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Viscosity of liquid In–Se–Tl alloys in the miscibility gap region
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bstract

The shear viscosity measurements were performed for liquid InxSe20Tl80−x (0 ≤ x ≤ 80 at.%) alloys over a wide temperature range above the
onotectic using an oscillating-cup viscometer. In this range the ternary In–Se–Tl system may be considered as a set of “quasibinary” immiscible
etal-chalcogen alloys of critical composition. Variation of the In/Tl ratio at a constant Se content changes the properties of the coexisting liquids

nd affects the temperature of demixing. The critical parameters describing the peculiarities of the viscosity behavior in the vicinity of the critical

oint are evaluated. Based on the dynamic theory of phase transitions a description of the viscosity in the region of phase separation is proposed.
he results are compared with available data for immiscible dielectric solutions and metallic melts.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Monotectic alloys with a microstructure where soft phases
re dispersed homogeneously in a hard matrix have great poten-
ial applications [1]. These alloys are miscible at temperatures
bove the miscibility gap, but segregate into two liquids when
hey pass through the liquid miscibility gap. It is therefore very
ifficult to produce such alloys. There are two important fac-
ors that cause the separation of two immiscible liquids. One is
tokes’ motion caused by the density difference between two

iquids, and the other is the Marangoni motion resulting from a
emperature gradient, i.e. the liquid droplet moves to a higher
emperature region in order to reduce the interfacial energy. In
rder to overcome these factors of segregation in immiscible
lloys, several techniques have been proposed aiming at pro-
ucing a uniform dispersion of a softer phase in a harder matrix
2,3].
At this point, the knowledge of the physical properties of
he molten alloys prior to segregation is very important for the
evelopment of materials with predetermined characteristics. In
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his paper we present experimental studies of the viscosity of
iquid In–Se–Tl alloys in the concentration–temperature range of
he miscibility gap. Viscosity essentially influences the velocity
f the different phase separation processes and from this point
f view viscosity data are of exceptional importance. Special
ttention has been focused on the behavior of the viscosity in
he critical region of phase separation.

. Experimental

Viscosity was measured using a computer-controlled oscillating-cup vis-
ometer [4]. Weighed (to within 10−4 g) amounts of In, Tl and Se (99.999%
urity) with a total mass of about 70 g were melted in evacuated and sealed quartz
mpoules. The initial compositions of the sample were accurate to 0.02 wt.%.
he cylindrical quartz crucibles with internal diameters of 20 mm were used.
fter melting, the samples were homogenized for 4–5 h at a temperature of
120 K. A homogeneous temperature field of 0.3 K has been created inside
he furnace. The temperature has been measured with a Pt/PtRh thermocouple
rranged just below the crucible. The experiments were performed in an atmo-
phere of 90% Ar and 10% H2 after initially pumping out the working volume of
he furnace in order to avoid the oxidation of the sample. After the measurement
he weight of the sample was checked and the loss of material by vaporization

id not exceed 0.4%.

Measurements were made starting from the maximal temperature with a
ooling rate of 20 K/h, which was reduced to 2 K/h on approaching the segre-
ation region. Using the modified Roscoe equation, the dynamic viscosity has
een calculated from the logarithmic decrement and the period of oscillations

mailto:plevachuk@mail.lviv.ua
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Table 1
Experimental data on binodal and monotectic temperatures of the system
In–Se–Tl

Composition Binodal temperature
TS (K)

Monotectic temperature
TM (K)

Se20Tl80 1032 ± 2 655 ± 1.5
In10Se20Tl70 1051 ± 2 679 ± 1.5
In20Se20Tl60 1056 ± 2 693 ± 1.5
In30Se20Tl50 1047 ± 2 698 ± 1.5
In40Se20Tl40 1035 ± 2 709 ± 1.5
In50Se20Tl30 1012 ± 2 734 ± 1.5
I
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4]. The required density values were calculated from the temperature depen-
ences of the densities of the pure components [5]. The viscosity values were
btained with an accuracy of about 3%.

. Results

The viscosity measurements were performed on ternary
nxSe20Tl80−x alloys where x = 0, 10, 20, 30, 40, 50, 60, 70, 80.
he results for some selected melts are shown in Fig. 1. As can
e seen, cooling the completely mixed melts is accompanied by
n increase of the viscosity according to the Arrhenius equation.
he viscosity, η(T), adopts a maximum value if a gravitational
hase separation of the melt in two liquid layers occurs. The
bserved cusps correspond to the binodal temperature points TS.
he data obtained by further cooling should be understood as
ffective values. The onset of the melt solidification at the mono-
ectic temperature TM was found to be indicated by a pronounced
hange in the logarithmic decrement.

The absolute viscosity values in the high temperature region

bove the binodal are determined mainly by the initial sample
omposition and increase from In80Se20 to Se20Tl80. The bin-
dal temperature depends strongly on the In/Tl ratio and changes
n a nonlinear manner with a maximum at In20Se20Tl60. The

ig. 1. Viscosity vs. temperature of In–Se–Tl liquid alloys: (©) Se20Tl80, (�)
n20Se20Tl60, (�) In40Se20Tl40, (�) In60Se20Tl20, (�) In80Se20.

ig. 2. Binodal and monotectic temperatures of InxSe20Tl80−x melts vs. content
f indium. (�, —) Binodal from viscosity and electrical conductivity [6]; (�,
· -) monotectic from viscosity and electrical conductivity [6].
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n60Se20Tl20 990 ± 2 752 ± 1.5
n70Se20Tl10 953 ± 2 764 ± 1.5
n80Se20 912 ± 2 794 ± 1.5

oncentration dependencies of the binodal TS and monotec-
ic TM temperatures determined from viscosity measurements
s well as former results obtained from electrical conductivity
nvestigations [6] are shown in Fig. 2. The data are collected in
able 1.

. Discussion

Investigations of the miscibility gap region in the systems
n–Se [7] and Se–Tl [8] by electrical conductivity experiments
evealed that the critical composition of both binaries consists of
pproximately 80 at.% metal and 20 at.% Se. Above the critical
emperature Tc (912 K for In80Se20 and 1032 K for Se20Tl80)
oth systems are completely miscible at all compositions in the
iquid state. The difference in the values of Tc could be due to
he difference in atomic radii and different bonding conditions
1].

By changing the content of selenium in the In–Se–Tl alloys
rom 15 to 25 at.% Se we found that the composition with 20 at.%
e had the highest phase separation temperature. It was sug-
ested that the ternary InxSe20Tl80−x system may be considered
s a set of the “quasibinary” immiscible In/Tl–Se alloys. There
s good reason to believe that the binodal temperature TS, deter-

ined during the transition from one binary system to the other
ue to the substitution of the In by Tl can be considered as a
ery close one to the critical temperature Tc.

The binodal line in Fig. 2 determined by viscosity mea-
urements slightly differs from that obtained earlier from the
lectrical conductivity data [6]. Similar small differences were
oticed earlier for other monotectic systems (In–Te, Ga–Pb,
n–Te–Tl), and possible sources of such differences were dis-
ussed in detail in [9]. In a previous paper such a maximum in
he binodal temperature was explained by a simple mean-field
heory and the Bancroft and Timmermans rule [6].

According to the dynamic theory of the critical phenomena
10–12], the viscosity of a liquid in the critical region is described
y the following expression:

(T ) = ηr(T ) + ηf(T ) = ηr(T )(qRc)Zη = ηr(T )(r0q)Zηt−νZη
(1)

here ηr(T) = A exp(B/T) is a background or regular part of vis-
osity, and ηf(T) is a singular or fluctuation viscosity. Rc = r0t−ν
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Table 2
Critical parameters of liquid In40Se20Tl40 compared to other systems

System A (mPa s) �η0 (mPa s) ηfc (mPa s) B (K) ν (qr0) zη

In40Se20Tl40 0.205 0.16 × 10−2 0.05 1799 0.63 ± 0.05 0.032 0.068 ± 0.005
In30Te20Tl50 0.224 0.26 × 10−2 0.26 999 0.63 ± 0.02 0.02 0.063 ± 0.005
I −2 1200 0.63 ± 0.03 0.01 0.063 ± 0.005
G 922.4 0.62 ± 0.03 0.01 0.065 ± 0.005
M 911 0.63 ± 0.05 0.03 0.06 ± 0.007
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n80Se04Te16 0.34 0.29 × 10 0.29
a51.5Pb48.5 0.432 0.279 × 10−2 0.279
ethanol–heptane 0.02 0.29 × 10−2 0.097

s a correlation length of the concentration fluctuations, r0 is a
ystem-dependent amplitude. ν denotes a critical exponent of
he correlation length, and zη is a critical exponent of viscosity.
is a wave number, t = (T − Tc)/Tc.
As is seen from Eq. (1), the viscosity of a liquid tends to

nfinity if T approaches to Tc (t → 0). The analysis of this formula
eveals that the temperature region of its application is limited. It
annot be applied in the hydrodynamic region, where qRc � 1.
n the other hand, a temperature region of its reliable application

s t → 0 is also not determined. Moreover, the analysis of the
vailable experimental data indicates that viscosity takes a finite
alue at the critical point [13–16].

This suggestion follows also from the model of Fixman devel-
ped in his studies as early as 1960 [17,18], where a spatial
ispersion near critical point was taken into account. Neverthe-
ess, a rather complicated Fixman viscosity equation as well as
ther analytical expressions for transport coefficients proposed
ater (e.g. in [19]) can hardly be applied to metallic melts, as
hey often contain a number of unknown parameters like diffu-
ion constants, chemical potentials, osmotic pressures, etc. [17].
n a simplified solution of the viscosity equation [17], the fluctu-
tion viscosity ηf(T) is connected linearly to the compressibility
and the correlation length as ηf(T) ∼ β1/2 ∼ Rc ∼ t−1/2.
Based on the Fixman theory, a semiempirical viscosity equa-

ion has been proposed [15]. In the present work, we use a
odified expression of the fluctuation viscosity which takes

ccount of the spatial dispersion of the system near Tc by a
uadratic term (qRc)2 [20]:

f =
[

(Rc)2

1 + (qRc)2

]1/2

=
[

(�η0t
−ν)2

1 + (qRc)2

]1/2

(2)

here�η0 is an amplitude of the singular viscosity. This formula
grees with the Fixman equation, assures viscosity finiteness at
he critical point and was already approved for different binary
mmiscible systems [13–15].

Over a wide range of temperatures, including the vicinity of
he Tc, the viscosity can be approximated by:

(T ) = ηr(T ) + ηf(T ) = A exp

(
B

T

)
+

[
(�η0t

−ν)2

1 + (qRc)2

]1/2

(3)

The viscosity of the alloy In40Se20Tl40 in the temperature
egion including the critical range is presented in Fig. 3. The

pplication of Eqs. (1) and (3) allows to calculate important
arameters characterizing the viscosity near Tc: �η0, qr0, ν, zη,
nd ηfc being defined as �η0/qr0. As a first step, the param-
ters A and B of the background viscosity were deduced from

5

a

ig. 3. Temperature dependence of the viscosity in liquid In40Se20Tl40: (©)
xperimental, (—) calculated by Eq. (3) with fitting parameters from Table 2,
- - -) background viscosity obtained with A = 0.205 mPa s, B = 1799 K.

he high temperature region (t > 10−2) where ηr(T) 	 ηf(T). This
ontribution is represented by the dashed line in Fig. 3. With the
elp of the experimental viscosity, the singular viscosity was
alculated according to ηf(T) = η(T) − ηr(T). The further analy-
is of this part was conducted by considering the temperature
ependence of �η−1

f = (η−1
f − η−1

fc ) ∼ tn in a double logarith-
ic scale. n was found to be 0.63 ± 0.05 which is a value close

o the universal exponent of the correlation length 0.63 [21]. zη

as determined from the temperature dependence of η(t)/ηr(t)
n a double logarithmic scale. Therewith it was possible to find a
alue of zην = 0.043. Using now ν = 0.63 the critical exponent of
iscosity zη turned out to be 0.068 ± 0.005. The critical param-
ters found for In40Se20Tl40 are collected in Table 2 together
ith those of other binaries [14,15].
A physical meaning of the reciprocal value of the wave num-

er q−1 can be now explained. As found from the molecular
ight scattering data, an amplitude of the correlation length r0
akes the values between 1 and 3 Å [15]. Based on the qr0 val-
es for different systems collected in Table 2 q−1 turned out to
e ≈100 Å. It is suggested that q−1 is close to the correlation
ength of the liquid system at the border of the hydrodynamic
egion at t ≈ 10−3. Finally, comparing the values of the critical
arameters it is indicated that the universality principle spreads
ut to such the different materials as immiscible metallic melts
nd dielectric demixing solutions.
. Conclusion

An expression assuming the finiteness of the viscosity value
t the critical point was deduced. The experimental data were
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pproximated by a new equation for the temperature dependence
f viscosity over a wide range of temperature, which included
lso the vicinity of the critical point. The critical parameters
escribing the peculiar behavior of the viscosity in the critical
egion were estimated.
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