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Abstract—The temperature dependences of the viscosity of microheterogeneous metal melts are analyzed in
terms of the Frenkel—Eyring theory. Using viscometric experimental data, the sizes of dispersed particles in
metal melts whose components undergo eutectic and monotectic interactions are numerically estimated.
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INTRODUCTION

Numerous experiments have shown that at tem-
peratures above the liquidus, metal melts whose com-
ponents undergo eutectic and monotectic interactions
can be in a microheterogeneous state for long periods
of time [1—5]. Microheterogeneity is hereditary;
disperse particles have an elemental composition that
differs from the composition of the rest of the melt and
exist due to the presence of interfacial excess free
energy. To ensure the irreversible destruction of a
microheterogeneous state, we must overheat the melt
above the liquidus line to temperature 7*, which is
specific for each composition, or subject it to other
energy impacts. After the irreversible destruction of
microheterogeneity, the melt transits to a true solution
state; this transition leads to substantial changes in the
crystallization conditions of the metal, i.e., enhance-
ment of interfacial supercooling. An increase in the
degree of supercooling alters the morphology of the
eutectic and proeutectoid phases and results in super-
saturation of a solid solution based on a component
with a lower melting point.

It has been experimentally determined that the
degradation of the microheterogeneous structure of
metal melts of eutectic and monotectic systems is gen-
erally accompanied by anomalies in the temperature
dependence of their properties, e.g., viscosity [6—12].
Discrepancies between the temperature dependences
of the viscosities of melts that were recorded during
the heating and subsequent cooling of samples have in
particular been repeatedly observed. The temperature
corresponding to the destruction of the microsepara-
tion state of the melt and the transition to the homo-
geneous state was then determined from the point at

which the high-temperature portions of the tempera-
ture dependences of kinematic viscosity recorded in
the heating and cooling modes began to coincide.

Let us consider some experimental data on the
microheterogeneity of AlI—Si melts as an example [8,
13, 14]. It was found that the temperature dependences
of density, viscosity, and resistivity of Al—Si melts
undergo branching when the melts are heated to cer-
tain temperatures. The branching temperature values
depend on the elemental composition of the samples
and are consistent with one another for individual
properties. The branching of the temperature depen-
dences of the structure-sensitive properties of a melt is
indirect evidence of the irreversible destruction of the
microheterogeneity inherited from the two-phase
crystalline sample. Direct evidence of the irreversible
destruction of the microheterogeneity of Al—Si melts
of eutectic and hypereutectic compositions that
occurs upon heating samples to a temperature specific
to each composition is provided by the results from
small-angle neutron scattering experiments [15, 16].
Two families of particles—small particles with sizes of
10—40 A and large particles with sizes of up to 90 A—
have been identified in diffraction experiments. The
scattering curve of a eutectic Al—Si melt changed sub-
stantially when the sample was heated from 700 to
1200°C: the number of large particles fell, while the
number of small particles rose. Upon subsequent
cooling, the size and number of large particles grew,
while the size and number of small particles remained
virtually the same. Eventually, cooling to 700°C led to
the almost complete restoration of the initial size dis-
tribution with a certain shift to the region of small
sizes. Different results were obtained in experiments
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on the small-angle neutron scattering of a hypereutec-
tic Al-Si melt. Upon heating the melt to 1200°C, the
number of large particles fell almost to zero; during
subsequent cooling, the particles grew again, but only
to smaller sizes. Upon heating to 1200°C, the number
of small particles increased; however, the particles
became even smaller. Small-angle neutron scattering
experiments thus revealed a partially reversible change
in the microheterogeneity of a eutectic Al—Si melt and
a completely irreversible change in the microheteroge-
neity of a hypereutectic AlI—Si melt. According to the
authors of [15], heating the melt to 1200°C is not suf-
ficient for the irreversible destruction of the microhet-
erogeneous state and the transition of the microhet-
erogeneous melt into a true solution state.

In this work, data on the size of the structural units
of a viscous flow (molecules for a homogeneous melt
and particles for a disperse system) were derived by
analyzing the experimental temperature dependences
of the viscosities of Al—Sn, Al-Si, AlI-Ge, Cu—Pb,
and Cu—Bi—Sn—In—Pb melts. In line with the con-
cepts of rheology of disperse systems [17], the struc-
tural units of the viscous flow of a microheterogeneous
melt were assumed to be dispersed particles of heredi-
tary nature. The temperature dependences of the vis-
cosity of microheterogeneous metal melts were ana-
lyzed in terms of the Frenkel—Eyring theory [18].

At the first stage of our discussion, the flow of a
molecular liquid will be analyzed, and an equation
describing the variation in viscosity with temperature
with allowance for the size of the structural units of a
viscous flow will be derived. We shall assume that two

layers of molecules of a liquid are spaced at distance A,
from one another and one of the layers slides along the

other under the action of a force. If f is the force per
square meter that tends to shift one layer relative to
another and An is the difference between the velocities

of the two layers, then M = fA,/An, where 1 is the
viscosity coefficient. The motion of one layer relative
to another occurs owing to the molecules transitioning
from one equilibrium state to another in the same
layer; this is regarded as the system passing through a

potential energy barrier. Let A be the distance between
two equilibrium positions in the direction of motion,

A be the distance between the adjacent molecules in

the direction of motion; and A, be the average distance
between two adjacent molecules of the moving layer in

the direction perpendicular to the motion; A and A,
are not necessarily equal to each other, but they can
have similar values. The action of the force that causes
the liquid to flow is a drop of fA/2 = AA; in the
height of the energy barrier. If € is the potential height
ofthe energy barrier when the force does not act on the
liquid, the number of passes the molecule makes
through the potential energy barrier per second during
motion in any direction is
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k= KT jeusiar
h F
where F, and F are the partition functions per unit

volume f+or a particle in the activated and initial state,
respectively; kg is the Boltzmann constant; 4 is
Planck’s constant; and 7 is the absolute temperature.
The partition function of the structural unit of a vis-
cous flow is F, = [QumkgT)"* /I’ v b,e ™/ 18],
where b, allows for the vibrational and rotational
degrees of freedom, E, is the difference between the
energies per mole for the particles in the liquid and in

the gas at 0 K, and v, is the fluctuation free volume.
The following expression is derived for the viscosity
coefficient [18]:

N = A f/2khsh(fAAM/KT), Q8

where f is small for a conventional viscous flow (it is
on the order of 1 dyn/cm?).
If we assume that A,, A;, and A have molecular

sizes on the order of 1078 cm?, then 2kT > fA,\;A.
Expanding the exponential terms in a series and ignor-
ing all but the first, we obtain

N = MkT /A ANk = (MAF/AAAF e 0 (2)

Assuming that A = A, and A,A;A, is approximately
equal to the volume occupied by one molecule in the
liquid ¥, /N 5 (where V, is the molar volume and N ,
is Avogadro’s number), we find

=N/ VIF/Fe™" (3)

/3

where F/F, = (21tkaT)1/2vf [18]. Let us use a sim-
+

ple relationship for cubic packing between free volume
v and volume v occupied by one molecule in the lig-
uid [18]. If dis the effective diameter of each molecule,

then (2v'"’ — 2d) is the interval in which the central
atom is free to move along each of the axes and

(2v'” = 2d)’ is equal to the free volume of the liquid

v, = 8(v"? —d)’. In this case,

n = N8 Qumk,T) e v, 4)
M
with respect to the behavior of the temperature depen-
dence of viscosity, Eq. (4) is similar to the well-known
formula derived by Panchenkov [19], which is used to
approximate the temperature dependences of the vis-
cosity of metal melts:

N=AT" exp(e,/kgT), ®)

where A(v;) = const.
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At the second stage of the discussion, the tempera-
ture dependence of viscosity similar to the Panchen-
kov’s formula for disperse systems will be obtained. In
this case, a microheterogeneous melt is considered to
be composed of dispersed particles, each of which
moves in a potential field generated by the adjacent
particles. In the rheology of disperse systems, this
approach is known as the Frenkel—Eyring theory for
disperse systems undergoing limited volume-induced
structuring [17].

As in the Frenkel—Eyring theory, the distance
between the particles and the size of the particle are
considered equal; in this case, the fluctuation free vol-

ume is v = 8(2d — d)3 =84’ and the volume occu-

pied by one particle is v = 84". Hence, for the effec-
tive viscosity of the disperse system, we obtain

n= [(2nkaT)1/ 2 /v] 2det*" (6)

Assuming that m = p 1 nd’ , the kinematic viscosity of

the disperse system can be defined as

v = Bd~ VTVt /kT | 7
where d is the size of the dispersed particle and
172
=§ % . Based on data from viscometric studies
p

of metal melts, we can determine the size of a dis-
persed particle of a microheterogeneous melt accord-
ing to the preexponential factor.

In this work, the characteristic size of the structural
units of a viscous flow was determined on the basis of
the experimental temperature dependences of viscos-
ity obtained in [6—8, 20, 21] for melts whose compo-
nents undergo eutectic (Al—Sn, Al-Si, and Al—Ge)
and monotectic interactions (Cu—Pb), and for Cu—
Bi—Sn—In—Pb melts of equiatomic compositions. In
each case, calculations were performed for two poly-
therms. The first polytherm was described according
to Eq. (7) by approximating the experimental data
obtained upon heating the melt to temperature 7T*.
This polytherm was used to determine the characteris-
tic size of the structural unit of a viscous flow in heat-
ing mode d,.,,. The second polytherm was derived by
approximating  viscometric  experimental data
obtained upon heating a melt to temperatures above
T* and in the cooling mode. The second polytherm
was also used to determine the respective size of the
structural units of a viscous flow d_,;. Since the calcu-
lations were for estimates, the densities of the alumi-
num- and copper-based melts were assumed to be
equal to those of liquid aluminum at 700°C and liquid
copper at 1100°C, respectively.

The experimental data on the temperature depen-
dences of the kinematic viscosity of melts v(7) were
interpreted in terms of the concepts of the microhet-
erogeneity of liquid alloys [7—9, 15]. According to
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these concepts, the solution formed immediately after
crossing the dome of macroseparation and the liqui-
dus line is not homogeneous at the atomic level, and
the state of the microseparation of the melts into two
phases with different elemental compositions is pre-
served in the temperature range specific to each com-
position. In the region of states where the microhet-
erogeneity of the liquid metal is observed, the viscosity
values determined upon heating and cooling the sam-
ple are not the same. At higher temperatures, the dif-
ference between the viscosity values lies in the range of
random measurement errors.

The temperature at which the v(7) curves branch
corresponds to the transition of the melt to the state of
a true solution. After crossing the liquidus line, the
melt is in a microheterogeneous state that is preserved
up to the temperatures corresponding to the branching
points of the v(7) curves.

The results from calculating the characteristic size
of the structural units of a viscous flow for aluminum-
based simple eutectic melts Al—Sn, Al—Si, and Al—Ge
are presented in Table 1. The results from determining
the characteristic sizes of the structural units of a vis-
cous flow in the heating mode (d,,,) and the cooling
mode (d,,) suggests that the structural units of a vis-
cous flow in the heating mode can be nanoparticles.
The overheating of a metallic liquid above homogeni-
zation temperature 7* leads to a two- to tenfold reduc-
tion in the characteristic size of the structural units of
a viscous flow; this level corresponds to the formation
of an atomically homogeneous solution (the charac-
teristic size of a unit of a viscous flow corresponds to
that of a molecule with an accuracy of one order of
magnitude). An exception is simple eutectic melts Al—
Si and Al-Ge of hypoeutectic compositions. In all
cases, homogenization of the melt leads to a reduction
in particle size. In the cooling mode, the particle size
is always several fractions of a nanometer.

The results from calculating the characteristic sizes
of the structural units of a viscous flow for Cu—Pb
monotectic melts are shown in Table 2. The result
from determining the characteristic size of the struc-
tural unit of a viscous flow suggests that the structural
units of a viscous flow in the heating mode can be
nanoparticles. The overheating of a metallic liquid
above homogenization temperature 7* leads to a five-
to tenfold reduction in the characteristic size of the
structural units of a viscous flow; this level corre-
sponds to the formation of an atomically homoge-
neous solution (the characteristic size of the unit of a
viscous flow corresponds to the size of a molecule with
an accuracy of one order of magnitude). An exception
is the melts of hypomonotectic compositions. In all
cases, homogenization of the melt leads to a reduction
in particle size. In the cooling mode, the particle size
is always several fractions of a nanometer.

The results from calculating the characteristic size
of the structural units of a viscous flow for Cu—Bi—
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Table 1. Characteristic size of the structural units of a vis-
cous flow for Al—Si, Al—Sn, and Al—-Ge melts at 7= 700°C

Melt, at % dheat’ nm dcool’ nm dheat/ dcool
Al—-35n 0.9 0.4 2.1
Al—-5Sn 4.0 1.7 2.3
Al-9Sn 2.0 0.4 5.2
Al—198n 2.0 0.2 11.1
Al—48Sn 3.0 0.9 33
Al—67Sn 0.7 0.5 1.5
Al-5Si 0.1 0.1 1.0
Al-20Si 0.2 0.2 1.0
Al-10Ge 0.3 0.3 1.0
Al-40Ge 1.4 0.2 6.8

Table 2. Characteristic size of the structural units of a vis-
cous flow for Cu—Pb melts at 7= 1100°C

Melt, at % dheat’ nm dcoola nm dheat/ dcool
Cu—3Pb 5.4 0.1 54
Cu—7Pb 3.5 0.1 35
Cu—12Pb 3.2 0.1 32
Cu—17Pb 24 0.3 8
Cu—-32Pb 2.5 0.2 12.5
Cu—42Pb 4.0 0.4 10
Cu—50Pb 0.5 0.4 1.25
Cu—55Pb 0.4 0.2 2
Cu—73Pb 0.5 0.1 5

Sn—In—Pb melts of equiatomic compositions are
shown in Table 3. Since the calculations were for esti-
mates, the density of the melt was determined from the
additive dependence. The result from determining the
characteristic size of the structural unit of a viscous
flow leads to similar conclusions. It was found in par-
ticular that heating a melt above homogenization tem-
perature 7* leads to a 5- to 20-fold reduction in the
characteristic size of the structural unit of a viscous
flow; the d,.,./d... value grows along with the number
of components, i.e., with the entropy of mixing. Mul-
ticomponent metal alloys of equiatomic compositions
are thought of as high-entropy objects [22—25]. The
entropy of mixing of a multicomponent melt is gener-
ally estimated as the entropy of formation of an ideal
solution:

Sideal = —(Xl 11’1 X1 + Xy 11’1 Xy + “‘)kB’

where x; is the mole fraction of component i. The
greatest entropy of mixing for a given number of ele-
ments is thus exhibited by alloys of equiatomic com-
positions. In accordance with these concepts, a high
entropy of mixing can stabilize the formation of solid
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solutions and hinder the formation of intermetallic
phases during crystallization. High-entropy alloys can
thus exhibit high strength and thermal stability com-
bined with fairly high resistance to oxidation and cor-
rosion. For high-entropy melts, a discrepancy
between the temperature dependences of kinematic
viscosity measured during the heating and cooling of a
melt was observed [25]. Temperatures 7* were deter-
mined from the points at which the high-temperature
portions of the temperature dependences of the kine-
matic viscosity of the melts, recorded in the heating
and cooling modes, began to coincide. It was found
that the 7* value grew along with the number of com-
ponents. In addition, the supercooling of melts has
been observed in viscometric experiments, providing
still more evidence of their transition to the state of a
true solution. According to Eyring’s theory [17], the
temperature dependence of the kinematic viscosity of
a melt can be described by the equation

+
V= ANy exp [AG j
n RT

(®)

w
where AG” is the free energy of activation of a viscous
flow, W is the molar mass, AH * is the enthalpy of acti-

vation for a viscous flow, AS” is the entropy of activa-
tion for a viscous flow, and R is the universal gas con-
stant. A comparison of the Arrhenius equation

v = Aexp(E/kgT)
and Eq. (8) suggests that the entropy factor

#
A= hN A exp(—AS j
w R

is determined by the entropy of a viscous flow, AS”.
The results from calculating the entropy of a viscous
flow of Cu—Bi—Sn—In—Pb melts of equiatomic com-
positions are shown in Table 3. The point at issue is in
this case the destruction of microheterogeneities of
hereditary nature and the change in the characteristic
size of the structural units of a viscous flow. It is
known that heating is associated with an increase in
entropy, and the substance is generally transformed
into a modification with greater structural disorder.
Upon the homogenization of a microheterogeneous
melt, the kinetic units of a viscous flow are individual
atoms, rather than dispersed particles. The viscosity
coefficient drops abruptly, corresponding to an
increase in the entropy of a viscous flow in Eq. (8). A
microheterogeneous melt is an ensemble of disperse
particles, and it is these particles that are the structural
units of a viscous flow. When the melt transits to an
atomically homogeneous state (i.e., upon homogeni-
zation), the structural units of a viscous flow are indi-
vidual atoms [15].
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Table 3. Characteristic size of the structural units of a viscous flow for Cu—Bi—Sn—In—Pb melts of equiatomic composi-

tions at 7= 1100°C

heary M ~AS*,J/K deool, MM ~AS*,J/K
Melt, at % . S ’ / 0 5 ’ / dheat/dcool
heating cooling
Cu—50Bi 1.4 17.64 0.3 24.74 4.7
Cu-25 Bi—25Sn 1.4 16.63 0.2 27.20 7.0
Cu-25 Bi—25Sn—-25 In 1.5 15.89 0.2 24.13 7.5
Cu—20Bi—20Sn—20In—20Pb 4.1 11.92 0.2 25.16 20.5
CONCLUSIONS 9. P. S. Popel’, O. A. Chikova, I. G. Brodova, and

The characteristic size of the structural units of a
viscous flow (the disperse particles of a microhetero-
geneous melt) can be determined from the data of vis-
cometric studies of metal melts according to the pre-
exponential factor. Assuming that the size of the
disperse particles is constant in both the heating and
cooling mode, we can determine changes in the size of
the structural units of a viscous flow. It was found that
the size of the structural units of a viscous flow is an
order of magnitude higher in the heating mode than in
the cooling mode. The d,,, value corresponds to the
size of an atom, suggesting that a melt has undergone
homogenization and its microheterogeneity has been
destroyed. The d,.,/d.,, value grows along with the
number of components, i.e., along with the entropy of
mixing.
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