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We study the structure, mutual diffusion, electrical resistance,
thermopower, and viscosity of Pb—Sn melts in a wide tempera-
On the basis of revealed differences between the
curves of heating and cooling for the temperature dependences of
electrophysical and structure-sensitive properties, as well as the
hysteresis observed in the heating-cooling cycles, we assume the
existence of a metastable microheterogeneous structure in Pb—Sn
melts in a certain temperature interval.

ture interval.

1. Introduction

Numerous studies of the melts of eutectic and near-
eutectic systems revealed a contradictory ambiguous be-
havior of many physical properties [1, 2]. A part of
studies and the subsequent interpretation of results were
based on the model of statistical distribution of atoms
in melts, whereas some researchers used the quasieutec-
tic model which is not identified with the crystal eutetic
but is considered in a dynamical sense [1]. We note that,
from the structural point of view, the notion of quasieu-
tectic does not contradict the modern ideas of the fluc-
tuation origin of concentration inhomogeneities. Eutec-
tic melts can be considered as the alteration of microre-
gions with fuzzy edges, and the atomic concentration
of these regions is close to that of solid solutions com-
posing the eutectic. At the same time, the continuous
mass exchange between these microregions occurs. As
a result of different approaches to the interpretation of
diffractometric data, the direct structural studies give no
unambiguous answer to the question about a microinho-
mogeneous structure of eutectic melts. The quantitative
estimation of these results allows one to consider that
the melts can be characterized by both quasieutectic or
statistical and intermediate distributions of atoms. The
more complete information about a structural inhomo-
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geneity can be obtained from studies of electrophysical
and structure-sensitive properties.

Lead-tin alloys are widely used in advanced technolo-
gies due to their unique properties such as the high plas-
ticity, low melting temperature, and suitable wettability
and electrical resistance [2|. However, certain limitations
are met in practical applications. They are related, for
example, to the deformational strengthening or the ex-
cessive growth in intermetallidic phases on the surface of
solder-substrate joints [3-5]. Studies of the Pb-Sn eutec-
tic by the method of absorption of gamma-rays revealed
some anomalies on density polytherms which were ex-
plained by the transition of a melt structure from the
quasieutectic state to a microhomogeneous one [6, 7].
According to new data on the density and the results
of diffraction studies, the irreversible structural changes
which occur in the eutectic melt of Pb-Sn depend on the
temperature [8]. Moreover, with regard for the distinc-
tions between the curves of heating and cooling for vari-
ous characteristics of other similar eutectics [9], the more
profound studies of Pb-Sn melts seem actual. Pb-Sn al-
loys are also frequently used as model objects in studies
of the crystallization [10, 11|, and the information about
the temperature dependences of their physical properties
is urgent for a numerical modeling. Here, we present the
results of studies of the mutual diffusion, electrical con-
duction, thermopower, and viscosity of Pb-Sn melts in a
wide temperature interval, by accentuating the specific
features of behavior of these properties at the melting
and the crystallization.

2. Experimental

2.1. Studying the structure

Studying the structure was carried out with the help
of a high-temperature X-ray diffractometer allowing the
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determination of the diffracted emission at various tem-
peratures up to 1600 K. A specimen was positioned in
the chamber of a diffractometer filled by helium. The
geometries of positions of the input slit for X-rays made
monochromatic with the help of a LiF crystal, cham-
ber center, and input slit of a counter corresponded to a
focusing scheme of the Bragg—Brentano type. The mea-
surement error of the emission intensity amounted to 2—
3% and depended on the chosen exposition duration of
at each point. The temperature was measured to within
42 K. The obtained experimental angular dependences
of the diffracted emission were averaged with the use
of the method of least squares. Then we corrected them
with regard for the polarization, absorption, and anoma-
lous dispersion [12]. The normalized curves of the inten-
sity were used for the calculation of the structural fac-
tors, binary correlation functions, and distribution func-
tions of the atomic density which allow us to determine
the coordination numbers Z.

2.2. Study of the mutual diffusion

We used the experimental procedure based on the pe-
riodic scanning of an inhomogeneous melt by a narrow
beam of hard gamma-quanta and the determined depen-
dences of the emission attenuation coefficient of a spec-
imen on the time and the coordinate (height). These
measurements allow one to determine the time evolu-
tion of profiles of the concentration and the density in
the process of diffusion mass transfer. Using the data on
the relaxation of the density at a long-term holding du-
ration, we calculated the coefficients of mutual diffusion
D(T). The calculation was based on the well-known
asymptotic solutions of the equations of nonstationary
diffusion with relevant boundary and initial conditions.
In fact, the method is an analog of capillary methods to
investigate the mutual diffusion which are widely used in
a study of high-temperature melts. However, as distinct
from the mentioned methods, the distribution of com-
ponents is determined in our case directly in a liquid
specimen. Respectively, the factors such as a concen-
tration profile distortion at the crystallization of a melt
due to liquation phenomena and the shrinkage (the main
sources of errors of the capillary methods) do not affect
the accuracy of measurements. High-temperature exper-
iments were carried out in the atmosphere of pure argon.
The crucibles for melts were produced of stainless steel.
The temperature was measured by chromel-alumel ther-
mocouples, whose calibration was verified by the melting
points of Pb and Sn. The error of measurements of the
temperature was at most 0.5 K. A detailed description
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of the experimental setup, procedure of measurements,
and treatment of results is given in [13]. The error of
the determination of the coefficients of mutual diffusion
which depend on both the absolute value of D and the
initial drops of the concentration in specimens is in the

limits 8-20%.

2.3. Study of electrical resistance and
thermopower

The measurements were carried out in argon at a pres-
sure of at most 10 MPa by the contact method by a 4-
point scheme. We used measuring cells made of pressed
boron nitride in the form of vertical containers 60 mm
in height and 3 mm in diameter. The cell structure al-
lows one to simultaneously measure the electrical resis-
tance and the thermopower. A high-temperature heater
with three independently controlled heating elements
held a uniform temperature field in the limits of 0.2—
0.3 K in a working temperature interval at measurements
of the electrical resistance or created the temperature
gradient up to 15-20 K along a cell at measurements
of the thermopower. Lead and tin weighed to within
10~*g (CHEMPUR, Feinchemikalien und Forschungsbe-
darf GmbH, 99.999%) were synthesized in evacuated and
soldered quartz ampoules at a residual pressure of 10—15
Pa and then sealed directly into a cell. The experimental
setup and the procedure of measurements are described
in [14]. The errors of determination of the electrical resis-
tance, p(T'), and the thermopower, S(T), do not exceed,
respectively, 2% and 5%.

2.4. Study of the heat conduction

The heat conduction was studied by the stationary
method of coaxial cylinders [15]. The measuring cells
were fabricated of BN. An internal heater created a
necessary temperature gradient in a melt. An exter-
nal three-section heater allowed us to regulate the tem-
perature field over height. For the control over the
temperature, we used tungsten-rhenium thermocouples
WR5/20. Two thermocouples were placed in the internal
cylinder and controlled a distribution of the temperature
over the heater radius. The coefficient of heat conduc-
tion, A\(T"), was calculated by the well-known formula for
the heat transfer in a cylindrical layer

 Qu(dy/d)
>\_ 27‘Fl(T’127,1£2)7 (1)

where @ is the amount of heat released by a heater per
unit time, and d; and ds are the external diameter of the
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Fig. 1. Structural factors of the liquid eutectic PbagSn7a

internal cylinder and the internal diameter of the exter-
nal cylinder, respectively. The setup structure ensured
the minimum heat loss and the minimum convection.
The error of determination of the heat conduction was
at most 7%.

2.5. Study of the viscosity

Measurements of the viscosity were carried out on a
computerized viscosimeter with rotatable crucible [16].
Measuring cells were fabricated of graphite in the form
of a cylindrical container with the internal diameter of
14 mm and the height of 30 mm. The period and the
logarithmic damping decrement of oscillations were de-
termined with the help of an optical system. The vis-
cosity was calculated by the Roscoe’s modified equation
for specimens of cylindrical shape with open surface [17].
Measurements were performed in the atmosphere of 90 %
Ar + 10 % Hs. In the chamber, we held a homogeneous
temperature field to within 0.5 K in a range up to 800
K. The temperature was measured with the help of a
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WRe-5/20 thermocouple placed under a container. The
error of measurements of the viscosity was at most 3 %.

3. Results

The structural factors for the liquid eutectic PbogSnyy
are obtained at temperatures of 470 K u 570 K (Fig. 1).
As seen from the figure, a specific feature of the struc-
tural factor of the eutectic PbyogSnys at a temperature
of 470 K is a secondary maximum, like that in pure tin.
This fact testifies to the presence of groups of atoms with
the covalent type of coupling in the eutectic melt. As the
temperature increases by 100 K, the asymmetry of the
right branch of the structural factor decreases. The po-
sition of the first maximum of the eutectic at T'= 470 K
(s1 = 2.21 A=) is between those for pure tin (s; = 2.20
A1) and lead (s; = 2.27 A=1). The same behavior is
also characteristic of the height of the principal max-
ima (apb%sn74 = 236, asy — 2.28, app = 248) As
the temperature increases, the height of the first max-
imum of the structural factor for the melt of PbogSnyy
decreases, whereas the width increases, which indicates
a decrease in the mean atomic density of the melt. By
using binary correlation functions, we found that the
mean interatomic distances increase with increase in the
temperature by 100 K (R; = 3.30 A at T = 470 K, and
Ry = 3.34 A at T = 570 K). The same behavior is also
characteristic of the mean coordination number (Z = 8.3
at T =470 K, and Z =9.0 at T = 570 K).

The results of measurements of the mutual diffusion
are given in Fig. 2. We present also the results of our
previous studies of the melt of PbsgSnso and the litera-
ture data [13]|. As seen from the figure, the quantity D
does not significantly depend on on the concentration.
The mean square deviation of experimental points from
the second-degree polynomial (it is not shown in the fig-
ure) which approximates the totality of data is equal to
12%. In out opinion, these differences do not exceed the
errors of measurements inherent to the available meth-
ods to study the mutual diffusion. In particular, we did
not observe any specific features of a behavior of the co-
efficient of mutual diffusion for a melt with the eutectic
composition at least up to temperatures which are by
40 K higher the melting point for the eutectic (456 K).

The results of measurements of the electrical resis-
tance are presented in Fig. 3. For all melts under
study, the electrical resistance increases with the tem-
perature almost linearly in the entire temperature in-
terval. A good agreement between the curves of heating
and cooling is traced. Melts were heated and cooled sev-
eral times with different rates (200 and 100 K/h). Such
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Fig. 2. Coeflicients of mutual diffusion for melts of the Pb—Sn
system. The continuous curve gives the approximation of data
by the exponential function D(T) = Dgexp(—E/RT) with the
coefficients Dg = 1.73 x 1073 cm?s~ 1, E = 24328 J - mol~!

significant difference in the cooling rates has no consid-
erable effect on the electrical resistance. The results ob-
tained are in good agreement with data in [18-20]. In
a narrow temperature interval between Ty, and T, + 30
K, where T7p, is the liquidus temperature, the measure-
ments were performed with a less rate of heating-cooling
(20 K/h) and with a reduced step in the temperature
(1-2 K). In this interval, the curve of the electrical re-
sistance of the melt with Pbg 2Sngg s demonstrates the
supercooling down to 470 K (T, = 484 K), whereas no
supercooling was revealed for the other compositions.
On the curve p(T) of the melt of PbygSnzs, we ob-
serve a bend at a temperature of 484 K. The curves
p(T) for the melt of PbgsSngz show no similar hystere-
sis. The temperature dependence S(7) is more compli-
cated (Fig. 4). The absolute values of the thermopower
at the cooling are higher than the corresponding values
at the heating in all cases. The minimum of the eutectic
concentration is caused by an insignificant effect of af-
termelting. The crystallization of the melt of PbgzSnsy
occurs without anomalies. In Fig. 4, we present the tem-
perature dependences of the thermopower, S(T'), which
vary linearly with the temperature in the limits of ex-
perimental errors. The curves S(T') for all composi-
tions manifest the almost identical slope and have very
small negative absolute values in the whole temperature
range.

The temperature dependence of the heat conduction
A(T') is studied in the temperature range between 77, and
Tr, + 100 K, where T7, is the liquidus temperature. The
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Fig. 3. Temperature dependence of the electrical resistance of
melts of the Pb—Sn system
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Fig. 4. Temperature dependence of the thermopower of melts of
the Pb—Sn system

function A(T') is well described by the linear equation

dA
>\:)‘O+d7T(T7TL)v (2)

where \o(7T) is the heat conduction (in Wm~! K1) at

the melting point, and A i the temperature-dependent
coefficient of heat conduction.

As seen from Fig. 5, the heat conduction of all melts
under study increases in the course of heating by Eq.
(2). Absolute values of the heat conduction, as well as its
temperature dependence, testifies to the dominant con-
tribution of the electron component of the heat transfer
and to a rather strong degeneration of the electron gas
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Fig. 5. Temperature dependence of the heat conduction of melts
of the Pb—Sn system

[21]. In this case, the Wiedemann-Franz-Lorentz law
can be used, and the Lorentz number can be determined.

According to calculations, the Lorentz number is in-
variable in the temperature interval under considera-
tion and is close to the theoretical value (Sommerfeld)
2.445 x 1078 WK~2. The experimental data on the
heat conduction (continuous lines) are in good agree-
ment with the data calculated by electrical conduction
(dashed lines).

The results of studies of the viscosity are shown in Fig.
6 together with data of previous investigations for the
eutectic composition [22-24]. In the process of cooling,
the viscosity increases by the Arrhenius law. We note
that, as distinct from the curves p(T') and S(T), the
viscosity n(T) has no anomalies in the whole range of
temperatures.

4. Discussion of Results

Based on the results obtained, we may assume the forma-
tion of regions with the structures of tin and lead in the
eutectic melt of PbyogSny4. In other words, an eutectic
mixture is formed. To confirm this assumption, we cal-
culated the areas under the first maximum of the radial
distribution curve and the position of the maximum, by
assuming the existence of a quasieutectic structure and
a structure with statistical distribution of atoms. In the
first case, the formula for the area under the first maxi-
mum can be written as

Z =1 K3z (1) + o K32(2), (3)
where K = F2/(c1F2+coF2), K2 = F3/(c1 F2+coF3),

c1, ¢, F1, and F5 are the concentrations and atomic scat-
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Fig. 6. Temperature dependence of the viscosity of melts of the
Pb—Sn system

tering factors, respectively, of the first and second com-
ponents, and z1(1) and 22(2) are the coordination num-
bers of the components. At z1(1)=10 and 25(2)=8, the
calculated value Z=9.0 coincides practically with the
experimental one equal to 8.3. In this case, the posi-
tion of the first maximum determined from the relation
R, = c1K12R1 +02K22R2 corresponds to 3.28 A, which co-
incides practically with the experimental value of 3.3 A.
Hence, such structure model can be considered satisfac-
tory. If we assume the statistical distribution of atoms,
then the formula for the area under the first maximum
takes the form

7 = (ClKl + CQKQ)Q(Klzl(l) + KQZQ(Q)), (4)

and the position of the first maximum Ry = (1 Ky +
c2K3)?(c1 Ry + caRy). In this case, Z = 21.5; Ry = 3.03
A, which disagrees with experimental data.

Therefore, we calculated the structural factor of the
liquid eutectic PbogSnz4 within the quasieutectic model.
As seen from Fig. 1, the experimental and model struc-
tural factors are in good agreement.

The conclusion about a weak concentration depen-
dence of the coefficient of mutual diffusion is confirmed
by the analysis of thermodynamical characteristics of the
liquid system Pb—Sn. It is known that the quantity D
can be written as a product of the kinetic and thermo-
dynamical factors

D =bC(1 — C)(82G/9C?)p.r, (5)

where b is the mobility, and G is the Gibbs free energy
per mole of a solution. It was shown in [13] that the ex-
cessive volume of mixing is very small for Pb—Sn melts.
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The excessive entropy of mixing is also equal to zero in
the limits of the error of measurements, and the free en-
ergy of mixing AG(C') differs from AG;q(C) for the ideal
solution by at most 30%. Moreover, the experimental
concentration dependence AG(C) is equal to AGiq(C)
multiplied by the constant in the limits of the error of
data [13].

These facts allow us to state that the behavior of
the liquid system Pb-Sn is in quite good agreement
with the law of ideal solution, according to which
(0%Giq/0C?*) pr ~ 1/(C(1 — C)), and, respectively, the
dependence D(C) is determined by only the mobility [see
formula (5). On the other hand, the mobility weakly de-
pends on the composition, if the molar volumes of com-
ponents of a melt are close. The molar volumes of liquid
Pb and Sn differ only by 12% from each other, and,
hence, the dependence D(C') must be also weak, which
is confirmed by experimental data.

The exponential dependence D(T')=Dgexp(—E/RT),
which is based on the assumption about the activation
mechanism of the diffusion, describes satisfactorily the
experimental data at temperatures higher than 600 K.
However, at lower temperatures, the systematic devia-
tions of experimental points from those given by the ap-
proximating equation are observed. The reason for the
difference is possibly related to the assumption that the
pre-exponential factor Dy and the activation energy F
were considered independent of the temperature.

Let us consider the dependence of electrical properties
on the ordering of components of binary melts. Accord-
ing to the Matthiessen’s rule, the specific electric resis-
tance of a melt at the statistical distribution of impurity
atoms

pst = po+ Ap (6)

where pg is the resistance of the matrix, and Ap is the
additional resistance which is formed due to the presence
of impurities. The appearance of an impurity in the
matrix leads to changes in both the energy spectrum of
carriers and the free path length. Therefore, relation (6)
can be rewritten as

127h
St = Get o7 7
Pst S%t€2lst ( )

where S§' is the area of the Fermi surface of free electrons
which is equal to 47k?, k = 2r(3N/4m)Y/3, N is the
number of atoms in unit volume, and Iy is the free path
length.

The formation of microaggregates of atoms of a single
sort is a fluctuating process by its character and can-
not be accompanied by significant changes in the energy
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spectrum of electrons as compared with similar processes
in a statistical melt. However, the character of the scat-
tering must be changed due to a variation of the mobility
of carriers. Let us assume that ¢ be, according to the sta-
tistical distribution, a part of scvattering centers, and let
(1 —1t) be a part of atoms entering the microaggregates.
Then the formula for the electrical resistance of a melt
with similar distribution can be written as

120k 1
P55 Tty + (1 — O)lone)

(8)

where [q, is the free path length of electrons in microag-
gregates. It is known that the thermopower at high tem-
peratures is mainly determined by its diffusion compo-
nent [25]. Therefore, the thermopower of a metallic melt

S:

_mRT [dln(l/p)

3e dE )

]E—EF

We assume that the wave vector on the Fermi level is
independent of the short-range order. Thus, the total
thermopower
S = t%SSt +(1-1) %seu& (10)
where S5' is the thermopower of a statistically ordered
melt, and S is the thermopower corresponding to the
eutectic ordering [see relation (9)].

We consider that these two types of a short-range or-
der reflect, to a certain degree, a behavior of physical
properties. By comparing the data obtained, we may
assert that the majority of specific features is revealed
in melts with a higher content of tin, whereas they are
less pronounced, for example, for PbgzSng7. The behav-
ior of S(T") admits the existence of a metastable nonequi-
librium quasieutectic structure in the melt. Insignificant
admixtures of tin are dissolved at their introduction into
a loose package of liquid lead, make a short-range order
of the matrix more compact, and regulate the ordering
of scattering centers. These centers are a reason for an
increase in the mobility of carriers and, hence, for an in-
crease in the electrical conduction at the transition from
pure Pb to pure Sn.

According to the model proposed in [2], eutectic sys-
tems in the liquid state contain regions with differ-
ent thermodynamical stabilities. Like the systems with
stratification, such regions are separated by lines of the
spinodal, S, and the binodal, B. However, no typical
separation of phases in a clearly expressed form is ob-
served in this case. These regions manifest themselves
as anomalous fluctuations of the concentration, which is
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reflected, in turn, in a change of the generally foreseen
physical properties. The observed phenomenon can be
considered as a certain type of the microsegregation.
The systems with stratification were studied in a num-
ber of previous works [26-29]. The proposed theoretical
method is related to the use of a microscopic approach of
the phase transition of stratification in a model of binary
symmetric mixture. With the development of theoretical
schemes used in the description of phase transitions [30]
in the presence of an external field, we get a possibility to
describe the phase transition of stratification in any (not
only symmetric) model of mixture. The importance of
such an approach consists in the possibility to study the
influence of microscopic parameters of a system, partic-
ularly the interaction potential, on the critical behavior.

After the melting, the quasieutectic structure of a
chemically heterogeneous melt retains, and the concen-
tration gradient is formed over the height. It is assumed
that reversible variations in the composition of a melt
and in the size of particles occur in a temperature in-
terval with the linear dependence p(T) (the slope j—:ﬁ
is almost constant). The particles are in a metastable
equilibrium with the matrix. After the attainment of a
temperature which is characteristic of each composition
and is distinguished by a bend on the curve p(T") or by
a sharp change in g—:’;, the dissolution of particles starts.
Since the intersurface tension decelerates this process, a
microinhomogeneous melt can retain even at quite high

temperatures.

It was proposed [2] to determine the boundaries of the
microinhomogeneous stability of eutectic melts by the
extrapolation of the curves of bounded solubility in the
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solid state to a region above the liquidus. Thus method
is based on the ideas developed earlier by Frenkel [31].
According to [2], the spinodal, as the limiting line of
stability of a homogeneous melt, has a maximum, whose
position cannot exceed 2T, where T, is the temper-
ature of the eutectic. The results of our work do not
confirm that assertion. The absence of bends on the
curves p(T) and a weak temperature dependence of 5—5’1
foresee higher characteristic values than 27T, for each
system.

For example, the value of 2T, for the eutectic
PbogSnz, is near 916 K. But, by our experimental data,
the transition to the stable state occurs at 1350 K in
PbogSnz4. In other words, the line of the binodal B is
the boundary of a region with a metastable, M, quasieu-
tectic structure of the melt, rather than an unstable, U,
one (Fig. 7). This line is positioned significantly above
the lines of bounded solubility extrapolated into the lig-
uid phase. It is possible that the lower points of the
binodal coincide with points of the intersection of these
curves with a horizontal of the eutectic. In practice, a
very fast passage of the temperature interval between
the curve of bounded solubility and the liquidus prevent
a homogenization of the solid phase.

As a result, the inhomogeneities will be conserved
in a melt. The further heating leads to the equating
of compositions of particles and the surrounding melt.
in the highest point of the binodal, these compositions
coincide, and the metastable state of a microemulsion
cannot be realized further. We consider, however, that
such a metastable state can retain for a long term under
nonequilibrium conditions also at higher temperatures.

5. Conclusions

The revealed specific features of behavior of the coeffi-
cient of mutual diffusion in melts of the Pb—Sn system at
temperatures lower than 600 K, as well as the observed
hysteresis-like distinctions between the heating-cooling
curves for temperature dependences of some electrophys-
ical and structure-sensitive properties, can be related to
the existence of a metastable microheterogeneous struc-
ture of a melt.
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CTPYKTVYPA TA ®I3NYHI BJIACTUBOCTI
POBIIJIABIB Pb—-Sn

B. Crasapuyx, A. dxumosun, I. IlImabrasuti, 1. Illeseproea,
M. Kosnoscvruti, P. Xatipynin, C. Cmankyc

Pezmowme

Crpykrypa, B3aeMHa audysisd,
B’a3KicTh pos3miasis Pb—Sn gocitimzkeni B mupokomy TeMmepaTyp-

€JIEKTPOOIIp, TepMo-epC Ta
HoMmy iHTepBaJii. Ha 6a3i BusiBjieHUX po30iKHOCTEH MiK KPpUBUMU
HarpiBy Ta OXOJIOIPKEHHsI TEMIIEPATYPHUX 3aJIEKHOCTEN €JIEKTPO-
bi3UYHUX 1 CTPYKTYPHO-YYTJIMBUX BJIACTUBOCTEMN, & TaKOXK ricre-
PE3UCY B IUKJIaX HATrPiBY—OXOJIOIKEHHSI, IIPUILYCKAETbCsI ICHY BaH-
He B po3iuiaBax Pb—Sn meracTabiibHOI MiKPOreTepOreHHOI CTPY-
KTypU B IIEBHOMY TE€MIIEPATYPHOMY iHTEpBAJIi.
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