKA 4Yacy 30UIbIIYETHCA 1
mpouec TreHepanii cTpuOKa MOBTOPIOETHCS 3aHOBO. SIK MpaBmio, 3a Jy)Ke MaJleHbKOI
MMOBIPHICTI CTpHOKIB P, OCHOBHAa 4YacTHHAa CIpoO He Moxke OyTH peali30BaHO0. 3a

BUKOpUCTaHHS “residence time algorithm” HeoOXiIHO BH3HA4YaTU 3araJlbHUNA Yac
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nepeOyBanHs T 'y (ikcoBaHiil nactui (7 = F) 1 TYMIBHUK yacy 30uibiyBaTi Ha T . [licis

3QJIMIIICHHS] TTACTKU aToM Ju(]y3aHTa BBAXXKAETHCS BUIBHUMH 1 MPOIEC HOTO 3MIMICHHS ITiJT
BIUIMBOM 30BHIIIHKOT CUIIM TTOBTOPIOETHCS. [1icisa MOCATHEHHS MAaKCUMAIBHOTO Yacy Mpolec
audy3ii A gaHoro aroma audys3aHTa 3aKIHUYETbCS 1 TOUYMHAETHCS T€HEpallisi pyXy HOBOTO
aToMa 3 30BHIIIHBOI IPaHi KpHUCTAIA.

Tunosa KilbKicTh aTOMiB B OJHOMY eKciepuMeHTi ckiagae 10° . Posmomin atomis,
ycepeaHIoeThes 3a 10° peanizamisMu pisHEX KOH(Irypariii macTok.
30BHINIHS CUJIa B OMUCYETHCSI BUPA30OM:
B=B,+0dB, 4)
ne B, — cepenHe 3HaYEHHs 30BHIIIHBOI CUIM; OB - CTOXacTH4HA KOMIIOHEHTa. 3Ha4YeHHs OB
BHOMpanock N0BUILHO. KpiM TOro, MOro Momayiabr OOMEXKEHO IESIKHM 3HaquHs[M:|5B| <AB.

Binomo, mo Oyap-sike HEHYJIbOBE 3HAYCHHsI B MPUBOAWTH 10 MOPYIIEHHs po3noainy ['ayca
JUIs KOHLIEHTpALliH, 1110 YTBOPIOEThCS 1pu B = 0, Ha BiJACTaH1
X =B*t/3, )
Ji¢ [ - Jac €KCIICPUMECHTY.
B namiii Moseni 3MIIeHHsT pyXOMHUX MAcTOK BiamoBimae posnoxainy [ayca, mo Oymno

3MOACIIbOBAHO HACTYITHUM YHHOM: IT'CHCPYIOTBCA ABa BI/IHaI[KOBi HeHy.]'H)OBi quciia pl Ta p2 .
00paxoBy€eThCS 3MIMICHHS 10 0CsIX 3a popmyiioro [12]

dx =round(\4* D*t * flni*sin(2*pi*p2)). (6)
b,

AHAJIOTTYHO PO3PaxOBYIOTHCS KOMIIOHEHTH 3MillleHHsT d) Ta dz B3IOBXK OCell y Ta z.

MacuB 3 TppbOMa KOOPJIWHATAMH MACTOK MOCTIHHO OHOBIIIOETHCS 3 BPAaXyBaHHSM IMPaBHII iX
B3aeMO/I1 Ta MOKJIMBOT aHIT UIALII].

Pe3yabTaTn Moae/l0BaHHA

[lacTku BBOAMMO B MOJENb SIK TOYKOB1 Je(eKTH, 110 IPYKHO HE B3AEMOJIIOTH 3
MIrpyrOYMMH aToMamu jaudy3anta. B po3paxyHkax BHUKOPHUCTAa€EMO HACTYIHI THIIOBI
xoHueHTpanii gedekris:10~, 10~ Ta 107. PesynsTatu Oy/iu ycepelaHeHi 3a pPi3HUMH
posmoautamu nedektiB. Tumosi pe3ymbraté ekcnepumeHTiB Monte-Kapmo mns manoro
BUIIAJIKY ITOKa3aHO Ha puc. 2-4.

CrioyatKky po3TJIsSHEMO BIUIMB CTOXAaCTHYHOI KOMIIOHEHTH OB 1 30BHINIHBOI CHJIM Ha
KOHIIeHTpaiiiH1 npodini. Po3paxoBani pesynbTaTu 3a 3Hauenbp B = 0.2, AB =0, 0.1, 0.2 ta B
BMIIAJIKy KOHIIEHTpALii pyXoMHX Ta Hepyxomux nactok C =10~ nokasasi Ha puc.2.

OCHOBHHMM pe3yJabTaTOM € BIICYTHICTb 3B'I3Ky MDK PO3IOJUIOM aTOMIB Judy3aHTa i
3HAQYEHHS CTOXAaCTUYHOI KOMIIOHEHTH, HE3BaKAl0YM Ha PI3HI KOHIEHTpAIlii MacTOK.
®opMyBaHHS KOHIIEHTPALIITHOTO PO3MOALTY MOB'SI3aHO TUIBKM 3 THUM, HACKUIBKH BEJIHMKE
CepellHE 3HAYEHHs 30BHIINIHBOI CHIIU B, .

3a yMoBH BenMKoi koHeHTpaii nactok C =107 KoHIEHTpawLiiiHi Ipodini 3MiHIOOTH
CBOIO (opMy B BaJIEKHOCTI BIJ pPYXIUBOCTI TacTok. Koim macTku HEpyxoMi, TO
KOHLIEHTpalUiiHui poduib € crnagHoo QyHKIIED 0e3 MaKCUMYMIB. Y BUIAAKY PYXJIHMBOCTI
IIACTOK CIIOCTEpiracThcs He3sHAuHWil MakcumyM (puc. 4.a.). 3a koHueHTpauii mactok 107
dbopma KOHIEHTpAIITHOTO TPOQUI0 y BHUMAAKY PYXJIMBOCTI MACTOK HE 3MIHIOETHCS, alie

PO3MIILIEHHS aTOMIB Judy3aHTa CTa€ OUIbII XaOTUYHUM HDK Yy BUIIAJKy HEPYXOMHX IAaCTOK
(puc 4.6).
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BucHoBku

HasiBHICTh cCUMETPUYHO po3MOALIEHOT (OIM3bKO CepeaHbOr0 3HAYEHHS) CTOXACTHYHOT
KOMIIOHEHTH B 30BHIIIHIA CHJII HE MNPU3BOJAUTH JO BIAMIHHOCTEH Yy KOHIIEHTpAILIMHHX
PO3M0/IIaX CTOCOBHO ['ayCIBCHKOTO BHy, HE3BaXKAIOUM HA ICHYIOUY KOHIIEHTPAIII0 TACTOK Y
cuctemi. Konnenrpartiitai npod i GopMyroThes i 1€:0 CEPEAHHOTO 3HAYCHHS 30BHIITHBOT
CHJIN.

VY BUMNaJKy pyXOMHX MaCTOK KOHILIEHTpaIiiH1 Npo@ull CTalOTh MEHII YITKUMH, HDK Y
BUIIAJIKaX 3 HEPYXOMUMU MAacTKaMM 3a THX XK€ yaciB OiykaHb qudyHayrouux aromis. llpu
3HAYHIM KOHIIEHTpAlll IaCTOK Ta B PE3yJbTaTi iX pyXy Ha XBOCTI €KCIIOHEHIIMHO CIaJHOI0
KOHLIEHTPALIHHOTO po3Noauly (OpPMYeETbCS MakCUMyM Yy (QYHKIIi pO3MOJALLY aTOMIB
nudy3aHTa, U0 3aJIeKUTh B1Jl IHTEHCUBHOCTI PYXY MAacTOK.

IMoasiku
Po6ora ninrpumana MiHiCTEpCTBOM OCBITH 1 HAYKH YKpaiHH.
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Annoranus. C. M. 3axapoes, B. B. Mopo3zosuu, IO. O. Jlawenko. Moodenupoeanue
oughpyzuu amomoe npu HaIUYUU ROOBUNHCHBIX U HENOOBUNCHBIX JI08YULEK NOO OelicCHEUEM
eHewinell cmoxacmuueckoi cunwt. Memooom Monme-Kapno ucciedosarno enusnue gneuinel
CMOXacmuyeckol CUlbl Ha nepepacnpeoenerue amomos oughgyzanma 6 Kyouveckom obpasye
npU HATUYUU NOOBUINCHBIX U HENOOBUNCHLIX N08yuieKk. Paccmampusancsa cuyyail ciyuatino
pacnpeoeneHnbiX HenoOBUNCHBIX U NOOBUNCHBIX NlogyuieK. [lokazano, umo cpeonee 3Hauenue
CMOXacmuyecKol cocmasusaowell He 6ausem Ha NOJNYYeHHble pacnpeoesieHuss amomos
oughgyzanma. Hanuuue no8yuiex 8 0CHOBHOM MeHsAem Mun KOHYeHMpayuoHHvlx npoguneil:

us pacnpedenenuss I'aycca npu xonyemmpayuu nosywex C <107 6 sKCHOHEHYUANLHYIO

sasucumocmo npu konyenmpayuu C >107. Brusnue noosuicHocmu 106yuiex c600umcs K
PazmMblmuio  KOHYEHMpAyuoHHbIX PAcnpeoeneHul U 603HUKHOBEHUIO OONOTHUMENbHbIX
JIOKANIbHBIX MAKCUMYMOB 8 KOHYEHMPAYUOHHBIX PACNPEOeNeHUAX MUSPUPYIOWUX aAmMOMO8 6
pesynbmame 0elcmeus Cmoxacmuyeckou 6HeuHell CUbl.

KuroueBble cioBa: BHEIIHSS CHJIa, CTOXacTUYecKUd apeid, nuddysus, T0ByIIKH,
KOPPEISUOHHBIE 3(PPEKTHI.

Summary. S. M. Zakharov, V. V. Morozovych, Yu. O. Liashenko. Modelling of the
diffusion of atoms in the presence of the mobile and immobile traps and under the
influence of the external stochastic force. The influence of the external stochastic effect on
the re-distribution of the diffusing atoms in the cubic lattice at presence of flows had been
studied with the use of the Monte — Carlo method. We considered the case in which the mobile
and immobile traps are distributed randomly. It was shown that, the mean value of the
stochastic component has no influence on the distribution of the diffusing atoms. The
existence of traps alters the type of the concentration profiles: we found that the Gauss
distribution at the trap concentration C < 107 switches to the exponential dependence at C >
107. The mobility of traps exerts an influence on the shape of the concentration distributions.
The additional local maximums in the concentration distributions of the diffusing atoms
emerge due to the action of the external stochastic force. In the case when the traps are
mobile the concentration profiles become less distinct than in the case when the traps are
immobile at the same duration of random walks of the migrating atoms. The additional
maximum of the distribution function of the migrating atoms emerges with the setting up the
high values of the mobile trap concentration. The position of this maximum depends on the
intensity of the trap displacement.

Keywords: external force, stochastic drift, diffusion, traps, correlation effects.

Opnepxano penakuiero 10/10/2014 [puitasaTo no apyky 10/11/2014
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YK 539.219.3 PACS 64.75.Ef
0.B. KpaBuyk, A.O. KoBajibuyk

MOHTE-KAPJIO YUCEJBbHE MOJEJIIOBAHHS ®A30BOI PIBHOBATH Y
CUCTEMI NizAl

Y pobomi npedcmasnena komn 'romepua mooenv Ol CUMYAAYIT NPOMIKauHa ougysii y
I'lIK cnnasi i3 3abe3neuenHss npasuivbHoi cmpykmypu muny LI, y pisnosasi i3
PO3YNOPAOKOBAHUM MEEPOUM DPOZUUHOM 3 BDAXVBAHHAM 3ANEHCHOCMI eHep2ili 83aEMOOii
amomie 8i0 10KANbHO20 omoueHHs 3a memooom Moume-Kapno. [ocniosxceno 3anexcnicmo
cmynensi 8nOpPAOKOBAHOCMI Y 20MO2EHHOMY BNOpPAOKOBAHOMY CHAAGI 6i0 napamempie
cucmemu ma BUSHAYEHO MIHIMAILHO HeOOXIOHY iX KilbKicmb 05 3a0e3nedeHHs: KeposaHoCmi
napamempa O0dalbHb020 NOPAOKY. 3a 00NOMO2OK pPO3PODOIEHO020 ANCOPUMMY OMPUMAHO
SHAYEHHs PIBHOBANCHUX KOHYyenmpayit 6 ¢hazi NizAl i meepoomy po3uuni npu KOHKpemHill
memnepamypi, AKi 8i0n08idaroms excnepumenmanvHiu diaepami cmauy Al-Ni.

Kurouosi ciioBa: (pa3oBi nepexonu nepuioro poay, ¢pazoBa piBHOBara, ynopsaKyBaHHs
tuny L1,, ctexiomerpis, 6iHapHuil cruias, metoa Monte-Kapiio.

Beryn

Jljis GUIBLIOCTI CUTYallil, IO 3yCTPIYalOThCS B PEalIbHUX CUCTEMaX, XapaKTepH1 peakiiii
3 BUHUKHEHHSM CIIOJIYK, K1 BIAMOBIJAIOTH MEpPEX0/iaM MEepIIoro pojay MO BiTHOMICHHIO 10
MarepuHCcbkuxXx (a3. Came Taki CHCTEMH CTAHOBJSITh HAa CHhOTOJHI HAMOUIBIITUN
TEXHOJIOTIYHUM 1HTEpeC, 0COOIMBO B KOHTEKCTI BHUCOKHX TEXHOJIOTIM, KOJIM MOBa HJie PO
TBepAO(a3Hl peakiii y MyJIbTUIIapaX, TOHKUX IUTIBKaX, HAHOKPUCTAIIYHUX MaTepiajax.
AHaTITHYHUN ONMHUC TOMIOHWX TPOIECIB Yy HAHOOO €Max YCKIAIHIOETHCS 4Yepe3 CYTTEBY
HEOHOPIAHICTH CUCTEMH B KOHTAKTHIN 30H1 [2].

[Ipu BuBYeHHI ()a30BOi pIBHOBArM y CHCTEMax i3 MPOMDKHMMH (pa3aMHu 3 BY3bKUM
IHTEpBAJIOM FOMOI'€HHOCTI (KpIM Maii’ke YHCTHUX CIOJYK) CTaHAAPTHI MIKPOCKOMIYHI MOJEN1
HE Jal0Th 3a/I0BUIBHOTO aHAIITUYHOIrO onucy. lle yHeMOKIIMBIIO€e YKceabHEe MOAETIOBAHHS
npoueciB  (a30BUX MEPETBOPEHb MpH IepexoJax MEepHIoro poiay, KIacTepOyTBOPEHHS,
($a30BOi pIBHOBAru JUIsl IIMPOKOTO KJACy TBEPAUX XIMIYHUX CIHOJIYK 3 BUCOKUM CTYINEHEM
BIIOPSIIKOBAHOCTI Yy poO3TallyBaHHI aTroMiB. ToMy aKTyaldbHUM 3aJIMIIAETHCS MOIIYK
aIbTEpHATUBHUX LLISAXIB, cepell SIKUX, 30KkpeMa, uucenbHe MK-monentoBaHHs CIUlaBiB 3a
Moze/uTto I3iHra, siky y JaHii poOOTI 3alpONOHOBAHO MOJM(IKYBAaTH ILJISAXOM BBEIEHHS
3QJIEKHOCTI €HEeprid B3aeMojii aTomiB Big orodyeHHs [3]. Omnmcana HIK4Ye METOAHMKA
3aCTOCOBaHa JI0 PEabHOI CUCTEMHM 13 3aJIlaHOIO JIarpol0 CTaHy JJs JIOCHIIHKEHHSI aTOMHUX
nporueciB y HUX merooM Monre-Kapuio.

Onuc moaedi

Hamoro nipiopiTeTHOO 3a1a4ero Oyi0 CTBOPEHHS KOMI'TOTEPHOT MOACI I CUMYIISIIIIT
MpoTiKaHHA AUPYy3ii, ska O Maja CTpPOTHM KpUTEpii HaJeKHOCTI aToMa 0 neBHoi ¢azu. Lo
YMOBY MOHa 33J0BOJIbHUTH ULUISIXOM BBEACHHA Yy Tpaauliiiny cxemy Monrte-Kapno
3aJIe)KHOCTI €Heprii mapHoi B3a€MO/11i aTOMIB B1J JIOKAJIbHOI'O OTOYEHHS.

B nanomy anroputmi Bnepiie cGopMyIbOBaH1 1 3aCTOCOBaHI JIBa MPaBHIIa 3aJICKHOCTI
MapHUX EHEprii Bil JOKAJIbHOTO OTOYEHHS B3a€EMOJIIOUMX AaTOMIB B TIpaHELEHTPOBAHIN
KyOluHIM pemiTui 3 ynopsakyBanHaM tumy L1,. Bynemo BBakaru, o aToM AESKOTro COpTy
X (X = A,B) mae pi3Hi BIaCTUBOCTI B CEPEIOBHUIL TBEPOTO PO3UUHY i YyIOpPsIIKOBaHOI a3y,
TOOTO 3MIHIOE SIKICTb, IO 3PYYHO YSBJISTH SIK 3MIHY COpPTy atoma. byaemo y 3B’s3Ky 3 HuMm
po3pi3HATH copTd X 1 X' OJHOrO 1 TOro X aroMa B PO3YMHI 1 B YNOpPsAKOBaHIA (Qa3i
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BIJIMOBITHO 1 33/1aBaTH JJIsi HOTO B IIUX CTaHAX PI3HI eHeprii mapHoi B3aemoaii OCKUILKH B
IPaHELIEHTPOBaHIM KyOluHIM pemnTui 3 ynopsjakyBaHHaM Tumy L1, atomum copry A 1 B
MaroTh pi3HE OTOUYEHHS C(HOPMYIIFOEMO HACTYIIHI /IBa MpaBUJIa:

1. atom copty A, KUl 3HAXOJAUTHCS B LEHTPI rpaHel KyOa, mepexoautb B A' Togi 1
TUTBKH TOJ1, KOJU B ABOX 13 Tphox miontuH ((100), (010), (001)) mepmoi koopauHAIHHOT
chepu Bci By3nu 3aiiHsATi atomamu A, A', V, a B TpeTid IMJIOIIMHI BCl BY3JIM HEpPLIOi
KOOpJUHAIlHOI cdepu 3aitHsaTi atomamu B, B, V;

2. atoMm copTy B, sikuii 3HaX0AUTHCS Ha BepUIMHAX TpaHel Kyla, nepexomuts B B' Tomi 1
TUIBKY TOJII, KOJI BC1 BY3JIM B MOro mepuiiii KoopAMHaIiHINA cdepi 3aitHaTi atomamu A, A', V.

3rilHO0 OMHCAHOTO BHWINE NpaBWja MEPEO3HAYEHHS COPTY aTOMIB JOIMYCKAIOTHCA
HACTYITHI TUIIM B3a€MOII:

- y po3unHi: A-A, B-B, A-B;
- y BHopsakoBaHiil gaszi: A'-B’', A~A",
- posunn—haza: A-B, A-B', A"-A.

binpury nonoBuHy yacy po3poOKH alropuTMy JAjs OTPUMAaHHs PIBHOBaKHUX 3HAYEHBb
JAIbHBOTO MOPSAJKY 1 peanbHUX KpUBUX MiK(}a3HOI piBHOBaru Oyjo 3aTpayeHO Ha Miadip
KoH(irypamiii napuux enepridi. Hamu Oysio JOCHIIKEHO CKUIBKHM BIJCOTKIB CKJIaJa€ KOKEH
TUI 3B’S3Ky BIJ 3arajbHOi KUIBKOCTI 3B’3KiB. B ymopsakoBaniii ¢a3i npu AadbHbOMY
nopsiiky ~ 0,95 HaitOuibiue 3B°s13kiB Tuny: A —B', A-A'. B noganemomMy B3aemonis tTuny A -A
Oyae BIAHOCUTUCH 0 ynopsakoBaHoi ¢(asu. B TBepaomy po3uMHI 3 KOHIIEHTpAIE€IO
komrioHeHTa B ~ 13% wnaiiOuibiie 38’ s13kiB Tuny: A—A, A—B. IH111 TUIIM B3a€MO/Iii HE BHOCSITh
3HAYHUM BOK3&JI a HI B YNMOPSAKOBaHIA (a3i, a HI B TBEpAOMY po3uuHi. Meromom crpod
BUSBUJIOCS AOLUIBHUM €HEpreTuuHo He po3pisHsui B 1 B', To610 @ 1)y =D .. =D .. Takum
YUHOM KUIbKICTh TUIIB B3a€MO/I1, AKi MM (JOPMaIbHO PO3UILEMO , 3SMEHILIUIIOCH JI0 IIECTHU:

- y po3unHi: A-A, B-B, A-B;

- y BoopsakoBaHiil gaszi: A'-A', A~A4, A-B.

byno BBeneHo eHeprito BHOPSIKYBaHHS TBepAoro po3uumHy (1) 1 eHeprito
BIOPSIIKYBaHHS (azu (2).

Q=20 ,-D,-D, (1)
Q=20 -0, — Dy ()

[Ipu yomy aOCoOJIIOTHE 3HAUEHHS €HEPTi0 BIOPSAKYBaHHS a3y MEHIIEe HIK aOCOJIOTHE
3HAYEHHS €HEPTii BIOPSAIKYBaHHS TBEPAOTO po3unHy (3).

Q<] (3)

B ynopsaxoBaniii ¢a3zi B3aemonist Tuny 4 —-A4' 3HauHO CHJIBHIIIA HIK B3aeMonid A—-A4 y
PO34KHI, 1 OCKUTBKH BIH € OCHOBHUM KOMIIOHEHTOM, TO a0COJIFOTHE 3HAYCHHS IMMOBHOI €Heprii
ynopsiaKoBaHoi (ha3u OuIbllie HDK Yy TBEPIOMY PO3UHHI.

Enepris 3B’s13Ky aroma copty A’ 3 atoMoM copTy B 1 eHeprig 3B’s13Ky aroMa copty 4 3
aTOMOM COpPTY B BBaXKaeTbcs 0JHAKOBOIO, TOOTO @ ,, = @ .. TakuM 4MHOM MM HAKJIAAAEMO
B’S3b Ha (GopMalbHUIA MOYATOK BUUIIKY €Heprii Ais yhnopsakoBaHoi (a3u 1 TBEpIOro
po34KHy. Y TBEPAOMY PO3UMHI PO3IJISIIAEMO CUMETPUYHIM BUIIAJOK, KOJU €HEPris 3B’SI3KY
MDK @apol0 aroMiB copTy B 1 maporo aToMmiB COpPTY A BBaXaeTbCsl OJHAKOBOIO. B
ynopsiikoBaHiil asi enepris B3aemonii A ~A4'1 A4 npuiimaemo piBHo0, T00TO O, =D . .

OnepyBaHHS JIMIIE ABOMA CTYIEHSIMHU BUIbHOCTI HAKJIaJa€ J101aTKOBY B 513b. 3MIHIOIOYHN
Q1 Q' Mu 3MaKeMO KOHTPOJIIOBATH JIMIIIE JBA MTapaMeTpu MOJENIbHOI cuctemMu. Hampukiian,
IpU JOCTKEHH]1 PIBHOBArud MK YHOPSAJIKOBaHOIO (a3010 1 TBEPAUM PO3YMHOM MU 3MOKEMO
KOHTPOJIIOBATH PIBHOBAYKHY KOHLIEHTPAILII0 B pO3UMHI 1 B (a3, aje He 3MOKEMO BIUIMHYTH Ha
rapameTp JaJbHbOTO MOPSAKY B (a3i.

78



Cepis «®Dizuxo-mMaTeMaTHyHi Haykm», 2014

Komn tomepna mooensv ons ynopsiokosanoi cmpykmypu muny L1,

JUig TOCHIIPKEHH] PIBHOBAaYXXHOTO JTaIbHBOTO MOPSIKY B CTPOro CTEXIOMETpHUHiN (a3l
CIIiJl BUKOHATU TaKUM alroput™m. MoOJENbHOI CUCTEMOIO € OlHapHMH CIUIaB 3aMIllIEHHS 3
11eaJIbHOI0 TPaHELIeHTPOBAHO0 KyOIYHOIO IpaTKoo 3 ynopsakyBaHHsM tuny L1,. Bei By3nu
PELIITKY B IOYATKOBOMY CTaH1 PO3TAILIOBYEMO B 1€aJIbHOMY MOPSAKY. fIKIIO cyma 1HJEKCIB,
SK1 BIAMOBIAIOTH 32 KOOPAMHATHU BY3JOBOIO IOJIOXKEHHSI, MapHa TOAl MM IMEPEXOJAUMO 0
BUOOpY aTroma, SKUM 3aiiMe BY3JIOBE MOJOXKEHHSI. B NpoTUBHOMY BHIIAJKy 3MIHIOEMO
iHAeKcu. Bubip atoma mpoXoauTh JOCHUTH MPOCTO: SKIIO 1HACKC, SKUM BIIMOBIIAae 3a z
KOOPJAMHATY HEMapHUM TO Yy BY3JIOBE IMOJIOXKEHHS MomimaeMo atom B. B iHmomy Bumaaky
BU3HAYAEMO MAPHICTh 1HAEKCY, SIKUM BIAMOBIIAE 3a X KOOPAUHATY. SIKIO BIH MapHUN TONI y
BY3JIOBE IOJIOKEHHSI IToMilaeMo atoMm B, iHakie — atom A. YV Hain 3pa3ok BBOAMTHCS OJHA
BaKaHCisg, OUIbIIa KUIBKICTh HE JIa€ OJHUX IepeBar IpU po3paxyHKaX. 3aCTOCOBYIOTHCS
nepioauuHi MexoBl ymoBu bopHa — Kapmana.
E

0 KOOPIMHATA Peaxiii

Ea

Puc. 1. Busnauenss eHeprii akTuBartii,
MIPU OJTHAKOBUX CHEPTisX CI0BOI KOHPIrypairii.

3MiHa COpTy aTOMIB BiJOYBa€ThCs Micis BBEACHHS BakaHCil. OCKUIBKU TPhOXBUMIPHUI
MacuB 3allOBHEHMH HA MOJIOBUHY, TO IiJ KOXHUM BY3JIOM € MOXJIUBICTh CTABUTU «MITKY».
[Tig atomamu copty A, A' BKa3zyeTbcs KUIbKICTh CYCIAHIX aTroMiB copty B 1 B' y BinnmoBigHux
IUIOUIMHAX nepioi koopauHaniiHoi cpepu. Ilig atomamu copty B, B' BkazyeTbcsi KUIbKICTh
cycigHix aromiB copty B 1 B' y mepmiiii xoopaunauiiiHii cdepi. MiTtka min BakaHCi€rO
3aHyns€eThCs. B 3a1€KHOCTI Bil MITKM aTOMHM MOXYTb 3MIHUTH copT. Ilig yac 3MiHu copTy
atToma A Ha A', a0 HaBNaKM BPAaxXOBYEThCS HE TUIBKM MITKA a 1 HAsBHICTh BakaHCIi y
BIIMOBIIHIN TUTIOIMHI MEPIIOT KOOPAUHAIIWHOT chepu.

J103BOJISAIOTHCS «CTPUOKM» aTOMIB Y BaKaHCIIO JIMILE 3 MEPIIOT KOOPAUHALIMHOIT chepu.
B3aemois 3 BakaHCi€0 MPUUMAETHCS PIBHOIO HYJ0. B3aemomis MK aTOMamMu BBaXA€ThCS
napHoto. EHepris aktuaiiisi cTpubka aroma € pi3HULEIO €Heprii CUCTEMH y CLAJIOBIM TOYIl
npu CTpuOKy Ta ii eHeprii mpu BY3JI0BOMY MojoxeHHI atroma [2]. Ilpu mpomy eHepris
CJI0BOI KOH(QIrypauii npuiiMaeTbCsi OJAHAKOBOK ISl yCiX CTPUOKIB Ta BHOUpaeTbcs 3a
YMOBHHUIM NOYaTOK BUUIIKY €Heprii, TaKMM YHHOM €HEepris akTuBalli piBHa eHeprii y
BY3JIOBOMY IOJIOXKEHHI, Y34TO1 31 3HAKOM «MiHYyC» (puc. 1).

BinnmoBigHO [0 aJropuTMy MOJENIOBaHHS OOpPaxOBYeMO €HEPril0 3B’SI3KY aTOMIB,
CYCIIHIX 3 BakaHciero, 31 cBoiMu cycinmamu. [loTim 3a Qopmynoro (4) oGuucIIOETHCS
iMOBIPHICTB TOTO, II0 Yy HACTYNHIN KOH(Irypamii came I Tl aTOM Cepejl ABaHaALATH CyCiiB
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ONMHUTHCSA Y BAKAHTHOMY BY3J11, @ BaKaHCIS mepeie Ha Woro micie. O4eBUIHO, IMOBIPHOCTI
(4) HOpMOBaH1 Ha OAMHULIIO
_Ei
_ e kT (4)
Pimy Ej
> e kT
j=1

ne E, — eHeprisa aktuBanii ctpuOKa i-Toro cycina, k — crana bosbiimana, 7' — Temieparypa.

3reHepyBaBIlld BUIAJKOBE YHCIO MU BU3HAYAEMO JI0 SIKOTO MPOMDKKY IMOBIPHOCTI
BOHO HaJICXHTh. [1icis 4or0o aToM 3 BIAMOBIAHOIO €HEPTIEI0 3B’ A3KY 3M1MCHIOE «CTPUOOK» [2].
ATOM, SKMM 3IIMCHUB «CTpUOOK» 1 HOro ONMKHI CYCIAM IO «CTpUOKa» 1 MICIS MOXYTh
3MIHUTH CBIA COpT 3a omucaHuM Buile npaBuiioM. CiM HOBHUX CYCIIIB BakaHCli MOXYTh
nepeuTu 10 mTpuxoBaHoro crany. CiM cTapux CyciiiB BakaHCIi MOXYTh MEpPEUTH 10 HE
HITPUXOBAHOTO CTaHy. YOTHUpH CHUIBHMX HaMOMMKYMX cycila JJii BakaHCii 1 aToma, IO
3IHCHUB «CTPUOOK», MOXKYThb OyAb-KMM YHMHOM 3MIHMTHUCA. SIK TUIbKM aToM 3aiHsB
BAKaHTHE MICLE CIIOYATKY 3MIHIOIOTHCSI «MITKHU», a YK€ MOTIM BIJIOBIIHO MOK€ 3MIHUTHUCS
copt aromiB. Ilix gac 3MiHu copTy atoma A Ha A', ab0 HaBIMAaKu BPaxOBYETHCS HE TUIBKH
MITKa a 1 HasIBHICTh BaKaHCIi y BIIMTOBIIHIN IJIOMIMHI MEPIIOT KOOPAUHAIINHOT chepH.

ANTOPUTM JI03BOJISIE 3AIMCHIOBATH «CTPUOKMY aToOMa Y KOKHOMY ITUKJII mporpamu. Jliis
BIJIC/IIIKOBYBAaHHSI 3MIH B 4acl MU KOpUCTyBaJuci HOHATTAM «MoHTe-Kapino kpoxy»;
KUIBKICTh CTPUOKIB BaKaHCIi po3/lieHa Ha KUIBKICTh aTOMIB y cucTeMi. Yac, po3paxoBaHuil y
TaKUX OJIMHULSAX MPU JOCTATHIA CTATUCTUILI NPONOPUIHHUN Pi3uyHOMY Hacy [5].

3Ha4YeHHS JAIbHHOTO TOPSIKY MOXKHA BUSHAYUTHU 32 (PopMyJIIoro (5)

Ny
n=1- (B) (5)
0.75-N
B . . . . . . o B' .
ne N KUIBKiCTh By3iIiB migpemitku B (BysiiB, 3aifHATHX OpH  ifeaIbHOMY

ynopsaxysansi), N¥ — kinbkicts aTomis copty X (X=A, A") Ha migpemtitui B [4].
[licnst BuxoAy mnapaMeTpa JaJIbHBOIO IMOPSAJIKY HAa AaCUMIITOTY MH BH3HAYa€eEMO
PIBHOBa)KHE 3HAUYEHHS JAJIbHBOTO MOPAAKY SIK YCEPEIHEHHS! aCUMITOTUYHUX 3HAUYEHb.

Dazosa pienosaca o'—posuun 6 cucmemi AI-Ni ma uucenvna mooenv 0ns it onucy

Posrnsnemo miarpamy crany Al-Ni. Ha puc. 2 mpencraBnena miarpama CTaHy 3TiIHO
nosinHuKa [ 1], Ha skiif 3enanns Al;Nig He BKasaHo.

3 60oky Ni HOHBapiaHTHE (IIpU MOCTIMHOMY THCKY) neperBopeHHs mnpu 1385°C e
eBTEeKTUYHUM, a npu Ttemmeparypi 1395°C — mnepurexktuunum. Ili1 yac ocTaHHBOTO
NIEPETBOPEHHS YTBOPIOEThCA 3’ €iHaHHA AINi,, sKe Ha JilarpaMi CTaHy IO3HA4YaeThes o, ajne
B psi/il BUIIAJKIB 3yCTpI4a€eThCs O3HAUECHHs Y' -(a3a.

Yactuny niarpamu crany Al-Ni, sika Bianmosinae piBHoBasl ¢asu AINi; 1 TBepmoro
po34KHy, OyJIO IUTITajdi30BaHO 3a JIOIIOMOTOI0 MPHUKJIAJHUX MaTeMaTUYHUX MPOTPaMHHUX
naketiB. Kpusa ¢dasu AINi, nexuts B iHTEpBan Big 76,8 % (at.) mpu temmeparypi 600 °C 1
1o 75 % (ar.) mpu — 1385°C . KpuBa TBepaoro po3unHy Ha OCHOBI Ni JIGKUTH B IHTEPBaJIi BiJl
89,3 % (ar.) mpu temmnepatypi 600 °C 1 g0 78,8 % (ar.) npu — 1385°C. Obnacte, oOMexkeHa
MMM JIBOMa KPUBHMH BiAMNOBiga€e o0JacTi, B sAKid oOuaBI (pa3u 3HAXOMATHCS B PIBHOBa3i
oxHa 3 oxHOIO [1].

80



Cepis «®Dizuxo-mMaTeMaTHyHi Haykm», 2014

0 10 20 30 40 S50 60 70 -4 g0 100
T T T T T T T

1800 NiAL Nig AL

vigaty | {
1638°

1600 F
y /! W

1500 A A
wiais [ |1 N\ o

1400) i 1395° :
* / 1385

1300 / e 78,4

/
1200 T 1
1000

/ \

00 / \
\
\

1700

L

i |

1100
i)

Ty 854"

800

700
540°
“’::f;f{, 3s3jun |45| 599] 724

700
|

200
<(Al)

100 - | 70" —
| T

0 w0 20 30 40 50 60 70 80 90 100
Al Ni, %o (am.) i

Puc 2. Jliarpama ctany Al-Ni.

OCHOBHOIO METOIO 0YyJI0 pO3pOOUTH AJIFOPUTM OTPUMAHHS pealbHUX KPUBUX PIBHOBArU
MbK (azoro AINi, 1 TBepaum po34nHOM Ha OCHOBI Ni. MoOJEIpHOIO CHUCTEMOIO 3HOBY

BHCTYIa€ OIHAPHHI CIUTaB 3aMIIIEHHS 3 11€aJTbHOI0 TPaHEIIEHTPOBAHOIO KYOIYHOIO TPaTKOIO.

Anroputm Juis noOyA0BH pIBHOBAXXHOI (pa30BOi JiarpaMu CTaHIB y BUIAJAKY HYJIbOBOT
CepeHbOI KPUBU3HU MDK(A3HOI TpaHULl BIAPI3HIETHCA Bi AITOPUTMY JOCTIKEHHS
PIBHOBaXHOIO JIAJIbHBOIO MOPSJIKY B CTPOTO CTEXIOMETPUYHIM (a3l juile MOYaTKOBHUMHU
yMOBaMH. Bulblily 4acTUHY BCIX BY3JI1B PEIIITKH B I0YaTKOBOMY CTaH1 PO3TAIIOBYEMO 3T1AHO
ynopsakyBaHHs Tuny L1,. Pemty By3miB 3amoBHIOE TBEpAUil PO34YMH 3 KOHLEHTPALIEIO
aToMiB copty B, Onu3pkoro 10 odikyBaHOi piBHOBaxHOI. KoHdirypauis atomiB B 00’eMi
pO3UMHY 1 Ha MEXI 3 YIOPSIKOBAaHOIO OOJACTIO 3alaeTbcs 0€3 BpaxyBaHHS KOJHHUX
Kopenauid. Mexi noauvty nux obnactel 3 000X OOKIB MPOXOJAATh BEPTHUKAIbHO MO BCI
JOB)KHHI TPATKU 1, B CHITY NIEPIOIUYHUX MEKOBHX YMOB, € HECKIHUCHHUMH [2].

BBenenHns onniei BakaHCii 1 3MiHa COPTY aTOMIB BIAOYBA€ETHCSI aHAJIOTIYHO AJITOPUTMY
JOCIIIKEHHIO PIBHOBAYKHOTO JAJIbHBOTO MOPSIKY. Jlani BU3HAYA€EThCS €HEprisd aKTUBaLii 1 3a
dopmynoro (4) BH3HaUYaEMO IMOBIPHICTH TOTO, IO y HACTYNHiH KOH]Iirypauii came I -Tuii
aTOM Cepel JBAHAMIATH CYCIJIIB ONMMHUTHCA Y BaKaHTHOMY BY3JIi, a BaKaHCIS Tepeiae Ha
foro micue. 3reHepoBaHE BUIIAJKOBE YMCIO BHU3HAYa€ SKUIl caMe aToOM 3ailMe BakaHTHE
Mmicie. Ilicis KOKHOTO «CTpuOKa» aTomMa 3MIHIOIOTBCS «MITKH», IO B CBOIO UEPry MOXKE
MIPU3BECTH JIO 3MIHH COPTY aTOMIB.

JUisg BIACNIIKOBYBAaHHS 3MIH B uaci MM KopucTyBaiucs mnoHsATTsM «Monrte-Kapio
KpPOKY».

[licns  oudysiiiHoT penakcanii cucTeMd (BHXL YacOBOi 3aJIeXHOCTI 00’eMy
BIOPSIIKOBaHOi (asu Ha AacUMNTOTY) pIBHOBAKHY KOHLEHTpPALIl0O B PpO3YMHI Ta
YHOPSAAKOBaHIM (a3l 00YMCIII0EMO, BUXOASMUH 13 30€peKEeHHS KUIIbKOCT1 aTOMIB.
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PesyabTaTn

[Ipu nocnipkeHH1 pIBHOBAYKHOTO J1albHBOTO MOPSIIKY B CTPOrO cTeXioMeTpuuHii ¢a3i 3
ynopsakyBaHHsaM Tuny L1, 3a gonomoror po3po0iIeHOro HaMu aaropuTMy BHUSIBUIIOCS, IO
CUCTEMa MOYKe IIPUJIe 0 OJHOTO 1 TOTO K 3HAUE€HHS PIBHOBAKHOTO JAJIbHBOTO MOPSAKY MPU
pi3HUX Habopax NMapHUX eHeprii. 3MiHtoroun napHi eneprii @ ,, 1 @ ., 3adikcyBaBiu nNpu
npoMy @ ., MU OTpUMaJIM 130JIiHII0 PIBHOBAXXHOI'O JAJIBHBOTO MOPSAAKY NPU TeMIepaTypi
800°C (puc. 3). 3anexHicts napHoi eneprii O ,, Big O ,, BUABMIACA JNIHIHHOLO.

¢A|Al
_28 p—
3 —
1
i N.
n, Dan
-3.2 1 1 I | I I I l 1 1 I |
2.9 28 2.7 26

Puc. 3. CimelicTBO napanenbHuX 130J11H1i pIBHOBa)KHOTO JaJbHBOTO MOPSJIKY MPU
T =800 °C . 3HaueHHs PIBHOBAXXHOI'0 JAJILHBOIO NOpsAAKY HacTynHi: 77, =0.96726,

n, =0.94628 , 1, = 0.90008 .

bynu Bu3HayeHi HaboOpu HapHUX €Heprii sKi BIANOBIAAIOTH HACTYIHUM 3HAYEHHSIM
PIBHOBa)KHOTO JaldbHBOTO mopsaaky: 17, =0.96726, n, = 0.94628, n, =0.90008 . Ha pucynky
3 300paxkeHO TpH MpsMi, SIKI YTBOPIOIOTh CIMEWCTBO NapajesIbHUX 130J1IHIA PIBHOBA)XXHOTO
JAJIbHbOTO MOPSJIKY.

Komm'torepHuil eKCepuMEeHT 3 JIOCIIKEHHSI PIBHOBaKHOTO AAJbHBOTO MOPSIKY B
CTPOTO CTEXIOMETPUYHIN (a3l 3 BUKOPUCTAHHSIM PO3POOJIEHOTO aIrOpuTMy IPOBOJIUBCS MpU
HACTYIHUX MMOTEHIIajIaX MapHO1 B3a€EMOII:

®,=0,=-33kl,, ®,=0,=Xkl,, ©,, = ,, =Y -kT,, ne k — crana
bomenmana, 7, =1000 °C .

Cepenne apupMeTHyHE TaHIN€HCAa KyTa HaxWwily TpbOX MapalieIbHUX 130J11HIH
PIBHOBQ)XHOTO JTaJIbHBOTO MOPSIAKY tga =1.6226775.
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B(n)

n

14 I 1 I | I 1 I | I 1 I | I 1 I |

0.84 0.88 0.92 0.96 1
Puc. 4. 3anexHicTh BUILHOTO 4JieHa B1Jl PIBHOBa)KHOTO AAJILHBOTO MOPSIIKY.

Touku, 300paxeH1 XpecTUKaMH BIMCAHUMHU B KOJIO BU3HAauU€H1 0€3M0cepeIHbO
13 pIBHSHB VI 1], , 1], 1 7.

Y=k-X+B(n) (6)
3aexHICTh BUIBHOTO WiI€HAa pIBHSHHS mpsMoi (6) Big PIBHOBaXHOTO JallbHHOTO
MOPSIIKY HaBeIEHO Ha puc 4.

Tpu TOukM BiAMIYEH1 XpPECTUKAMH BIIMCAHUMU B KOJIO OyJI0 BU3HAUEHO OE3M0CEpPEeIHbO
13 pIBHSHb MPSMHUX, K1 BIANOBIAAIOTH 130JIIHIAM 300pa)keHUM Ha pHC. 4. 3HaIOUU TAHTEHC
KyTa Haxwily 130JIIHIM JOCHUTHh MPOBECTH OJIMH KOMII'TOTEPHUN EKCIIEPUMEHT 3 BH3HAYCHHS
PIBHOBaYXHOT'O 3HAYEHHS AAJIBbHBOTO MPU OJJHOMY KOHKPETHOMY HAaOOp1 MapHUX €Heprii 1 Toi
MU 3MO’KEMO BU3HAYUTHU 3HAUECHHS BUILHOTO YIEHA 13 PIBHSAHHSA 6.

TakyuM YMHOM 3HAKOYU TAHT€HC KyJla HaXWIy 130J11HIN 1 3aJIEKHICTh BUILHOTO 4JIEHA BiJ
PIBHOBaXHOI'O JaJbHBOTO MOPSAJIKY MO’KHA Halepell cKa3aTh SKUW HaOlp HmapHUX eHeprii
BIJIIOBIAATHME KOHKPETHOMY PIBHOBaXHOMY J1aJIbHbOMY HOPSJIKY.

3anexHICTh MapaMeTpa NalbHbOIO MOPSAKY BiJ TEMIIEpaTypu € OJHUM 13 KpUTEpiiB
(OKUTTE3AATHOCT» CTBOpEHOro anroputmy. lligkpecnumo 1o Ttemmeparypa, B pamKax
MO/I€eJll, BUCTYIAE JIMILIE SIK MHOKHUK IIPU BU3HAUEHHI [MOTOYHUX 3HAUYEHb IMAPHUX EHEPIiH,

10010 @', =@ ,,-T,/T. OueBUHO, 3HAIOYM 3AIEKHICTH BUIBHOTO WIEHA Bil MapameTpa

JAJIbHBOTO TOPSIIKY 1 TAHT'€HC KyTa HaxMly 130J11HIM, MOKHA BU3HAUYUTU MOTOYHI 3HAUECHHS
MapHUX €Hepriil, siki OyAyTh BIINOBIAATH EKCIIEPUMEHTAJIbHOMY 3HAUY€HH1 PIBHOBA)XKHOI'O
napaMmeTrpa JajibHbOMY MOPSAAKY B cTeXIOMeTpUuHii (a3l mpu MeBHIA TeMIeparypi.

[IpioputeTHrM 3aBaHHAM Oyi0 MifidpaTu TOYKK (a30BOi pIBHOBATU Yy 3MOJIEJIOBaHII
CHUCTEM1 MDK BHOPSAKOBaHOIO (Da3or0 o' Ta TBEpAMM pPO3YMHOM 3a (Pa3oBOIO Jiarpamoro
cucteMu Al-Ni mIIsxoM BapilOBaHHS MApHUX MDKAaTOMHUX €HEpPrii, 3aJeXHHX BIJ
JIOKAJIbHOTO MOPSAJIKY.

3a J0TOMOTOI0 CTBOPEHOTO HAMH QJITOPUTMY AOCTLIKEHHS (ha30BOi piBHOBAru OyIiio
OTPUMAHO 3HAYEHHSI PIBHOBAKHUX KOHIIEHTpaLiil B (a3l a' 1 TBepaoMy po3uuHi. OTpumani
KOHIICHTpAIlli BIAMOBIAAIOTh 3HAYCHHSM pPIBHOBOXHHUX KOHIICHTpAIlld, HABEICHUX Ha
peasibHIl aiarpami ctany npu temneparypi 1223 °C (puc. 5). KoMmn'toTepHuii eKCliepuMEeHT 3
nociiykeHHs: (a30BOi  pIBHOBAarM MPOBOJAUBCSA IMpPU HACTYNHUX IHOTEHLIANaX MapHOi
B3a€MOJII:

D, =D, =-504488-kT,, @, =D,, =-3.83716-kT,, ©,, =D, =-4.25 kT,

ne k — crana Bonbumana, 7, =1000 °C .
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Puc. 5. Hactuna miarpamu crany Al-Ni, sixa Bianosinae piBHoBas1 Gasu AlINi, 1
TBEPIOTO po34nHy. Touku, oTpumani nuisxom MK-MoenoBaHHS MO3HAYEHO XPECTUKAMHU.

OTpuMaBIlIM 3HAYEHHS PIBHOBaXHUX KOHIIEHTpalii B (a3l NizAl 1 TBepoMy po3uuHi,
SK1 BIATIOBIIAIOTh Jlarpami CTaHy, MU MPOJAEMOHCTPYBAIN MOXJIMBICTh NOOY/I0BU pealbHUX
KpUBHUX (a30BOI pIBHOBArH 3a JOIIOMOTO0 KOMII'FOTEPHOT MOEII.

BucHoBku

B nmaniii poGoti Bmepmie ommcana Moaudikaris TpamuimiiHoi cxemu Monte-Kapno 3
ypaxyBaHHAM 3IEKHOCTEN MNOTEHIUATB MapHOi B3aEMOI aroMiB BiJ] JIOKAIBHOIO OTOYECHHS
B3a€MO/IIFOUMX aTOMIB B 00’ €MHIl1 I'paHe LIeHTPOBaHIi KyOluHii rpatiii 3 ynopsiaKyBaHHsM Tuity L1o.

binpma wactuHa poGoTH moJisArajia B 3HAXOJKEHHI 1 MiHIMi3alii HaOoOpiB MapHUX
€Hepriii, Mmpu SKUX pe3yJbTaTh KOMII'FOTEpHOI CUMYJALIi BiANOBiIanIM O pe3yapTaTam
peaIbHUX EKCIIEPUMEHTIB.

Ha ocnoBi moaudikaii Tpaguitiinoi cxemu Monte-Kapio po3po06iieHo:

1) ajgropuT™M JOCHIIPKEHHS  PIBHOBAXHOTO  JallbHBOTO  MOPSIAKY B CTPOTrO
cTeXioMeTpuyuHii (a3l 3 ynopsakyBanHsMm tuny L1,. 3actocyBaBuiu po3poOiaeHHil alroputM
BUSIBWJIOCS II0 CHUCTEMa MOXKE€ HpUiijile 0 OJHOIO 1 TOTO X 3HAUYEHHS PIBHOBAXHOIO
NAIbHBOTO TOPSAJKY TpU PI3HUX Habopax MNapHUX eHeprid. PesynbraTtu AociiikeHHs
PIBHOBA)XHOTO JIaJIbHBOTO MOPSAKY HACTYITHI:

- T00yZ0BaHO 130J1iH1{ PIBHOBAXXHOIO JAJIbHBOIO HOPAIKY;

- 130J11H1T YTBOPIOIOTH CIMEICTBO MapajieIbHUX MPSIMHUX;

- BU3HAYEHO TAaHI€HC KyTa HaXWi1y 130J11H1i pIBHOBaYKHOTO AJIbHBOTO MOPSJIKY;

- noOynoBaHo Trpadik 3aJeKHOCTI BUIBHOIO WIEHA Bl IapamMeTpa pPIBHOBA)KHOTO
NaJIbHbOTO MOPSJIKY;

2) airopuT™M MNoOYyJOBM YacTHMHM peanbHOI miarpamu crany Al-Ni, ska Bianosigae
piBHOBa31 ¢a3zu NizAl 1 TBepaoro po3unHy Ha ocHOBI Ni. OTprMaHO 3HaUY€HHS PIBHOBAXKHUX
KoHUeHTpauit B a3l NizAl 1 TBepmoMy posuuHi npu Temneparypi 1223°C, sxi
BIINOBIAAIOTH JlarpaMi cTaHy. Takum YMHOM MNPOJEMOHCTPOBAHO MOXKJIMBICTH MOOYAOBU
peanbHUX KpUBUX (a30BOi pIBHOBArU 3a JIOMIOMOTOI0 KOMITFOTEPHOT MOJIETI.
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AnHotaumsa. A.B. Kpasuyk, A.A. Koeanvuyx. Monme-Kapno uucnennoe
Mooenuposanue pazoeozo paenosecus 6 cucmeme NizAlL B pabome npeocmasnena
KOMNbIOMEPHAsl MoOenb Onisl  cumynsayuu npomexanus ouggysuu 6 [I'I[K cnaase ¢
ynopsioouenuem muna LI, 6 pasnogecuu c pazynopsooyeHHbiM MEepoblM pPACHEOPOM C
yuemom 3a8UCUMOCMU DHEP2ULL 63AUMOOCUCMEUS AMOMO8 OMm JIOKAIbHO20 OKPYHCEHUs.
memooom  Moume-Kapno. Hccnedosana 3aeucumocms cmeneiu  YnopsiOOYeHHOCMU 8
20MO2EHHOM YNOPAOOUEHHOM CHIA8e OM NAPAMempo8 CUCeEMbl U ONPeOeNeHo UX MUHUMATLHO
HeobXx00uMoe KOIu4ecmeo 0Jis 0becneueHus ynpasisiemocmu napamempa oanvhe2o nopsaoka. C
NOMOWBIO PA3PAOOMAHHO20 ANIROPUMMA NOJTIVYEHO 3HAYEeHUEe PABHOBECHLIX KOHUEHMpayuu 6
¢aze NizAl u meepdom pacmeope npu KOHKpemHOU memnepamype, KOmopbie
COOMBEmMCcmayIom dKCHEPUMEHMANbHOU ouazpamme cocmosanuss Al-Ni.

KiroueBble cioBa: ¢a3zoBble Iepexoabl IMEpBOro poja, (a3zoBoe paBHOBECHE,
ynopsigouenus tuna L1,, crexuomerpusi, OnHapHbIi cruiaB, Mmeto MonTe-Kapio.

Summary. O.V. Kravchuk, A.O. Kovalchuk. Monte Carlo numerical simulation of
Pphase equilibrium in the Niz-Al system. The article presents a computer model for simulating
the diffusion process in FCC alloy with the LIj-type ordered structure in balance with
disordered solid solution. Model takes into account dependence of atoms interaction energy
from local environment according to modification Monte Carlo method, enabling exact
definition of an atom, being at a certain phase. Investigated the dependence of the order
degree in an orderly homogeneous alloy of system parameters and set their minimum
required number of control parameters for long-range order. It has been found, that the
system can come to the same value of LRO with different sets of pair interaction. As a result
of computer experiment, parallel isolines of equilibrium long-range order have been built,
slope ratio of isolines has been determined and free term related to LRO has been shown.
Using developed algorithm was obtained the equilibrium concentrations in Ni3Al phase and
solid solution at a specific temperature, which which corresponds to the experimental phase
diagram of the AI-Ni. In this way, we have demonstrated the possibility of building real
curves of phase equilibrium using computer models.

Keywords: phase transitions, phase equilibrium, L/,—type structure, stoichiometry,
binary alloy, Monte Carlo simulation.

Opnepxano penakuiero 01/10/2014 [puitasaTo no apyky 05/11/2014
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VK 538.219.3 PACS 64.60.My, 64.60.qj, 82.60.Lf
O.M. Pumap

HOPIBHAHHA TEPMOJANHAMIYHUX OIIHOK CUCTEMMH Ni-Al HA
MNOYATKOBHUX ETAIIAX 3APOAKOYTBOPEHHSA

Y pobomi npeocmasneni pezyromamu ¢heHOMEHON02TUHO20 MOOENIOBAHHS HAABHOCMI AOO
8i0cymHocmi KOHMakmuo2o niaenenus y cucmemi Ni-Al memooom Calphad. [lobyoosano
KOHYEHMPAyitiHi  3a1edCcHoCmi  mepmoounamiunoeo nomenyiany 1iooca. Ilobyoosani
MemacmabinvHi (hazosi diazpamu OJisi piOK020 ma meepooco HiKelb-ANIOMIHIEBO20 PO3YUHY Y
NPUNYWjeHHi, wo Ha paHHix cmaodiax ci iHwi inmepmemanioni ¢asu npueniveni. Ha ocnosi
npasuia napaienbHux OOMUYHUX 3HAUOEHI CIUMYIU 3aPOOKOYMBOPEHHS IHMepMemanioHux
¢as i3 piokoco poszuuny. Illpu yvomy esazxcanocb, wo iHmepmemaniou SUHUKAIOMb 34
MEXAHI3MOM BUOLIEHHS i3 PIOKO2O POZYUHY.

KumrouoBi ciaoBa: Calphad, meracrabinpHa (a3zoBa miarpama, KOHTAKTHE IIJIaBJICHHS,
CTHMYJT 3apOJIKOYTBOPESHHSI, IPABIIIO IMAPATICITHLHUX JOTHIHUX

Beryn

Ha cporonuimHii AeHb cHCTEMa HIKEIb-aJIOMIHIA 3HaWUIa Hampodysd MIHPOKE
3actocyBaHHs Ipu jpociipkeHHl spuma CBC (CamonomuproBaHUil BUCOKOTEMIEPATYpHUI
cUHTe3). BcTaHoBNIEHO, 0 METO/IMKA MPUTOTYBaHHS IUIIBOK (IIBUJAKICTH aTOMIB y MOTOLI
HalWJIeHHs, TyCTHHA IIOTOKY, TeMmIeparypa MiIKIaJKH), a TakoX IepioJ 1 TOBIIMHA
MYyJIbTUIIAPIB BIUIMBAIOTh HA IIBUJIKICTh PO3MOBCIOKEHHS (DPOHTY TOPIHHS, TEMIIEPATYpy Ta
dazoBuit ckian. [lpu 13oTepMIYHUX PEAKIIAX Yy II CHUCTEMI HAaW4aCTIIIE CIOCTEPIraeThes
MOCHIZIOBHICTh ~ YTBOPEHHS  PIBHOBaXHUX (a3 13 30UIBLIEHHSM  YacTKU  HIKENII0
(ALNi ... Ni,Al).

3Haroun Temmeparypy (pOHTY TOpiHHA 1 HOro MIBHJAKICTb, MH MOXEMO 3HaWTH
BIJIIIOBIHE 3aCTOCYBAHHS IJIIBOK y TiM 4M 1HIIIM ramxy3i IPpOMHCIOBOCTI.

Hocnimxyroun cucreMy Ni-Al meromom Calphad mMu nomitunm, 1o BUKOPUCTAaHHS
PI3HHX CTaTe¥l Uil TEPMOAMHAMIYHOT OIIHKMA JAHOI CUCTEMH A€ 30BCIM PI3HI pe3yJbTaTH:
3rimHo JKepen [1-3], Mu MOKeMO crocTepiraTi SBUIE KOHTAKTHOTO IIJIABJICHHS B CHCTEMI
HIKEJIb-aJIFOMIHIM HaBITh MpU KIMHATHUX TeMIlepaTypax, a 3a pe3yiabTaTamMu Jpkepena [4]
BOHO BiicyTHE. OKCHUJHI IUTIBKM Ha MOBEPXHI HIKEIIO Ta aJIOMIHIIO BIICYTHI. Pi3HuMug y
pe3ynpTaTax IOoJsIrae He y MaTeMaTHuyHId MOJENI, sIka ONHMCYE TEPMOJMHAMIKY IpoLecy
(BOHM OJJHAKOBI), a y MIIFOHOYHUX JaHMX, SIK1 BHOCATH BKJIAJl y Ha/UIMIIKOBY eHeprito ['1006ca
[5, 6] (sika moB’s13aHa 13 ypaxyBaHHSAM HElEaTbHOCT1 KPUCTAIIUHOT IPaTKH).

Hame nocnimpkeHHs 3yMOBJEHE TUM, IO Ha JaHOMY €Tali He3po3yMulo, SKUM
TEPMOJIMHAMIYHUM JIaHUM MOXHA BIPUTH 1 BHUKOPUCTOBYBAaTH iX JJIs TOJAJIbLINX
TEPMOJIMHAMIUYHUX OLIHOK O1HapHOi cuctemMu Ni-Al, a siIKi MU MOBHUHHI BIAKUHYTU Ha paHHIX
CTa/ligX AOCTIIKEHb.

Onuc MoeIbHUX PO3PAXYHKIB:

MounekynspHo-nuHamiyHUMH  JtociipkeHHsiMu - @. Bbapaca 1 O. Ilonitano [7] Oymo
BCTAHOBJICHO, IO JOJaBaHHS HIKEIIO /IO YHUCTOTO QIIOMIHIIO TOHIKYE TEMIIepaTypy
IJIaBJIEHHS OCTaHHbBOTO.

3riHO 3 TepMOJWMHAMIYHUMHU JaHUMH [l] TemmepaTypa IUIaBIC€HHS TaKOTO PO3YUHY
npuosm3Ho piBHa 700 K, Tomi sk urcTuit amtoMiniil mnaButbes npu 933 K. BpaxoByroun 1ieit
¢dakT, MM MOXXEMO NPUITYCTUTH, 110 HABITh HAa CTaJili MPUTOTYBaHHS IUIIBOK 3a PI3HUMHU
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METO/JMKaMH Ha KOHTAKT1 HIKEIb-aJIIOMIHIEBOI Mapu ICHYE PIIKUNA MPOILIAPOK, 13 SIKOTO
MOXKYTb 0CaJPKYBaTHUCS 1HIII IHTEPMETaIIAN.

[[lo6 mepeBipuTH BaliAHICTh OTPUMAHUX KpUBHX eHepriii ['160ca Ta meTacTabUIbBHUX
(dazoBux mgiarpam Oyn0 BHKOpPHCTaHO TporpamHe 3abe3nedeHHst Pandat, Ta BiamoBinHi
TepMoauHaMIYHI 1aHi [3, 4].

IlopiBHSIHHSA pe3yabTaTiB TepMOAMHAMIYHMX olliHOK cucTeMu Ni-Al:

-20 000
-25 000
30000].
35000
40 000
45000
50 000
55 000
60 000
85000

Puc. 1. 3anexnicte nmotenmiany ['166ca (Ha
OJIMH MOJIb) BiJl KOHLEHTpalii HIKEI0 MNpu
800 K: e —mist pinmkoro po3uwHy; m — A
TBEPJOTO pO34uHY; A — JUTSL
crexiomerpuynoi dasu ALNi ; V¥ — nna

Enepria MNbbca (Ox/mont)

70 000
75000
-80 000
-85 000
-90 000

crexioMeTpu4Hoi  pasu AL Niy; -

(cynuibHa) — ans Gasu Ni;Al; + —pa dasu
Nidl; * — s gasu AL Ni, .

o1 02 03 ©04 05 06 07 08 09
KoHueHTpauin Hikenwo

Cromparounch Ha JaHl, TpeacraBiieHl y crarti [1], mum moOyayBanu 3aJIeKHOCTI
TEPMOJIMHAMIYHOTO TOTEHI[ia]ly BiJ KOHIEHTpalii Hikeao (IuB. puc. 1) ams Bcix
iHTepMeTaniiHux ¢a3. MoxHa nobauuTd, 0 KpuBa Ais piakoro poszuuny npu 800 K
MIPOXOJIUTh HIXKYE 3a KPUBY TBEpPAOrO0 PO3UYMHY Yy MEBHOMY IHTEpBaji KOHLIEHTpALii.
ba3yrounce Ha pe3ynprarax OTpUMaHUX y CTarTl [5], MOXKHAa MOOAYWTH, IO KOHTAKTHE
riaBieHHa BinOyBaeTrbest mpu 700 K B iHTepBani koHueHTpamii 6mu3bkid no 0.3 c ni
(KOHIIEHTpAITIS HIKEITIO).

Enxepria MNbbca (Q#/mons)

Puc. 2. 3anexHicTh moTeHIIATY

p ['l06ca (Ha oAMH MOJIB) BIX

G086 015 02 028 03 03 04 06 05 0% 06 085 07 078 OF 085 0 098 KOHIICHTpaIIﬁ HIKEITIO npu 800 K.
KoHUEHTpALIA HiKenH
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Kopucryrounch nanumu, siKi MpeACTaBiI€Hl y CTarTi [2], MM MHOMITHIH, IO SBUILE
KOHTaKTHOT'O IJIaBJICHHSI TAKOXK MOJKHA cIlocTepiraTH (AMB. pHC. 2), aje MpH TeMIeparypi,
ska piBHa 625 K, mo Ha 75 K Hux4Ye Bix pe3yinbTaTy OTPUMAHOTO Y MOMEPEIHIN CTaTTi.

3rimHo jmaHuX crarTi [3] MeracTtabuibHE KOHTAaKTHE IUTaBJICHHS (AMB. puc. 3) MOKHA
CHOCTepiraTy HaBITh MPU KIMHATHIN TeMIepaTypi.

55 000

Enrepria MNbbca (Ox/mons)

B 200

Puc. 3. 3anexnicts notenmiany ['i66ca (Ha
OJIMH MOJIb) BiJl KOHIIEHTpAIIll HIKEIIO MpH
4 085 99 915 02 935 03 935 04 045 45 055 06 985 07 475 08 085 09 095 800 K,

KoHUeHTpaUiA Hikento

&5 00

-5 30

Eneprin MNbbca (Ox/monk)

Puc.4. 3anexnicts noteHmiany ['i60ca (Ha
OJIMH MOJIb) BiJl KOHLIEHTpALlii HIKEI0 Npu
ot [+ L] Y] oS Qe a7 1] (1] 800 K_

KoHueHTpauia Hikenwo

BigmoBimHo mo nmaHmx JoKepena [4] sBUIA KOHTAKTHOTO TUIABJICHHS B3araji HeE
CIIOCTEPIra€ThCsi, MPO IO CBIAYUTH MPOXOPKEHHS KPUBOI PLAKOTO PO3YMHY HAJl KPUBOIO
TBEpAOro po3uuHy npu remmneparypax Buuux 900 K (nus. puc. 4).

Po3paxyHok meractadiibHuX ¢a30BUX Aiarpam:
BuxopucTtoByroun npaBuiio CijibHOI JOTHYHOT,

0g,(c,) _ 985(cy)

2

oc,, ocy
(1)
aga(ca) — gﬂ(cﬂ)_ga(ca)
oc,, Cp—C,

Oynu moOynoBaHI MeTacTaOUThbHI(HA PAaHHIX CTaaiAX BCl iHTEpMeTamiaHl (ga3u KIHETUYHO
MpUrHiyeHi) ¢azosi aiarpamu:
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Temneparypa, K

Temneparypa, K

B3385888¢8

1700
1650
1800
1550
1500
1450
1400
1350
1300
12350
1200
1150
1100
1050
1000

B850

750

01 02 03 04 05 08 07 08 0
KoHUEeHTpaUiA Hikenw

Puc. 5. MeracrabuibHa (a3oBa niarpama Ni-
Al 32 yMOBM NPUTHIYEHHS BCIX IHTEPMETATIIHUX
(a3 (oTpumana 3rigHo nanux [1]).

1700
-
G
1 558
10
1 455
1 403
Lk
1308
1258
F:
1158
108

805 a1 81% A2 0625 &3 035 64 045 DS A%5 D8 OBS Q7 0TS OB DAS &9
KoHUeHTPaLIA Hikenw
Puc. 6. MeracrabuibHa (a3oBa niarpama Ni-
Al 3a yMOBM NPUTHIYEHHSI BCIX IHTEPMETATIIHUX
(a3 (oTpuMmaHa 3rigHo naHux [2]).
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1 7o
1 85
1600
1550
]
1 &50
1 800
1380
130
1 25
1200
1§50
108
i G4
1000
]
900
Bia
Big
TH
Ta
L2
B
S5
500
ALy
&4
350
34

Temneparypa, K

095 01 0EE 02 0FF 03 925 04 0% 9% 055 06 065 QF 0 08 0B 09
KoHLeHTpaUiA Hikeno
Puc. 7. MeracrabuibHa (a3oBa niarpama Ni-Al 3a ymMOBU IpUTHIYEHHS BCIX
iHTepMeTaniiHuX (a3 (oTpuMaHa 3rifHO JaHuX [3]).

700

bl

kR

1500

1400

12350

LR

10

Temneparypa, K

KoHUeHTpaUiA HiKeNw
Puc. 8. MeracrabuibHa (a3oBa niarpama Ni-Al 3a yMOBU IpUTHIYEHHS BCIX
iHTepMeTaniiHuX (a3 (oTpuMaHa 3rifHO JaHuX [4]).

Po3paxyHok cTUMY.1iB 3ap0OIKOYTBOPEHHS HACTYIHOI (pa3u:

Ha namy aymKy, MajoiMOBIPHO CIOCTEpIraTh KOHTAKTHE IJIABJIEHHS MpPU KIMHATHIN
temreparypl. Toai sk npu Temneparypax Onuspkux 10 700 K sBHIEe KOHTaKTHOTO
IUIaBJIEHHS Moke BiaOyBaTuch. Y pesynbrarax @. bapaca 1 O. I[onitano [7] Oyno nmoMideHo
3HIKEHHS TEMITepaTypH TUIABJICHHS ATFOMIHIIO TIPU JI0aBaHH1 0 HhOTO Hikenmto. Hamu Oyro
BUpIILIEHO NEPEeBIpUTH sKa Jpyra ¢(aza MOBUMHHA BUHHUKHYTH 13 HIKEJIb-aJIIOMIHIEBOTO
PO34HHY, MicJs HOBHOTO BUYEPIAHHS AJIFOMIHIIO (KU KOMIOHEHT Oy/e BUUEPIIaHUM, a IKUI
Hi, 3aJI©KUTh B IMOYATKOBOi cTexiomerpii). BukopucroByrounm pesynbTaTH, OTpUMaHi 13
mxepen [1, 2], MU 3HalIUIM CTUMYJIM 3apOJIKOYTBOPEHHS JJIsl BCIX IHTepMeTaliiHuX ¢a3 13
PIIKOTO PO3YUHY.
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mn

]....

Ctumyn 3apogkoyTeopeHHA (Ox/monk)
Ctumyn 3apogkoyTeopeHHA (Ox/monk)

) O ) X AT

Temneparypa, K Temneparypa, K

Puc. 9. Crumynu 3aponkoyrsopenHs (/x/mons) Bin Temneparypu K.

3rifHO OTPUMaHUX JaHUX, CTUMYJI 3apOJAKOYTBOpEHHs Halouibmuii g dasu NiAl npu
temmneparypi nopsanky 725 K (3rimno manux [1], auB. puc. 9A), 1 temneparypi nopsaky 650 K
(3rimHo manux [2], auB. puc. 9b). L1 pe3ynpTaTi KOPENIOIOTH 13 Pe3yJIbTaTaMH JIOCTIKCHHS
[5]. V crarti [7] 13 MONEKYISIPHO-TUHAMIYHOTO JOCHIUKEHHS JaHOi CHUCTEMHU TaKOX
croctepiraeTbecsi yrBopeHHs ¢aszu NiAl Ha HIKeIeBid MiIKIaA 13 piAKoro 4u amop@HOro
PO3YHHY.

BucHoBku

BuxopucTtoByroun AaHi KOKHOTO Jpkepena Oynu moOynoBaHi mMeTacTaOulbHI (a3oBi
niarpamu B cuctemi Ni-Al. ['pyHTylouMCh Ha TinoTe31 MPO MOMKIUBICTH KOHTAKTHOI'O
iaBieHHs B cuctemi Ni-Al MU mpoBeiu MOPIBHSUIbHI TEPMOJMHAMIYHI OLIHKU. 3TiAHO
mwkepen [1, 2], y gaHiii cHCTeM1 MOKHA CIIOCTEPIraTy SIBUIE KOHTAKTHOTO TUTABJICHHS IMPHU
700 ta 625 K BiAnoBigHO.

3rigHo [3], piakui HiKeIb-aTIOMIHIEBUN PO3YMH MOKE ICHYBaTH HaBITh MPU KIMHATHUX
TeMIieparypax.

BiamoBinHo 1o [4] siBuIE KOHTAKTHOTO TUIABJICHHS B3arajii He BimOyBaeThcs. [lpum
LbOMY IUIaBJICHHS aJIIOMIHII0 po3nodyrHaeThes npu 933 K, npo 110 CBIAUNTE MEPETUH KPUBUX
PIAKOTO 1 TBEPOTO PO3YHHY 32 JAHOT TEMIIEpPaTypH.

Taka cyTTeBa pi3HHMIS MK pe3yJabTaTamu, Kl JaioTh Jukepena [1-3] ta [4] BukiaukaHa
THUM, IO BCl TEPMOJMHAMIYHI JaH1 «ITATAHSIUC» i NOTPiMHY (a3zoBy miarpamy [4], Tomi
K JIaH1 IePIIUX TPHOX JKEpeNl «IiAransaucsa» mig 6iHapHy aiarpamy crany Ni-Al.

Crnuparourch Ha jxepena [1, 2] Ha OCHOBI IpaBuWiia HapajelibHUX JOTUYHUX OyiH
3HAMACHI CTUMYJIM 3apOJKOYTBOPEHHS HACTYNMHOI ¢a3u 3 PIIKOTO HIKEIb-aIIOMIHIEBOTO
PO3YHHY.

Pesynbrary, ski Oynu OTpuMaHi Ha OCHOBI IIUX JIKEPEJ JOCUTh HEMOTaHO CIIBIAJA0Th.
3rifHO LUX JAHUX, 13 PIIKOrO pO34uHy Apyror Mae 3’sButucsa ¢aza NiAl. Sxmo usg ¢aza
Oyne KIHETHYHO TPUTHIYCHOI0, TO Apyroto hasow mae 3’sButucs Gpasa AL NI, | gxmo i na

¢daza Oyne MpUTHIYEHOIO, TO APYrol0 Ma€ BHHUKHYTH ¢aza Ni; Al naxwe, JIPYro Mae

BUHUKHYTH (a3za ALNE

IMoasiku
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ABTop BasuHuil npodecopy ['ycaky A.M. 3a mocTaHOBKY 3a/1a4l, KOHCYJIbTAIl 1] Yyac
il po3B’s13aHHS Ta OOrOBOPEHHS PE3yJIbTaTIB.
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Annoranusi. O.M. Poimap. Cpaenenue mepmoouHamuieckux oyeHoxk cucmemol Ni-
Al na pannux cmaouax 3apooviueobpaszoeanusn. B pabome npedcmasieHvl pe3yibmamol
Ghenomenono2uyecKo20 MOOETUPOBAHUS HAIUYUS UTU OMCYMCMEUS KOHMAKMHO20 NIA6IeHUS
6 cucmeme Ni-Al memooom Calphad. [locmpoenvi 3aeucumocmu mepmoOUHAMUYECKO2O
nomenyuana 1'ubbca om KoHyeHmpayuu 00HO20 U3 KOMHOHEHmog cucmemvl. [locmpoennvle
MemacmadunbHvle azosvie OUazpammol Osl HCUOKO20 U MEEPO020 HUKENb-ANIOMUHUEBO20
pacmeopa 6 npeonoLOHCEHUU, YMO HA PAHHUX CIAOUSX 8CE OCMANbHble UHIMEPMEMALIUOHbIe
¢asel nooasnenvl. Ha ocHose npasuna napanienvmbiX KacamelbHbIX HAUOEHbl CMUMYJbl
3apoovieodpa308anus UHMEPMEMALIUOHbIX a3 u3 #cuokoeo pacmeopa. Ilpu smom
CUUMANoch, 4mo UHMEPMemaniuobl B03HUKAIOM NO MEXAHU3MY B6blOeleHUsl U3 HCUOKO2O
pacmeopa.
KiroueBbie ciaoBa: Calphad, meracrabunbHas Qa3oBas auarpaMma, KOHTaKTHOE
TUTABJICHHUE, CTHMYJT 3apOIBIIIICO0pa30BaHNs, IPABHIIIO IMAPAIIICIIBHBIX KacaTeIbHBIX.

Summary. O. M. Rymar. Comparison of the thermodunamic assesstments of the Ni-
Al system at the initial stage of nucleation. The paper presents the comparative results of the
phenomenological modeling of the presence or absence of contact melting in the Ni-Al system
using the Calphad method. Curves of the Gibbs thermodynamic potential versus nickel
concentration were constructed.

Today the nickel-aluminum system has found a remarkably wide application in the
study of SHS phenomena. It was found that the method of preparation of thin films (flow
velocity, its density, temperature of substrate) thickness of the multilayers and their period
affects on velocity of the front combustion, temperature and phase composition. At isothermal
reactions in this system the order of formation equilibrium phases with increase in the share
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of nickel are often observed (Al,Ni ... Ni,Al). Knowing the order of phase formation we can

predict the physical properties of thin films. Investigating of the Ni-Al system by Calphad
method it was observed that the use of different articles from thermodynamic evaluation of
this system gives quite different results: according to sources [1], [2], [3], we can observe the
phenomenon of contact melting even at room temperature, and on the results of the source [4]
it is absent. It is considered that the oxide film on the surface of nickel and aluminum are
absent. The difference in results is not in the mathematical model that describes the
thermodynamics of the process (they are the same), but in adjustable the data that contribute
excess to the Gibbs energy (which is associated with account imperfection of lattice).

By the molecular-dynamic research of the F. Baras and O. Politano it was found that
the addition of nickel to pure aluminum reduces the melting point of the latter. According to
the thermodynamic data [1] the melting temperature of the solution is approximately equal to
700 K, while pure aluminum melts at 933 K. According to this fact, we can assume that even
at the stage of preparation of thin films by different methods liquid layer can exists from the
beginning on the contact of nickel-aluminum pair.

Using data from each source a metastable phase diagrams were built for the
comparison with each other. Based on the parallel tangents rules, the driving forces of
intermetallic compounds nucleation from liquid nickel-aluminum solution were found. It was
assumed that the intermetallic compounds appear by the mechanism of precipitation from the
liquid solution.

Keywords: Calphad, metastable phase diagram, contact melting, driving force of the
nucleation, parallel tangents rule.

Opnepxano penakuiero 30/10/2014 [puitasaTo no apyky 15/11/2014
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YJIK 538.9 PACS 64.75.Ef, 34.50.Lf
JA.B. Hapoaincbkuii, A.O. KoBanbuyk

®A30BA PIBHOBAT'A BIHAPHUX HAHOPO3MIPHUX CUCTEM 3
YPAXYBAHHSIM HEJIOKAJIBHOI XIMIYHOI B3AEMO/II

Y pobomi oocniddceno xapakmep ma CMYniHb 6NIUG)Y HELOKANbHOI 63AEMOOIL Y
KOMOIHayii 13 ceepecayitinumu egekmamu Ha ¢Hazosull CKIA0 HAHOCHAAB)Y O/l PIOKO2O
binapnoeco posnnasy cucmemu Al-In. Po3paxoseano xonmyenmpayiiini npo@ini y pioxomy
Hanocnnasi Al-In i3 cpepuunoro cumempicero, sukopucmaguiu po3poonenuii paniue memoo
YUCeNbHOI onmumizayii cycmuHu mepmoouHamiuno2o nomenyiany. OO0epircano posmipHi
diaepamu po3nady oasa piokoeo Oinapnoco posnaasy cucmemu Al-In ma oocnioiceno ix
NOBEOIHKY V 3aNeHCHOCMI 6I0 CKIA0Yy HAHOYACMUHKU MA CMYNEHs HelOKANbHOI 83aEMOOI.
Bcmanosneno, wo egpexm ceepecayii pooums ueioHiwumM po3nad 6 HAHOYACMUHYI, AHIdHC
8UOLNIeHHsL OOHIET hasu i3 cepeOHbOl0 KOHYEeHmpayieo, mobmo po3nad 6 HAHOUACMUHYI
8i0bysaemuvcss Hasimv 6 30Hi cmabinbHocmi. Ilpu yvomy, makodxc, Ha po3nad 6nIUBAE
Kanisecokuii unen, axwo 6in manuti, mooi posnad 8i00y0emuvcs, a 3 NOOANLUUM U020
nioBuUWeHHAM BIH nocaadaemocs. Takooic, 3ati0eHi maki pexcumu, npu AKUX HAHOPO3MIPHI
Ga3zosi diaepamu 3micmunucs i Uiy 3a medxci Kyno-posnaoy cucmemu Al-In.

KuiouoBi ciioBa: ¢a3oBa miarpama cTaHy, HEJOKaJbHA B3aeMOJis, eeKT cerperartii,
KOHLIEHTpaLiiHUN podiib, TOBEPXHEBUN HATAT.

Beryn

JloOpe BimomMo, 10 MNpU OTPUMaHHI HAHOPO3MIPHMX MarepiajiB CTaHAAPTHUI
TEPMOJUHAMIYHMM TIAXIJ, 3aCTOCOBAHMM MJIsi 00 €MHUX CHCTEM, HE MOXE aJeKBaTHO
omnucary rnpouecu (pa3oBUX NepeTBOpeHb. 30Kpema, (pa3oBi AlarpaMy HAHOPO3MIPHUX CUCTEM
MOXYTh CYTTEBO 3MIHIOBATHCS K 32 (OPMOIO, TaK 1 SKICHO. 3 IHIIOrO OOKY, pPO3YMIHHS
TEPMOJIMHAMIKMA ¥ KIHETMKU (a30yTBOPEHHSI y HAHOCHCTEMaxX HAJ3BHUYAlHO BaXKIUBE JUIS
PO3pOOKHU TEXHOJIOT1H CTBOPEHHS] HAHOT€TEPOCTPYKTYP, 110 MAIOTh MPAKTUYHE 3aCTOCYBAHHSI.
BpaxyBanHs BIUTMBY pO3MIpY Ta MOBEPXHI Ha MpoIeck (PazoBUX MEPEXOIB Y HAHOYACTUHKAX
JABHO BUBYAJIUCSA 1 HAa IbOMY LUISIXY JAOCATHYTO 3HayHoro mnporpecy. [Ipore, me oauu
BAXKJIMBUI (PAKTOP, 110 MOXKE CYTTEBO MPOSIBUTHCS Y HAaHOMAcIITab1, He OyI0 CUCTEMaTUYHO
noCTipKeHo. MeThcs mpo HeNoKaldbHY B3aeMojio, BBeaeHy Kanmnom Ta XimmapaoM.
JlocnipkeHHsl CHIHOJAIBHOTO pO3Maay Ta MOro KOMIT'IOTEpHA CUMYJSLISA, COUPAIOYUCh Ha
po6otu Kana ta Xinmnapma, Oynu onucani XadatypsaoMm [1]. YV po6oTi [2] Oynu po3risHyTi
0COOJIMBOCTI CITIHOJAJILHOTO PO3Maly B YAaCTHUHKAX, JUISl SIKUX ITOBEPXHEBHUM BKJAJA y BUIbHY
€Heprito NpuoJIM3HO piBHUM 00’€MHOMY BKJIaJ0B1. BoHM 3HallIM KOHLIEHTpaLiiHi npoditi,
SK1 BIJMOBIAIOTh PI3HUM BIJIACTUBOCTSIM IOBEPXHI HAHOYACTHHOK Ta IOKAa3aJd, 110 IpU
"ancopOmidHuX" BIACTUBOCTAX TOBEPXHI YACTUHKA MOJIWBUM HEMOHOTOHHUH  XiJ
KOHLIEHTpalii, SKU{ BIANOBIJa€ po3UIapyBaHHIO Ha 30aradeHi Ta 301iaHeH1 (Ha Jpyruit
KOMIOHEHT) oOmacti [2]. ¥V po6oTi [3] TOJOBHUM € aHATITHYHUMA OMHUC B3a€EMO3B'SI3KIB MK
po3MipHUM e(EeKTOM, MOJUIOM 1 PO3KJIaJIaHHSIM B HEBEIUKOMY 00’eMi. Takox, ogHUM 13
BHUCHOBKIB € T€, 1110 Cerperauis y «4uCTOMY» BUIJISA1 YTPYAHIOE pO3Ma.

SIBumie HeNOKalIbHOCTI HPU3BOAMTH JI0 PO3MMTITSA KOHLEHTpAaIMHUX NpoduIiB Y
KOHJICHCOBAHOMY CEPEJIOBHIII, P YOMY XapaKTEepH1 MacCIITa0u HEOJHOPITHOCTEH CATAIOTH
KUIPKOX HAaHOMETpIB. 3pOo3yMilO, IIO 3a YMOB, KOJM PpPO3MIp CHCTEMHU CIHIBMIpHUHI 3
MacmTaboM HEJIOKAIBHOCTI, 1ed e(PEeKT MpHu3BeAe A0 CYTTEBUX SIKICHUX 3MIH y TOBEIIHIT
CUCTEMHM, NOPIBHSAHO 31 CTaHAAPTHUM onucoM. Toxk, y MOJIi 30py HAIIOi YBaru € BpaxyBaHHS
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HEJIOKaJIbHOCTI 'y KOMOIHamii 13 cerperauiiHuM eQeKkToM IMpd OHHCI po3maay y
HAaHOYACTUHKAX JUIS PIIKOTO O1HAapHOTO po3iuiaBy cuctemu Al-In.

IlocTanoBka 3aa4i Ta onuc MojgeJi

HenokanpHuii edext mposiBASETHCS SIK MAKpPOCKOIIYHMX, TaK 1 B HaHocucTemax. B
HAaHOCHCTEMax XapaKTepHHUI po3Mip HEIOKaIbHOCTI CIIBMIPHUN 13 pO3MIpOM YacTHHKU. [lis
KOXHO1 Takoi 001acTi MOXHa TOBOPUTH Mpo PyHKIII0HAN noTeHIiany ['160ca, B IKuii BXOJATh
JIOKaNbHUK N01aHoK g(x) Ta xBampar rpamienTta Konuenrtpauii gy. ITorenmian ['i66ca mis
TaKO1 YACTMHKY 3aJICKHUTH HE JIUIIE B KOHIIEHTpAIIll B HiH, aje¢ TaKOX B1J IMIBUIKOCTI 3MIHU
KOHIICHTpAIIIi Bl TOYKH 10 TOYKH, TOOTO TpajieHTa KoHIeHTparil. OTxe, moteHiian ['160ca
B YAaCTHHLI BU3HAYA€THCS HE JIMIIE KOHUEHTPALIEIO B 11 YaCTUHLI, ajieé i KOHLEHTPALIEO B
CYCIJIHIX YaCTHHKAX.

Po3B’sxxeMo BapialiiiHy 3aja4dy npo po3naj 61HapHOro CIIaBy B 0OMeXeHii cucremi 13
c(hepuIHOI0 CUMETPIETO:

['yctuna 06’emuoro nmoreHmiany ['166ca Ha aToM (711 MOJIEN1 pEryasipHOTO PO3UYHUHY):

g(x) = kgT[xlnx + (1 —x)In(1 —x)] + ax + (1 —x) + w=x?, (1)

ne npu po3manl w <= 0.

Bxnax neomnopinuocti 3 Teopii Kana-Xiuriapaa (rpamieHTHUR):

gy = K(Vx)* )
[ToBepxHeBuit HaTAT (edeKT cerperaiii):
o(x)=a,(1—x) + ozx (3)
I'yctuna npy»xHoi eHeprii (Ha aToMm):
e(x) = s(x — )7, 4)
JIe X— CepelHs MOJIbHA KOHIICHTpAITIs:
V= [ xdV (5)

3anumemMo notexuian ['il06ca HECKIHUEHHOT CUCTEMH 3 TOBEPXHEI0, BpaXyBaBLIU BHILE
O3HAYCH1 N03HAYEHHS:
1
Glx(r)] = va [g(x) +e(x) + g ldV + oS (6)
[loBuuit ¢ynkuionan ['1606ca F MM 3anuimieMo y HACTYMHOMY BUIVIAIAl (IUTYyYHUI
(GyHKIIOHAT 1100 PILINUTH):

Fla(r)] = Glx(M]-% [, xav, ()
1€ i — HEBU3HAYCHUM MHOXHUK Jlarpanxka.
OF =0
JIi1st po3B’sI3Ky 1IbOTO (PYHKITIOHAJIA 3aMUIIIEMO /1Bl YMOBH : {:EV _ fv edV

Jlist cheprudaHO-CUMETPUYHOT YaCTUHKH:

dx , . 4 .
x(r)=x(r),Vx = 5 =X ,dV = dgvridr, V =§m'R3,5 = 4R
T

Toni pynkuionan F MaTUMe BUTIISIA:
Flx(r)] = %f:[g (x) + e(x—%)* + K(Vx)? = px]ridr + 4nR*[g,(1 — x) + 05x] (8)
3anumiemMo 3aKOH 30epeKeHHs PEYOBHHU JIJIs1 PO3B’SI3KY TAHOTO (PYHKITIOHAITY:
_IrR xridr =& 9
o 3
3HaigemMo Bapialliro 11p0ro (pyHKITioHamA:
4 % .2
SF="2 a—g+2g(x—)?)+2K(x +—x ]—u r2Sxdr +
Q lox r
(10)
2K .
+4n R’ (03 -0, +ExR]5xR
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BuxopucTtoByroun mnepiury yMOBY Ui pO3B 3Ky (DYHKIIOHANy, MU 3HAWJIEMO IHOBHY
CUCTEMY PIBHSIHB JUIsl onTUMizallii pyHKIioHATY:

gl My, et L —B—2cE—yp) =
't = — ——x - — (x—fF—2ex—u) =0 (11)
3BIAKY 3 HEOOX1THICTIO BUIJIMBAIOTh TaKi IPaHUYH] YMOBHU:

xy=10 (12)

;0
*Xr = E(Jﬁ' — ) (13)

R 5, _ %R

_fD xredr = 5 (14)

AHanitTuyHO po3paxoBaHuil Npo¢uUlb He BUWIIIO BUKOPUCTATH, TOMY BUKIIOYMMO B’S31.
Hexait xoHIIeHTpaIlisi BU3HAYAETHCS BIAMOBITHUMHU JIOKATHHUMH KOHIICHTPALIMHA X;. TaKkox
BUKOPHUCTAEMO 3aKOH 30€pEeKEHHsI pEYOBUHHU, 100 BpaxyBaTHU MEPEPO3NOAUT PEHOBUHHU MIK
00’€MOM 1 TOBEPXHEIO.

r,=1i-0r (15)
5r =% (16)
i=0,N (17)

3anumiemo nmoteHmian ['100ca, KOHIIEHTpAIlls B SKOMY BU3HAYAETHCS JJOKATBHUMHU
KOHIICHTPAIISIMHA YaCTHHKH:

-

6lx(r] 2 6({x ) = ZETN [g,0(x) +(x, —0)2r? + TR TN (2Kime)" 12 4
+47R% g, (1 — xp) + o52,]

(18)
ne G [x(r)] — norenuian I'i66ca. Beenemo oOMeskeHHs Ha Lieil moTeHwian. BUKopUCTOBY0UM
BHpa3 [yl CepelHbOT1 KOHIIEHTpAIii:

- 3ér A -
X = L= X T (19)
Bupazumo x,; yepes Bci monepeHi x;:
_ N=x N—1 I[iz
An =3~ Zito NE (20)

TakuM YMHOM MM BHUKJIIOUMIM B’si31 1 Tenmep MU MaeMo N He3alneXHMX 3MIHHUX, 3a
paxyHOK TOro, LIO0 OCTaHHIA IPUIIOBEPXHEBA JIOKaJbHA KOHIIEHTpAIlsl BU3HAYAETHCS SK
GyHKIIS yCiX MOMNepeHiX JOKaIbHUX KOHUEHTpaliil. TakuM 4uHOM X, npuiimMae abo ckuiae
HAJJTMIIOK Ti€l peYOBUHH, fIKa J10/1aj]ach a00 BUAAINIIACH 13 BHYTPILIHBOTO 00’ €MY YaCTUHKH.
3anuuiaeTbes JMIIE ONTUMIZYBAaTH (QYHKIIIO 7 — 1 3MIHHUX K 3BUYalHUI €KCTpEMyM, a He
YMOBHHH.

G = G(xg,xy, K, xy g, 2y (%0, %1, K, x4 ) (21)

BUKOpHCTOBYIOUHM METOJ CXOKHH 10 METOXY TPai€HTHOTO CIYCKY: i = 0,IN — 1,
0JIEPKUMO:

_ 96, 86 dmy _ ﬂ_G_a_G[if
‘pi - E'xl- axn' E'xl- E'xl- E'IN N (21)
dx; = —K,p, (22)
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Oyughpysanmus ekcnepumeHmanbHo20 Kynoi-po3naoy cucmemu Al-In

VY poGoTi [2] HaBeleHa eKcliepUMEHTalIbHA JlarpaMa CTaHy piAKol OIHAPHOT CUCTEMU
Al-In Ha puc. 1. Bukopucraemo mio giarpamy cTaHy ISl OJEp)KaHHS KOHIIEHTpaIiiHO1
3aJIKHOCTI 00’ €MHOT I'YCTUHH XIMIYHOTO BKJIATy B TEPMOJAMHAMIYHMMA NOTeHITaI. s 1iporo
HaM MOTPIOHO CHOYATKy OJIEpP’KaTH 3HAUYEHHS TOYOK JilarpaMi, a MOTIM iX alpoOKCHMYBAaTH.
Hanani 6ynemo mpaitoBaté B 001acTi aAiarpamMu CTaHy, sKa 3HaXOAUThCS Buile T = 674°C,
s obnacTe BKIIIOUAE JUIIE OJHY 00JACTh IBOX PIAKUX (a3 1 BU3HAYAETHCS KPUBOIO (a30BOi
pIBHOBAry, sika Ma€e GopMy KymoJi-po3naiy.

T.°C

00 ~

ie)

637°C \

200! L y , ;
Al 20 40 60 80 In
at. %
Puc. 1. iarpama crany cuctemu Al-In [2].

Touku pgiarpaMu cTaHy OJAEPKYIOThCA ILIAXOM OLM(PpPYBaHHS 300pakeHHS L€l
aiarpamu, TOOTO BU3HAYEHHSI TIOJIO’KEHb TOYOK, 3 JOBUILHO 33JJaHUM KPOKOM, Ha 300pakeHH1
niarpamu ctany. OpepikaHl 3Hau€HHS TOYOK JiarpaMu craHy cuctemu Al-In moxHa
anpoKCUMYBAaTH MOJIIHOMIAIIbHOKO (yHKII€0. Temneparypa — 1€ MoJiiHOMIalbHA (QYHKIIS
KOHIeHTpallii, T00to T = Py;(x), ne Pyp(x) — moninom 10 cTeneHs Bl KOHICHTPAILIT:

n=10
T=a,+) ax (23)
i=1

Mu BUKOpHUCTaIM anpoKCUMaIlilo MojJiHOMOM 10 cTeneHs 1 oJepKajau MOJIIHOMIAJIbHY
3JICIKHICTh allPOKCUMOBAHUX 3HAYEHBb TOUOK JllarpaMH CTaHy, TOOTO KOCPIIEHTH Qg-aqg TS
nosinoma T = P,4(x) (puc. 2).

[ToniHOMIaNIbHA anpoOKCUMAIlisl eKCIIEPUMEHTAITBHO KYIOJI-PO3Maay MOBHICTIO BU3HAYAE
KOHLIEHTpALIHY 3aJeXHICTh 00’€MHOI I'yCTUHH XIMIYHOTO BKJIQJy B TEPMOJIUHAMIUHUMN
MOTEHLIaN HIKYe Kymnosi-po3nany. OnepikaHa moJiHOMIaIbHA 3aI€KHICTh HE MPALIO€ BUILE
KYIOJI-pO3Maly, TOMy B MPOIEAYypl Mia0opy aiarpam CTaHy MU OyJeMO OJIep>KyBaTd JIUIIE
W-nonibny ¢opmy mis kpuBoi g (X) Ha BChOMY MPOMDKKY TeMIIeparyp, B SKHX KyIOJ-
posmany OyB onudpoBaHU.
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1100 =

1000 —
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= 900 -
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X
Puc. 2. AnpokcuMoBaH1 3Ha4€HHsI TOYOK €KCIIEPUMEHTAJIbHOT JllarpaMy CTaHy CUCTEMU
Al-In, mnsxoMm orudpyBaHHs rpadiuHUX TaHUX.

1io6ip diacpamu cmany piokozo binapnoco pozniagy cucmemu Al-In

Posrnsinemo miarpamy crany pinkoi 6iHapHOi cuctemu Al-In Ha puc. 3. [diarpama crany
TaKOi CUCTEMH € CUCTEMOIO €BTEKTHYHOI0 THITy. 3anuiiuemMo noteHian ['166ca y BUrisai:

glx,T)=xInx+ (1 —x)In(1—x) — mrix(l —x) —I-ﬁrixa, (24)
o o
ne f Ta w — 1e mapameTpu, sKi B 3aJISKHOCTI BiJl CBOIX 3HAa4€Hb MOXKYTh HAOyBaTH PI3HOTO
¢i3uvaHOTO 3MICTY. f — KOHCTaHTAa, KA IpH 3HaueHHi f = 0, 3anuiiae 3a w 3HAYCHHS CHEepril
BIIOPSIZIKYBaHHS B MOJICNI PErysipHOTO po3unHy. Skmo 5 # 0, Tomi @ — 1ie BXKe MPOCTO
napaMmeTp, SIKUi ByK€ He 3B ’S3aHMM 3 KPUTUYHOIO TEMIIEpaTypolo, SIKa BHU3HAYa€ BEPIIMHY
KYIOJy.

Jia Toro mo6 migidpatu KpuBy (ha30BOi giarpaMu TOCTaTHbO BBECTH Y €HEPreTHUHY
YaCTHHY XIMIYHOTO ToTeHIfiany ['i00ca suine aBa wieHa, 11e KBapaTHYHUN @ 1 KyOiuHHid 5.
ToOTO, HOCTaTHRO 3HATH, SK 3aleXKaTh (5 Ta w BiA TEMIEPAaTypH IS TOTO, MO0 3HAUTH
noTteHuian 1'10606ca ekcnepuMeHTaIbHOrO Kynoj-po3nany ais cucremu Al-In. Kputepiem mo
SKOMY MU OynemMo Bu3Ha4YaTH 3aiexkHIiCTh G(T) ta w(T) me Oyme HasgBHICTH Oyab SKOTO
KYIOJI-pO3Maay 13 3aJlaHUMU MapaMeTpaMu, KM MPOXOAUTH Yepe3 TOUKU JIOCHIPKYBaHOTO
HaMH Kyroiy posnaxy. Lli Touku Oynu oaepxaHi BUIE, MIISAXOM OIMdpyBaHHS 00JacTi
300pakeHHs1 miarpamu crany cucremu Al-In. ITigiOpani 3amexunocti G(T) ta w(T) mis
I'YCTUHU TEPMOJMHAMIYHOTO MOTEHIially, MaloTh JaBatu (OpMy KyHOJ-po3Majy Tak, 1100
TOYKHM CIUIBHOT HOTHYHOI s KpuBoi g(x) cmiBmaau 3 Toukamu (asoBoi xiarpamu
JOCITIKYBaHOT CHCTEMH.

Ha puc. 3. moOynoBani 3aimexHocTi kBagparnaHoro (7T ) ta kybigHoro (7)) wieHiB
noTeHmiana ['i66ca Ta iX mosiHOMIiallbHI apokcumaltii, T00To f = Py(T) ta w = Po(T).

Mu onepskanu mosiHoMiansHi anpokcumariii mist B(T) ta w(T) Bix Temneparypu, siK
napamerpie g(x,T). Pamimme B po6OTI MM OJepXKamM IIOJIHOMIaabHY alpOKCHUMAILIIIO
eKCIIEPUMEHTAJIbHOTO KymloJj-po3nany cuctemu Al-In, sxuil anpokcumyBaB ouudpoBaHi
TOYKHM o0nacTi (a3oBoi AiarpaMu craHy Buile temmneparypu I = 674°C. @akTH4HO, MalO4H
miai0pany KpuBYy 00’ €MHOT T'YCTMHH TEPMOJUHAMIYHOTO MOTEHIIATY Ta HEBIIOMI IMapaMeTpu
¢Gynkuii ryctuan notenniany ['i66ca gi(x, T'), MM MOXKEMO CIIIBCTABHUTH iX Ta HOPIBHATH (IMB.
puc. 4).

98



Cepis «®Dizuxo-mMaTeMaTHyHi Haykm», 2014

D e
] N BM
=
3
CD__Z _
_/ o(T)
4 -
T T T T T T T T T | 1
920 960 1000 1040 1080 1120

T.K
Puc. 3. Kpusi sanexuocreit napamerpis 5( 1) ta (T ) sin remneparypu Ta ix
MOJIIHOMIaJIbH1 aTPOKCUMAIIII.
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950

Puc. 4. Jlinia 1 300paxae moJiiHOMIaJbHY allpOKCUMAIliI0 OLU(PpOoBaHUX IpadidHUX
JAaHUX €KCIIEPUMEHTaIbHOI Jiarpamu ctany cucreMu Al-In, a miHist 2 — QyHKLIS T'yCTUHU
noreHuiany ['i60ca, BUKOPUCTOBYIOUH 3HAWICHI 3asexHoCT napamerpis F(T) ta cw(T).

Konyenmpayiiina ma memnepamypHa 3a1edcHiCmb NOBEPXHEB020 HAMALY

B ontumizaniitniii npoueaypi HaM MOTPiOHO BpaxyBaTu OBEPXHEBUM HATST, IKUN Oyze
pobuTn BKJIaN y (DYHKIIOHAT TEPMOAMHAMIYHOTO TOTeHIianry. Bimomo, mo mpu posmani
HAaHOYACTUHKU Ha 30BHI Oy/€ BUIUIATUCH KOMIIOHEHTA 3 MEHIIUM IOBEPXHEBUM HATArOM. Y
HAIIOMYy BMIIAJKy BUTST'YBAaHHS KOMIIOHEHTH Ha MOBEPXHIO HAHOYACTUHKU 3a0e3MevyeThes
TPAaHUYHOIO YMOBOIO JUTsl onrtuMizantii pyukmionany (13).

Pi3HMIIS MOBEpXHEBUX HATATIB y TPAaHUYHIA YMOBI 3alKcaHa Juisi KOHKPETHOT JIHIHHOT
3aJIKHOCTI (X)), OJHAK SKOM 3aleXHICTh Oyna O iHIIOW, TO 3aMmicTh pi3HHUIII Oyna O
MOXiJHa:

o 22 (25)

5 K
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[ToximHa BiJ KOHLIEHTPAIIHHOTO MPOQUII0 A0aTHA, TOOTO KOHIICHTpAIllsd Ha TOBEPXHI
. de . <
30UTBIITYETHCS (KOMIIOHEHT CErperye), a Jis 3. Mae Oytu Bix’eMHuM. ToOTO, 3HANTIIOBIIH JIJIs1
o

SIKOTO KOMITOHEHTA IMOX1/IHA B/l €MHA, TOM 1 CErperyBaTuMe Ha MoBepxHi. B Hamomy Bumaaxy
e 1HTiH.
. . de .o . .. .
3 eKCnepuMEeHTY HaM IMOTPIOHO 3HATH MOXITHY 5, Y Till Touli Ha paxiyci YacTHHIL,

. . de .o . .
To6TO Ha Kpaio Hawoi yacTuHky. IToXinHa —— npu CTaliil TeMIepaTypi 3 Bil'eMHHM 3HAKOM

MPOIOpLiHHA MPOCTOPOBIM MOXITHINA KOHIEHTPALIIHOTO MPOoduI0 M0 KOOpAUHATI, TOOTO MO
paniycy. OmHak coyatky Ham noTpioHo 3HaiiT a(x,T). ¥ po0oti [2] Mu Bi3bMeMO MOTPiOHI
JUI HAc €KCIIEpUMEHTaJIbH1 JIaHl 1 Ha OCHOB1 JAESKUX 13 HUX MU 3pOOMMO MPUITYILIEHHS.
Posrnsinemo puc. 7., Axkuil 300paxkae KpuUBY IMOBEpPXHEBOTO HatAry cucremu Al-In mpu
temmeparypi T=700 K.

SIkmo mpoaHani3yBaTH KpUBY IOBEPXHEBOIO HATATY, TO MOKHA MOOAYUTH, 110 € pi3Ka
3aJIe)KHICTh MTOBEPXHEBOIO HATATY B O0JACTI 3 MaJUM BMICTOM 1HAIIO, TOOTO B 0OjacTi 3
BUCOKMM BMICTOM aitoMiHil0o. OfHaK, HAac IIKaBUTh MOBEPXHEBUN HATAT HA 30BHIIITHBOMY
11api YaCTUHKH, JIe IIEPEeBa)ka€ BMICT IHAIIO.

c. mN\/m
900
2]
800 I .2
lg
700 @
ik iy o
60() | I f i | 1 B : p—
Al 2 4 6 3 10 12 i4 i
at. ¢

Puc. 5. Kpupa nosepxueporo Harsary cuctemu Al-In mpu T = 700°C[2]

Ha puc. 5. Mu MoxeMo no6auuTy, 1110 MOBEPXHEBUI HATAT JUIS 1H/I1I0 HE 300pakeHui. 3
npuBaTHOi Oeciau 13 mpodecopom . Onaxem (M. ['peHoOnb, OpaHuis) MU II3HAIKUCS, 110
st imgiro npu 100 ar.% 3HaYeHHs I HOBEPXHEBOIO HATATY CTaHOBUTH o(x) = 512 mH/m,
Takoxk, Ha puc. 5. MOXHA BIJ3HAYUTH KpalHIO MpaBy TOYKY, il 3HaYeHHsA Oyne
g(x)= 660 mH/m Mu poOMMO NpPHUIYIIEHHS, IO Ha TPOMDKKY MDK KpalHbOIO MPaBOO
TOYKOIO KPWBOI MIOBEPXHEBOTO HATATY Ta 3HAYCHHSM IOBEPXHEBOTO HATATY JUIS 1HIIIO MPH
100 at.% 3anexHICTh JiHIMHA. 3’€IHAEMO L1 TOYKH MPSIMOIO 1 3HAHAEMO HaXWJI L€l IpsIMOi.
Ha 1upoMy IpoMiKKy 3MiHa IOBEpXHEBOTO HaTsary o' ~ 0.1 mH/ M. [3-3a niHiliHOT 3am€KHOCTI
MTOBEPXHEBOTO HATATY IMOXIJHA € CTAJ0I, TOMY IMOXiAHY MOKHa SIK BIHOIICHHS MPHPOCTY
(GyHKIIIT 10 IPUPOCTY apryMEHTY.

JInst po3paxyHKy TMOXiJTHOI Ham TIOTPIOHO 3HATH 3JICKHICTh @(X), SIKYy MU BI3bMEMO 3
eKCIIEpUMEHTATIbHUX JaHuX. Po3risHeMo puc. 6. Ha sIKOMy 300pa)K€HO CIMEICTBO KpHMBUX
MIOBEPXHEBOro HaTsry cucremMu Al-In 3 pi3HOIO pO3UYMHHICTIO 1HALO B amoMiHio. CroyaTrky
AIPOKCHMYEMO 3aJIGKHOCTI IIOBEPXHEBOT0 HATATY & (X ) Bij TeMiiepatypu mpu 6.56 at.%. In B Al

Haranaemo, mo micns 30epekeHHs 3HaueHb 3aJIe)KHOCTI MOBEPXHEBOTO HATATY BIJ
TEMIIEpaTypH BC1 pe3yIbTaTH MOTPIOHO MEPEBECTH B MBKHAPOAHY CUCTEMY OJIMHUIL. MokHA
CKOPHUCTATHUCH JIHINHOIO allpOKCHUMAIIIEI0 OJIep’)KaHUX 3Ha4eHb. Ha puc. 7. 300pakeHa JiHiliHa
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anpokcuMallis rpa@iuHUX JaHUX 3aJI€KHOCTI MOBEPXHEBOIO HATATY Bl TEMIEpAaTypu Mpu
6.56 at.%. In B AL

JliniiiHa 3aJIeKHICTh Ma€ HACTYITHUM BUTJIAL;
Gy —1o(T) = —8.011547903E — 005 = T + 0.7390247391 [ﬂ (26)

TemmepaTypHa 3alie)KHICTh MTOBEPXHEBOTO HATATY ISl YACTUX KOMIIOHEHTIB OINHCAaHA
JNIHIAHUMHY PIBHSIHHAMH [2]:

@y (T) = 556 — 0.081(T — Tppe) [], 27)

npu Ty = 429,32 K. B nmoganeumx po3paxyHkax OyaeMO BUKOPHCTOBYBATH 1€ PIBHSHHS
6e3 mpedikcy cucremu CI. Temep MokeMo 3amvcaTd MOXIIHY TMOBEPXHEBOTO HATATY IO
KOHLIEHTpAllli y HACTYITHOMY BUTJISIAL:

8o _ (oM —og a1

28
Bz (1-0.06580 (28)
o.wN‘m

: 5. 4
730 F 670

? !
720 - o e % | e ©

o ¢

710 %— - 650 |

i : 7t

T T
7.0 i‘ - = 5
Mk, S5 680 |-
600 - 670 -

! -
6% - 650 - )/0
650 4— C
6k O o o5 .
6HG €60 |- \W 6

| P

1 1 1
640 660 680 700 T,°C 60 o0 680 70 T.7¢

Puc. 6. CimelicTBo noBepxHeBoro Hatary cimiasis cuctemu Al-In: (1) 0.13 at. % In.
(2) 0.36 at. % In. (3) 0.6 at. % In. (4) 4.28 at. % In.
(5) 5.22 at. % In Ta 6.56 art. % In B Al [2].

0.668 =

0.664 =

o, N/m

0.66 =

— T T T T T T 1
900 920 940 960 980 1000
T, K
Puc. 7. JIiniliHa anpokcuMallis 3aj1e)KHOCTI IOBEPXHEBOT'O HATATY BiJ TEMIEpaTypu
npu 6.56 at.%. In B AL
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[IpoBeneMo HeBenMKE NOCHIKEHHS 3HA4€Hb MOXIJHOT HAa MPOMDKKY TeMIeparyp, B
AKOMY MU ouudpyBanu kymnon-po3naay cuctemud Al-In, Ttobro Bin T = 947 K no
T = 1108 K. [IponoHyeMO BU3HAYUTH MIHIMAJIbHE Ta MAaKCUMaJIbHE 3HAYCHHS MOXITHOT, SKi
MOXYTb ICHYBaTH Ha IIbOMY TPOMDKKY:

0" piw = —0.159554217100375 E] npu T = 947 K (29)

O e = —0.159?06622?89?69[&] npu T = 1108 K (30)

3HaueHHs NOX1IHOT TOBEPXHEBOI'0 HATATY MO0 KOHLIEHTpALlll IPAKTUYHO HE 3MIHIOETHCSI.
Z—: & const (31)

3HaliieHuit BHUpa3 WA OOpaxyHKYy NOXiIHOI 3a0e3MeyuTh HaM BJacHI 3HAYEHHS
MOXIJHOT Ha BCbOMY IMPOMDKKY Temmeparyp. Mu mependadmiii TeMIepaTypHy 3aj€KHICTh
o(x) Ha BCbOMY HPOMDKKY TeMIEparyp, aje y 3B’SI3Ky 3 THM, IO BOHA MPAaKTHYHO HE
3MIHIOETbCS, TOMY ii MOXKHa 3adikcyBaTu 3poOuBIIHM ii KOHCTaHTOrO. HacnpaBni, 1ocTaTHBO
Oys0 0 BUKOPHUCTATH 1 KOHCTAHTY, SIK 3MIHY IIOBEPXHEBOI'O HATArY, sIKa 3Hali/iIeHa BHILE, aJie
MU BUKOPUCTA€EMO 3HAaWJIEHUM BUpa3 ais noxiaHoi. OTxe, B ONTUMI3ALINHINA IpoLeaypl MU

o o . . ... B
BUKOPHCTAEMO 3HAM/ICHHUH BUPA3 MOXIAHOI OBEPXHEBOTO HATATY MO KOHIEHTpauii —— npu
X

cTainii Temneparypi T.

Konyenmpayitini npogini ma kpumepii poznady 6 Hanouacmunyi
B onrumizanifiHiii mpouexypli MU BHUKOPHUCTOBYEMO OJIEp)KaHl IOJIIHOMIAJIbH1
3anexxHocTi kpuBuX S(T) Tta w(T) Ta BHpa3 Ui 3HAXOHKCHHS ITOXITHOI ITOBEPXHEBOTO

... B .o . .
HATATY 10 KOHIEHTPALlil - NpH cTaiiil Temneparypi T, NpH 4OMy NPYXHY CHEPrilo M He

BpaxoByeMo. [l noOy10BU po3MipHUX (pa30BUX Alarpam HaM MOTPIOHO (PIKCYBATHU 3HAUEHHS
pamiycy HaHOYacTHHKH R Ta Temneparypu T, mpw sIKiii po3majn 1ie BinOyBaeThes. Skuii ke
KpuTepii po3naay? Mu BU3HAUMIIM JIBa KPUTEPIIO po3naay:

1. 3HukHeHHs Oylb-SKOi KUIbKOCTI TOYOK IIEPETUHY;

2. 3axiz oAHiei 13 KpalHIX 3HaYeHb KOHLIEHTpAIIil B 00J1aCTh CIIHOJAII.

Touka meperuHy — 1€ TOYKa KOHILIEHTPAIIMHOTrO MpoQiIto, B SKIM 3HAUYEHHS JAPYroi
MOXIHOT JOpiBHIOE HY/t0. [Ipu YoMy HMKYe 1 BUILE TOYKU NEPErHHY 3HAK APYroi MOXiIHO1
pi3uuid. el kpurepiii Mae Miclie, OCKUIBKM Pi3HI 3HAKU JApyroi noxiaHoi norexnuiany ['i66ca
03HAYalOTh ICHYBaHHS pPI3HUX (a3 y 4vacTuHUI. Touka MeperuHy O3Haua€e TPAHUIIO0 MK
¢dazamu, To0TO Mepexoay Bia oAHIET pa3u 10 1HIIOI.

st OinbIn TIIMOOKOTO JOCTIPKEHHS KOHIEHTpAIIiHUX Mpo(diIiB HaM MOTPIOHO Ha
rpadik KoHUEHTpauiiiHoro npo¢uiro BigoOpa3zuTu obnacti OiHOJANl Ta CHIHOJANI, Ta
cepeHbO1 KOHIIeHTpallil. BukopucroBytoun naHi 3 onu@poBaHOro rpapiqHoro 300pa>keHHs
niarpamu ctany cucremu Al-In moxxkHa 3 jerkictio moOymyBatu oOnacte OiHOmami. Jlis
obrnacti cniHOJadi, TO HaM NOTPIOHO B mpolexypi migdoOpy [AlarpaMu CTaHy MPUPIBHATH
Jpyry noxiany norexuiany ['i06ca 1o Hy:s 13anucaTu po3B’ sI3KHU.

g T) = =+ 6 (B()-2ox) +2-w(T) 2 (32)
g"(xT)=0 (33)

I'padik koHueHTpauiiHOTO MpoduIt0 MU OyayeMO B OCAX KOHLEHTpauii Ta
6e3po3mipHOTro paniycy yactuHku. [licias Toro, sk yci niHii BigoOpaxkaroTbes Ha rpadiky 3
KOHLEHTpalUIiHUM mpodiieM, MOXHA MPOBOJUTH aHali3 MNpodiIiB, BUKOPUCTOBYIOUU
KpUTEpii po3naay BKa3aHi BUILE.

Ha puc. 8 ta puc. 9 300paxxeHi npukiIaau po3paxoBaHUX KOHUEHTPALIHUX PO} LIiB.
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0.9
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Puc. 8. Po3paxoBanuii KoHIIEHTpAIITHIN TPOPLTH 11 HAHOYACTUHKHU PAJIlyCoM :
R = 43.247 uM npu temneparypi 1 = 1068 K, B sxiit po3nan BinGysaeTbest.
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Puc. 9. Po3paxoBanuii KOHIIEHTpAIIMHII TPO(LIH 11 HAHOYACTUHKH PAJIIyCOM :
R = 43.247 M npu remneparypi I = 1069 K B sxiit posnan ue Bindysaerscs

Cnexmp 3nayenb Koe@iyicHmy Hel0KAIbHOIL 83AEMOOTT
Bxiang neomHopigHocti 3 Teopii Kana-Ximmiapna, ToOOTO TIpaJieHTHUN — diiEH,
BHU3HAYAETHCA HACTYIMHMM umHOM: gy = K(Px)? . Kau 3pobus ouiHKy KoedimieHTa
HeJIOoKalIbHOT B3aemo i K [1st MOJIeNi pery/sipHOro pO34KHYy, BOHA Ma€ HaCTYITHUN BUTJIAL:
K=10-w-a’ (34)
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e W — IIe eHepTis BHOPAAKYBAaHHS, @ — IAPAMeTp PENliTKH, SKkuii piBHMHA a = 3 A. Ha mamry
IYMKY Take 3HaueHHs K € 3aHI)KEHUM, OCKUIbKM ICTMHHA NpUpOJa HEJIOKaIbHOI B3a€EMOIIi
MMOKH He3po3yMmita. Ha OCHOBI peryasipHOTO pO3urHY MapHi B3aEMOIII 3aJUIIAIOTHCS T1 cami,
a 1H11 (akTOopu BIUIMBY Ha KOe(ILI€HT He nepedayaroThes. 3HaUYEHHS, IKUX MOKe HaO0yBaTH
koediuienT Kana, Mo)kHa o/iep>KaTy JIHILE IPOBIBIN €KCIIEPUMEHT JUIsl KOHKPETHOT CUCTEMH,
OJIHaK €KCIIEPUMEHTIB JUIs 110 MOro BU3HAYEHHIO /IS pikoro po3miaBy Al-In He mae, a Tomy
MU MO’KEMO JIMIIE JaTH TEOPEeTUYHY OLIHKY ioro 3HauyeHb. Koedinient Kana, npubnusHo,
MOXe 3HAXOJUTHCh B Mexax Bin 107*° no 10738, Tomy mu Gymemo BapitoBatn K B Iux
Mexax. Mu He craBuiu nepeq coboro 3a1adi, 10 BU3HAYEHHI 3HAYEHHS I[bOTO KOedillieHTa
g cuctemu Al-In. Mu nocnmigumo chnekTp po3MIpHUX Jiarpam posnaay 3 pI3HUMU
koedimieantamu Kana K, siki Moriu 6 CripaBIMTHCH.

OcCKuIbKM, MU OLIHWIM MEX1 3HadeHb koediumieHta Kana, ToMmy MHu BBaxaemo 3a
NOLUIbHE NEPEeBU3HAYUTH 1€l KkoediieHT. BukopucTaeMo B3a€MO3B’S30K TeMIEpaTypu
BEPIIMHU KYOJ-pO3Iay Ta €Heprii BHOPSAIKYBaHHS:

kg T = ? (35)
Buokpemumo w Ta BiacTaBUMO y PopMyity KOoe(iieHTY HEIOKAJIbHOT B3aEMO/III:
kg T
w=—= (36)
K=10- ‘”;E'r- a2 (37)

Pinuna mae BHCOKY HIUIBHICTH 3allOBHEHHS, @ TOMY MU OyAE€MO BI3bMEMO KUIBKICTh
HaUOMMKYMX CYCIAIB Z = 12, OCKUIbKU piAKMHA OJiM3bKa A0 MIUIbHOT YIAKOBKH aToMiB. Takox
MU BBeAeMO y ¢opMmyily mapamerp b, skuii Oyne HaOyBatu 3HaueHw: 1, 3, 5, 7, 10 i
3a0e3MeynTh HaM CIIEKTp 3HadeHb koedinienty Kana:

K=b-%-a2 (38)

OTxe, BUKOPUCTAEMO OCTaHHIO (OPMYITYy JUIsi BU3HA4YCHHS KOe(illieHTa HETOKaTbHOI
B3a€MO/II1 B ONTUMI3AIIHHIA MPOLIETypI.

Po3zmipni diaecpamu posnady ons piokoeo 6inaproeo posnnagy cucmemu Al-In

BuxopucTtoByroun onTuUMi3aliiiHy OpOLEAYypYy MU PO3paxyBaju JUlsl PI3HUX 3HAYEHBb
KOHIICHTpAIlld po3MipHi (a3oBi milarpamu Ui piakoro posmiaBy cuctemu Al-In. Mu
IIPOBOJIMIIN PO3PAXYHKU I HACTYITHUX KOHIIEHTPALIIi:

X,=0218056, X, =03, X,=0.36803991 X,=04, X =05 X, =06,
X, =07 X,= 077116189,

Taoauusa 1
Criektp KoedIIIEHTIB HETOKAIbHOI B3a€EMO/I11, BAKOPUCTAHUX JJISl KOXKHOI 13 CEpeIHIX
KOHLIEHTpALlI{l TP pO3paxyHKY po3MIpHUX (a30BHX Aiarpam

Howmep
CepeHi KOHIIEHTpALIIIT, KoediuieHT HenoKanbHOT JiHIT Ha
X B3aemoii, K = b k‘;—r a’ pOo3MipHiit
(da3oBiii giarpami
K=%-a2,npnb=1 1
X, = 0.2180586, — . —

X, =03, X, =0.36803991, K=kg-T a,mpub=3 2
X,=04, X. =05, K=2kg T-a’,upnb=5 3
X, =06, X,=07 7 ;

’ ’ K=--k;-T-a*,ipub=7 4
X, = 077116189 ML P
K =10 ==-a* npu b =10 5
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Takox, nmpu po3paxyHKy po3MIpHUX (Ha30BUX Alarpam I KOKHOI 13 KOHIIEHTpAIllil MU
Opanu 10 yBaru MOXJIMBUU CIIEKTP 3HAYCHB JJIA KOe(IIi€HTa HEJIOKaIbHOT B3a€MO/III, KU
peanisyBasin d4epe3 3MiHy mapamerpa b= 1,3,5,7,10 y ¢opmyni, sKka BHU3HAYAE IeH
koepiuienT. Tabmuusg 1. 300paxkae cHekTp NHapaMeTpiB KOHIEHTpaulii Ta KOeQiIlEHTIB
HEJIOKaJIbHOT B3a€EMO/I1i, IPU SAKUX IPOBOJAUIIUCS PO3PAXYHKH.

PesyabTaTn

Jlist posrisiy po3mipHux (a3oBUX Jlarpam i PiAKOTO po3iuiaBy cuctemMu Al-In Ham
noTpiOHO 3pOOUTH JesiKi Po3’sICHEHHs , IIOJO JIiHIA Ha miarpamax. JIiHii, sSKi pO3AUIAIOTH
obJyacTh po3manay Ta 001acTh, A€ po3Maay HEMae, MO3HA4YeHI HOMEPAMH y BIAMOBIAHOCTI 110
3pocTaHHs mapameTpy b, mo BXxoauTh 10 KoedilieHTa HelTOoKaabHOI B3aemomii. Kokxe
3HAUEHHS KOHIIEHTpalii, /Uil SKOi IPOBOJWINCH PO3PaXyHKH, Ma€ CBOI ACHMIITOTY, sKa
oOMexye TemrepaTypHUH JAialla3oH po3mnany. SKII0 po3IsHEMO Jiarpamy CTaHy CHUCTEMH
Al-In, TO U1 KOKHOT TOC/IKYBaHOT KOHLIEHTpallii, MU MOXEMO ITPOBECTU BEPTUKAIbHI J1HIT
70 TIEPETHUHY 3 KYIMOJIOM-pPO3Majay, MICAS 4YOTO TMPOBECTH TOPU3OHTAIBHY JIHIIO 0 BICI
TeMIlepaTryp, TaKMM YHMHOM BH3HAUMBLIM MOTPIOHY Temmeparypy. PosrisiHemMo po3mipHi

(azoBi giarpami s piIkoro posmiaBy cuctemMu Al-In npu pi3sHUX 3HaYEHHSIX KOHLEHTpALii.
X=0.3 X=0.3

250 == 250 ==

200 = 200 =

150 = 150 =

R, nm
Il

R, nm
Il

100 = 100 =

1 . I B I £ 1 ) 1 0 T

1020

1040

1060
T,K

1080

1100

1120

1090
T.K

1100

a §)

Puc. 10. Po3mipra dasosa miarpama cucremu Al-In mpu X = 0.3:
a — 3araJbHUN BUTIIT, O — NeTAILHUN BUTIIS,

Ha puc. 10a. mu 6auumo JiHii, SIKI pO3AUISIIOTh TOMOTE€HHY Ta FeTepOreHHY 00JIacTh,
[P PI3HOMY BKJIa/ll HEJIOKAIBHOCTI B T'YCTUHY TEPMOJAMHAMIYHOIO MOTeHI1any. ['eTeporenna
o0nacth — 11e 00acTh BUILE JIHIM, TOOTO B Hil BiA0yBaeThcs po3naj Ha /Bl pas3u, a 001acTh
HUK4Y€ JIIHIA — TOMOT€HHA, B sIKil po3naay Hemae. Y MOPSAAKY 3pOCTaHHS Hymepalis JiH1d
BKa3ye Ha 3pOCTaHHS BKJIAIy HEJIOKaIbHOCTI B moTeHmian ['160ca BiamoBimHo no Tabmwui 1.
Mu Oaunmo, IO i3 3pPOCTAaHHAM BKJIAQy HEKOJAJBHOCTI B TYCTUHY TEPMOIMHAMIYHOIO
MOTeHIIany 00JIacTh po3Maay 3MEHIIYeThes. Takox 1€ 03Havae, U0 TeMIepaTypa po3nany B
HAHOYACTHUHI[ 3MEHIIYETHCS 13 3pOCTaHHSAM BKJIaJy HEJIOKaJIbHOCTI B oTeHMian ['160ca.

B nporieci 300py nanux s po3MipauX pa3zoBux giarpam 0yao BCTaHOBIIEHO, M0 €eKT
cerperaiiii KOHKypye 13 €peKToM HEJOKAJbHOCTI. Y po0oTi [1] TOJIOBHUM € aHATITHYHUN
ONKC B3a€EMO3B'SI3KIB MK PO3MIPHUM €(QEKTOM, MOAUIOM 1 PO3KIAJaHHSAM B HEBEIUKOMY
00’emi. Tako, OJJHMM 13 BUCHOBKIB € Te€, II0 CErperaiis y «4uCTOMY» BUIJISII YTPYAHIOE
posmaz. Sk 6aunmo Ha puc. 100. mpu Mamux po3Mipax HAHOYACTHHOK BIUIMB HEJIOKAJIBHOCTI
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Ha po3naja HaOyBae OUIbII SIKICHOTO BIUIMBY, TOOTO KOJIM HEJIOKAJIbHICTh y KOMOIiHaIii 13
Cerperaiielo NoYrHae CIPUATH po3Maay, Ha MPOTUBAry BIUIMBY JIMIIE ePEeKTy cerperaiii Ha
posmaj 6e3 BpaxyBaHHs €(eKTYy HEJTOKATbHOCTI.

KoxHa miH1s 0JHOTO KOJIbOPY MEPETUHAETHCS JIMIIE OJUH Pa3 3 HIIUMH. To0TO, icHye
OJIMH PEXUM JUIsl KOKHOIO Habopy JiHIH, NpU IKOMY Bi10OyBa€eThCs NEPEKIIIOUEHHS SKICHOTO
BILIMBY HEJIOKAJIbHOI B3a€MO/IIi HA pO3Maly y MaJluX YaCTHHKAX.

160 =

120 —

80 —

R, nm

40 =

0

X=0.36803991

160 ==

120 =

80 =

40 =

R, nm

1020
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Puc. 13. Po3mipni pa3zoBa miarpama cucremu Al-In:

a—mpuX =0.5,6-npuX =0.6;5—npu X = 0.7.

Takoxx Mu moOymayBasin po3mipHi (a3oBi giarpamMu Ajsi 3HAYCHb KOHIICHTpAIii, sKi
3HAXOJAThCA Ha PIBHUX Kpasx KynoJ-posnany cuctemu Al-In. Kymon-posnany oOmexye
obyacTe po3magy MO TeMmIepaTypi 1 MO KOHIEHTpalii, a TOMYy Ui ACIKUX 3HAYCHb
KOHLIEHTpallli, SIKI 3HAaXOJAThCA Ha KpasX KyIoJ-po3Mlaay, ICHye NMEBHUN TeMIepaTypHUi
Jiama3oH, B SKOMY MOXKHa po3paxyBaTH po3MipHi ¢a3zoBi pgiarpamu. Mu minidpanu
ONTUMAJIbHI 3HAYEHHS KOHIIEHTpAllli Ha KpasX KyHoJl-po3many, Uid SKUX MOXHa
po3paxyBaTy JOCTATHIO KUIbKICTh TOYOK JUId 10OYA0BU Jiarpamu. st 1iBOro kparo Kynos-
posmany cuctemu Al-In koHmeHTpamis ckinagae X, = 0.218056, a mia mpaBoi -
Xo =10.77116189. [liarpamu po3nany i3 BKa3aHUMU KOHLEHTpaLisIMU 300pakeH1 Ha puc. 14
Ta puc. 15.
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Puc. 14. Posmipra (asosa miarpama cucremu Al-In mpu X = 0.218056:

Puc. 15. Po3mipra asopa miarpama cucremu Al-Inmpu X = 0.77116189.

|
1100

[IpoananizyBaBmu po3MmipHi (a3oBi giarpamu g koHueHtpaui: X, = 0.218056,
X, =103, X;=0.36803991, X, = 0.4 MoxHa CTBEpKyBaTH, 1110 iICHy€ NEBHUM Jiarna3oH
KOHLIEHTpalliii, B SKOMY SKICHUM BIUIMB HEJOKAJIbHOCTI Ha pO3MaJ B HAHOYACTHHII
MPOSIBJIAETHCS.  JOCTAaTHHO BHUPAXEHO. TOOTO MEPEKIIOYEHHS PEeXUMY BIUIMBY €(eKTy

HEJIOKaJIbHOCT1 Ha PO3MaJl BiI0YBAETHCS B IEBHOMY Jl1alla30H1 KOHIIEHTpALIli.

Sxmo npoananizyBaTH po3MipHi (a3oBi aiarpamu s cucremu Al-In mpu 3HaueHHSIX
KOHLIEHTpALllif, 110 3HAXOJAThCA Ha KpasxX KyNoJ-po3najy, TO MOXXHa MOOAauyuTH, L0 JIHIT
po3aury oOnacteid TOMOTEHHOCTI Ta TIeTEepPOreHHOCTI PI3KO BpI3alOThCS B ACHUMITOTY.
AcumnTora OyayBajlach Ha OCHOBI aHali3y KYyIOJI-pO3Magy MaKpPOCKOIMIYHOI CHCTEMH 1
BU3HAUEHHS 3HAYEHHS TEMIIepaTypH, BHILE SKHUX pO3MaJ YHEMOKJIUBIOBaBci. To0TO,
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cUcTeMa Mae 3a00pOHHUTH po3Maj IpH TeMIlepaTypax BHUILUX, HDK TeMIepaTypa aCUMITOTH.
A otrxe, 1 mobdynoBa po3MipHuX (a30BUX JiarpaM He Oyna 6 OOIpyHTOBAHOKO MPHU LMX
KoHLeHTpauiiax. OnHak, 106 3a00poHUTH po3Maj] Tpeda MiIBULIUTH TeMIepaTypy po3naay.
Ile o3Hauae, MO KyMoOJ-po3Maay s HAHOCHUCTEM MAa€ PO3IIUPUTHCA 1 BUUTH 3a MEXI
MaKpOCKOIMIYHOTO KYIOJ-po3nany. Mu 3HalIIM Takli peXUMHM IpH SKUX HAHOPO3MIpPHI
($a3oB1 JiarpaMu po3TIATYIOThCA. AJie 111 PEKUMH MOXYTh OyTH MeTacTaOUTbHUMHU, TOOTO
po3maa MOXJIMBHUM 1 MOXe OyTH 3a MeXaMH KyIoJ-po3Maiy, ajle MU He MepeBIpsuid Yu BiH
PIBHOBaXXHUIA.

JUis mepeBIpKM TOro, IO HAHOCKOIMIYHUN KYIOJ-pO3Maay pO3LIMPUTHCS BIJHOCHO
MaKpOCKOIIYHOTO KYIOJI-pO3May, MU IpoBeau 30ip AaHuX Juist Horo nodynosu. Ha puc. 16.
300pakeH1 KyMoJ-po3naay ik HAHO Ta MaKPOCHUCTEM.
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Puc. 16. Kynonu-po3nany nnst makpo- (1) Ta HanHocuctem (2).

Sk Mu 6a4yuMO JIOKaJIbHA KOHUEHTpALIS B Ap1 HAHOYACTUHKH Ta Apyra TOYKa NEePEruHy
YTBOPIOIOTH ~ KYIOJI-pO3MajJy HAHOCHCTEMH, SIKMUH  JIeU0  PO3LIMPHUBCS  BIIIHOCHO
MaKpOCKOIIYHOr0 KynoJi-posnany cucremu Al-In. JliBa rinka Kymnos-po3nany HAaHOPO3MIPHOT
CHUCTEMHU 3MIIEHA BIIHOCHO KYIOJI-PO3Maay Mg MakpocucTeMHu. Bimomo, 1o Kymosu-
po3naay Uil HAHOCUCTEM 3HAXOJATbCA B CEPEeIUHI MAKPOCKOMIYHOIO KYIOJI-pO3Masy
CUCTEMHM, a OTXKE€ pe3yJbTaT TOTO, IO ICHYIOTh PEXUMH, IPHU SKUX KYHOJU-pO3Many IS
HaHOCHUCTEM MOXYTh BUXOJUTH 32 MEK1 MaKpOCKOITIYHOTO KYIOJI-PO3Iay € HOBHUM.

BucHoBku

B pob6orti pocaimxeno ¢azoBy piBHOBary OlHapHUX HAHOPO3MIPHUX CHCTEM PIIKOTO
posmnaBy Al-In. Pe3ynpTaTaMu nmpoBeeHOTO AOCTIKEHHS € HACTYITHI BUCHOBKH:

1. 115 pi3HUX 3HAYEHb KOHILIEHTpALlil MU pO3paxyBajid po3MIpHI (a3oBi Alarpamu Juist
pigkoro po3miaBy cuctemu Al-In;

2. BCTaHOBJICHO, 1[0 MOKJIMBICTbh pO3Maay B HAaHOYACTHHIN 3aJIEKUTh Bl i po3Mipy 1
YUM MEHIIMH po3Mip, THUM TeMIlepaTypa, sKa YMOXJIMBIIOE pO3MajJ B YacCTHHII,
3MEHILYEThCS;

3. BCTAaHOBJIEHO, IO 00JacTb poO3Magy 3MEHIIYETbCS 13 30UIBIIEHHSM BKJIaly
HeogHopigHocti  (KaniBchbkoro  uieHa), TOOTO 3MEHIIye TEMIIEpaTypy po3mamy
HAaHOYACTUHKH;
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4. icHye Takuil peXHUM, MpPU SKOMY BIAOYBA€ThCS MEPEKIIOYEHHS SKICHOIO BIUIUBY
HEJIOKaJBHOCTI Ha PO3Maj Y MaJIUX YaCTUHKAX, a caMe, KOJU HEJIOKAJIbHICTh y KOMOIHAIIT 13
Cerperaui€ero MoYMHa€e COPUITH po3Nary, Ha IPOTUBATY JIMIIIE Cerperanii;

5. po3maa B HAHOYACTHHIN BiIOYBA€THCS HABITH B 30HI CTaOLILHOCTL. T0OTO, edekT
cerperauii poOUTh BUTAHIIIMM pO3MAaJ B HAHOYACTHHIN, aHDK BUIUICHHS OJHIET (a3u 13
cepeHbOI0 KOoHIeHTpalieto. [Ipu 1ipomy, Takoxk, Ha po3naj BruiBae KaHIBCbKUI UieH, SKIIO
BIH Majui, TOAI po3maa BIAOYNEThCA, a 3 TMOMAIBIIMM WOTO TIABUIICHHSM BIH
IOCJIA0IIOEThCS;

6. Ipu 3HAYEHHSX KOHLEHTpALlid, 10 3HaXOJAThCSA Ha KpasX KyIoJI-po3Mary, cCUcTeMa
Mae 3a00pOHUTH PO3MAJ MPU MEBHUX 3HAYEHHSX TeMmieparypu. OpHak, 1mo00 3a00poHUTH
po3naa Tpeba MIABUIIMTH TEMIEpPaTypy, a L€ O3Hauyae, [0 KYyMOJ-po3Maay HaHOCHUCTEMH
pPO3MIMPUTHCS 1 BUHAE 3a MeXI MaKpPOCKOMIYHOTO KyHOJI-po3nany. Mu 3HalnuM Taki
PEXHUMHU, IPU SKUX HAaHOPO3MIpPHI (a30Bi JilarpaMu pO3LMIMPUIIUCH 1 BUNIIUIN 332 MEXKI1 KYyTOJ-
po3nany cucremu Al-In.

IMoasiku
ABTopu BAsUHI 3a oOroBopeHHs 3anaui npod. A.M. ['ycaky Ta 3a ekcrepuMeHTalbH1
nani mpod. @. Ogaxy.
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Annoranus. /I.B. Haoonuncekuii, A.A. Kosanvuyx. ®@azoeoe pasnosecue o6uHapHvix
HAHOPAZMEPHBIX CUCHIEM C YUEMOM HEN0KAIbHO20 XUMUYECK020 e3aumooeiicmeusn. B
pabome uccnedosan xapakmep U CMeneHb GIUAHUSL HENOKATbHO20 63aUMOOCUCMmBUs 8
COuemaHuu ¢ cecpecayuoHHbIM d¢hpexmom Ha Pazo6wvili COCMA8 HAHOCNAABA OJisl HCUOKO20
bunapnozo pacniasa cucmemwvl Al-In. Paccuumano KoHyenmpayuounvie npopuiu 8 HcuoKkom
Hanocniase Al-In co cghepuueckou cummempuetl, UCNONIB308A8 pPA3PAOOMAHHLIL paHee
MemoO  UUCIEeHHOU ONMUMU3AYUU  NIOMHOCMU — MEPMOOUHAMUYECKO20 — NOMeHYUudd.
Tlonyuenvl pazmepHuvle ouazpammul pacnada 0 HUOKO20 OUHAPHO2O PACHIABA CUCHEMbl
Al-In u uccredosano ux nogedenue 8 3a8UCUMOCIU OM COCMABA HAHOYACMUYbI U CMEneHU
HEOKANbHO20 83aumooelicmaus. Ycmanoseneno, umo sggexm ceepecayuu Oenaem 0Oosee
8bICOOHBIM  paAcnad 6 HAHOYACMmuHye, 4Yem @vloejleHue O0O0HOU azvl co  cpeoHell
KOHYeHmpayueu, mo ecmb pacnad 6 HAHOYACMUHYEe Npoucxooum oaxce 6 30He
cmaounvrocmu. Ilpu smom, makoce, Ha pacnao enusem Kawnesckuil unew, eciu ow man,
moeoa pacnad npouszoudem, a ¢ OANbHeUUUM e20 NogvluleHueM oH ociabasemcs. Takoice,
HAtiOenbl MaKue pexcumsl, NPu KOMopwlx HaHOpasmepHole ¢azosvie Ouazpammvl CMeCmUIUCL
U 8bIULIU 34 Npedenbl KYnoaa pacnaa cucmemsl Al-In.
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KuroueBble cioBa: (azoBas guarpaMma COCTOSIHHS, HEJNOKaJbHOE B3aMMOJIEHCTBUE,
s dexT cerperanuu, KOHIEHTPAMOHHBIN MPO (UL, TOBEPXHOCTHOE HATSHKCHHE.

Summary. D.N. Nadolinskyi, A.O. Kovalchuk. Inflence of non-local chemical
interactions on the phase formation in nanosystems. The article presents the nature and
extent of the influence of nonlocal interactions in combination with segregation on the phase
composition in liquid melt of Al-In binary system. The concentration profiles in liquid Al-In
nano-alloy with spherical symmetry were calculated using previously developed method of
numerical optimization of the thermodynamic potential density. Dimensional diagram
obtained for the collapse of the liquid melt of Al-In binary system and studied their behavior
depending on the composition of the nanoparticles and the degree of nonlocal interactions. It
was established that the effect of segregation makes profitable decay in nanoscale particle
than one selection phase with an average concentration, so in nanoscale particle decay
occurs even in the area of sustainability. Cahn coefficient effects on the decay, so if it is small,
then the decay takes place, but if coefficient is increasing, then input makes weakened. The
modes in which nanoscale phase diagrams were displaced and went beyond the spinodal
curve in Al-In binary system were found. In this article the phase equilibria in liquid melt of
Al-In binary systems was investigated. The results of the study are the following conclusions:
1. for different concentrations values we calculated dimensional phase diagrams for liquid
melt of Al-In binary system; 2. established that the possibility of disintegration in nanoscale
particle depends on it's size, so for the smaller size, the temperature which allows a particle
to decay is reduced, 3. found that the decay region decreases with increasing heterogeneity of
deposit (Cahn coefficient), that reduces the temperature of the nanoparticles decay; 4. there
is a mode in which the switch qualitative impact of nonlocal interactions influence at decay in
small particles. So when the combination of nonlocal interaction and segregation begin to
contribute to the decay, as opposed to only segregation influence; 5. collapse in nanoscale
particles occurs even in the area of sustainability. So the effect of segregation makes
profitable collapse in nanoparticles than one selection phase with an average concentration.
Cahn coefficient effects on the decay, so if it is small, then the decay takes place, but if
coefficient is increasing, then input makes weakened; 6. for concentrations values that are at
the edges of the spinodal curve, the system must ban for certain values of temperature.
However, to prevent decay the system should increase the temperature, which means that the
phase diagrams for nanosystems will expand and go beyond the macroscopic phase diagram.
We have found the following modes in which nanoscale phase diagrams expanded and moved
out of Al-In phase diagram.

Keywords: phase diagram, segregation effect, concentration profile, surface tension.

Opnepxxano penakuiero 20/09/2014 [puitasaTo no apyky 15/11/2014
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METOANYHI HOTATKH —
3 10CBIAY BUKJIIAJJAHHA ®I3UKHW B BULIIN HIKOJII

YK 530.1 PACS 03.30.+p, 03.65.-w
Andriy Gusak

WAVE-PARTICLE DUALITY AND TACHYON-BRADYON SYMMETRY -
STRIKING SIMILARITY IN 2D SPACE-TIME (METHODIC NOTE)

Is this idea crazy enough to be correct?
Niels Bohr

Wave-particle duality can be treated (at least, formally) as a symmetry between
subluminal and superluminal reference frames.

Keywords: wave mechanics, wave-particle duality, superluminal objects, Lorents
transformations

In this note, we are not pretending on any new theory. We just would like to draw
attention to almost evident similarity, mentioned in the title.

Last century was marked by many crazy ideas. Some of them appeared to be true (as
noticed in well-known phrase of Niels Bohr in the epigraph to this paper), most of them
appeared to be false, the rest are still under consideration. In this paper we shall treat two of
them

(1) idea of de Broglie about wave-particle duality and, in particular, wave properties of
any material object [1],

(2) idea of Terletskyy [2], Bilanyuk, Deshpande, Sudarshan [3,4], Feinberg [5] and
others about existence of superluminal objects (tachyons) as a natural generalization of
special relativity on the case when the relativistically invariant combination of energy and

momentum E’ —c’p® =mic’ = const is negative, formally meaning the imaginary value of
so-called “rest mass” m, =iy (‘“Meta-relativity”).

The first idea (coupled with Heisenberg’s idea of matrix representation of observables)
became the basis of quantum mechanics. The second idea (generated about 1960) became
popular for short time among limited community of physicists, led to concept of superluminal
transition (Recami, Mignani) in 70s [6-8], and eventually was almost buried by causality
problems but is still being discussed in the frame of string theory and hidden mass problems
in cosmology [9].

Aim of this paper is to demonstrate (using several simple examples) that the mentioned
two ideas can be coupled so that tachyons, instead of being independent particles, may appear
as an integral part of any material object, “responsible” for its wave properties.

We shall limit ourselves with considering relativity in 2D space-time, leaving aside the
additional problems arising with transition to 4D space-time [8].

The starting point of our considerations will be the following remarkable coincidence:

(A) If p and E=c\p’+mic’ are the momentum and energy of freely moving
. . . . OF ?
particle, represented as de Broglie’s wave, its group velocity v =—= P _CP ..

o p +mic®  E
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E cyp*+mic’ 2

and its phase velocity ' = —=————2> care linked by the simple relation V' =< At
p P L

that, group velocity describes the propagation of energy and information, and the phase
velocity (velocity of constant phase front) is not linked with transfer of energy and
information and therefore its superluminal magnitude does not cause any problem.

(B) On the other hand, if one adopts for a moment the hypothesis of tachyon with
positive energy, moving with superluminal velocity ¥ >c¢ in some fixed inertial frame of
reference, then (according to Lorents transformations in time-coordinates and in energy-

momentum spaces) in all inertial frames moving in the same direction with subluminal
2

velocities ¢ > u >c7 the same tachyon will have negative energy and will be linked with

opposite time sequence of events. As a marginal case, if the velocity of reference frame is
2
u = 7 then the energy of tachyon in this frame is zero, its velocity is infinite, and all events

linked with this tachyon, in this reference frame, are simultaneous.

Since tachyons are not studied in standard university courses (it is a pity because, even
if tachyon hypothesis fails, since discussion of this hypotheses would be useful for better
understanding of relativity theory), we will remind shortly the basic points of classical
(meaning not quantum) formal scheme of tachyons. They correspond to negative magnitudes
of relativistic invariant E°—c’p”> =—u’c* <0 , which can be formally described by the
imaginary value of the “rest mass” m, =iu. Formally — since in any (subluminal) frame of

reference the tachyon will not be in rest (like photon), moving with superluminal velocity (as
can be easily checked by direct algebra of relativistic addition of velocities). Then the
dependence of tachyon’s energy on velocity,

pe’ e’
v [y
Jl‘cz \/1

shows that it is as impossible to slow down the tachyon to light speed in vacuum as it is
impossible to accelerate the usual (subluminal) particle to the same light speed from the other
side. Lorents transformations immediately give the magnitude of tachyon energy in some
other reference frame moving with subluminal speed u:

1- (u Vic? )
N1-u?/c? .
In full analogy, time interval between two events connected by tachyon with speed V

(in some fixed reference frame), is transformed in other reference frame, moving with
velocity u in the same direction, as

E =

E'=E

1—(uV/c2)
Nl=u*/c? .
2

. . . .. * C .
Both energy and time intervals change sign at the same condition u :7, which

At'=At-

allowed Bilanyuk, Deshpande and Sudarshan [3] to introduce the reinterpretation principle
interpreting the tachyon moving back in time with negative energy as tachyon moving
forward in time with positive energy.
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2
. . . .. * C .
What is very important for us here is that at condition u :7 for the velocity of new

reference frame the tachyon is SIMULTANEOUSLY EVERYWHERE, its velocity in new
reference frame tends to infinity. It means that becomes actually totally delocalized, as does
de Broglie’s monochromatic wave.

Recami and Mignani introduced the superluminal transformation as the generalization
of Lorents transformation. In the frame of this concept, all particles are divided into 3 classes:
subluminal (bradyons or tardions), luminal (photons) and superluminal (tachyons). Relative
velocity of any tachyon in respect to any other tachyon is LESS than light speed in vacuum.

So, all tachyons are bradyons in respect to each other, and all bradyons are tachyons for
them. Luminal particles are luminal for both marginal classes. This symmetric picture looks
very nice if one forgets about causality. Detailed analysis of causality cycles leads to final
conclusion — tachyons do not contradict experimental facts and causality principles ONLY if
we cannot use them for transfer of information with superluminal speed.

Main idea

Let us asuume that bradyon and tachyon are not the independent particles but two
inseparable parts (twins) of the same material object. For subluminal observer bradyonic part
is responsible for corpuscular properties and tachyonic part — for wave properties. For
superluminal observer (if any) these parts interchange their places — part which was bradyonic
(corpuscular) for us, is tachyonic (wave) for superluminal observer. In other words,
superluminal transition transfers the bradyonic part into tachyonic one and vice versa, so that
material object looks the same for subluminal observer and superluminal observer (if any).

Let us assume that any particle with rest mass m,, rest size [/,, electric charge ¢,

velocity v has a superluminal twin-part with rest mass im,, rest size —il, electric charge iq,
c2
velocity V' =—>c.

L
Energy of the superluminal twin part:
Etachyon — lmo — mOU =c bradyon
- .
/v v
s J_l J B
c
Momentum the superluminal twin part:
wchyon MV myc /U _omye EPradon
V2 2 2 UZ c
c 2 - c
c
Length of the superluminal twin part:
Y
2 L2 — 5
: mycl,
[m = =il [1=— == 1-= T = Mycl —= raor
c c my» P

If we take natural evaluation of the rest length of bradyon,
h

bradyon *

ltachyon _

[y = e (Compton length), then we get
myc

This last equation can be interpreted as de Broglie’s wavelength or as uncertainty
relation: if object is immovable then it is smeared all over the universe.
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The main conclusions of the above mentioned considerations are simple but may be
useful at least for students training:

1. For superluminal observer (if any) corpuscular behavior looks as wave behavior,
and vice versa.

2. Wave-particle duality can be treated as a symmetry between subluminal (for us)
and superluminal worlds
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