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Supercooling of Homogeneous Liquid Phase of Liquid Metals and Alloys
—Poor Supercooling around the Eutectic Composition of Liquid Ni-Nb System—
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To study the supercooling of many liquid metals with high melting temperatures, the investigation was performed for the cooling curves of
electrostatic levitation (ESL) experiments, which had been originally obtained for the measurements of many physical properties. The largest
supercooling over the literature values was found for liquid Ru (428 K), Ta (721 K), W (601 K), and Ir (438 K), where temperatures in the
parentheses mean the supercooling of respective liquid metals. This indicates the validity of ESL for the supercooling experiments of liquid
metals and alloys because of being rather free from the heterogeneous nucleation. This ESL was applied to the study of supercooling of
homogeneous liquid phase in the composition range from 29 at% Nb to 71 at% Nb of eutectic Ni-Nb system, whose eutectic point is present at
40.5at% Nb and 1448 K. The experimental result shows a poor supercooling tendency of homogeneous liquid phase around the eutectic
composition in spite of large supercooling far apart from this eutectic composition. This characteristic feature was discussed based on the
classical nucleation theory coupled with the knowledge recently found, the existence of concentration fluctuations in the homogeneous liquid

phase near the eutectic point. [doi:10.2320/matertrans. MAW?201025]
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1. Introduction

Supercooling of liquids has been important in the metal-
lurgy and the materials science.'”? This phenomenon is
closely related to the solidification or crystallization.? In
addition, the metallic glass, which has gathered attention of
many fields, is prepared, for example, by the rapid quenching
method through the supercooled state of metallic liquids.®
Historically the study of supercooling has been the effort to
realize the homogeneous nucleation by suppressing the effect
of the heterogeneous one. The large supercooling of liquids
was found to be obtained with the use of droplet technique,
which divides bulk liquid metals into many small droplets.*)
In this technique, the heterogeneous nucleation sites are
restricted only in a few droplets and the large supercooling is
established for most of other droplets. Turnbull and co-
researchers'? studied extensively the supercooling of liquid
metals by using this technique of 50um size. For the
supercooling of many liquid metals, AT (= Ty, — Tc; T:
melting temperature; 7¢: temperature of cooling limit), they
found an universal law, AT = 0.185T, for 17 liquid metals.
Perepezko® extended this droplet technique into the emul-
sion technique (droplets of 10~20 um diameter in a medium)
and obtained more larger supercooling, AT = 0.3~0.5T},,
for liquid metals with low T, (Sn, Pb, Bi, etc.). Devaud and
Turnbull® also obtained the supercooling of 0.12~0.34T,
for liquid Ge droplets of 0.3~0.5mm diameter in B,0;
melts. These dispersion techniques have not been applied to
liquid metals with high T}, due to the lack of appropriate
containers. The containerless technique is also expected to
remove the heterogeneous nucleation sites in addition to the
applicability to liquid metals with high Tj,. The study of
supercooling for liquid metals with high Ty, (Ti, Zr, Mo, Rh,
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Hf, Ta, and Pt,” W, and Re®) was performed during the free
fall in the drop tube of high vacuum.”® This method has
two advantages, containerless technique and microgravity
condition. The former may eliminate the heterogeneous
nucleation sites and the latter may lead to the absence of
collision among embryos each others due to no convection
in liquids. With the development of microgravity science,
other containerless techniques, the electromagnetic levitation
(EML)*!9 and the electrostatic levitation (ESL)!'~'® have
been advanced. These techniques have been also applied to
the study of physical properties of liquid metals with high
T The study of the supercooling of liquid metals and alloys
with high T}, is also expected by these levitation techniques.

As described above, there exists a considerable amount
of supercooling studies particularly for pure liquid metals
with low and intermediate T,,. However, the studies for the
supercooling of liquid alloys have not been performed so
much.'*!> The supercooling behavior of liquid alloys has
been frequently discussed with the relation to the preparation
of metallic glass.'® The composition range around the
eutectic composition has been a target to prepare the metallic
glass. Therefore, it has been implicitly considered that the
liquid alloy of eutectic composition can be easily super-
cooled. However, one of authors'” showed that the super-
cooling of liquid Bi-Sn and Pb-Sn alloys is smallest at the
eutectic composition by referring to the previous DSC studies
using the emulsions technique.'®!® He also presented the
interpretation that the supercooling of homogeneous liquids
is suppressed around the eutectic composition due to the
existence of concentration fluctuations which may originate
from a pre-solidification phenomenon from liquid phase to
two solids one.

The purpose of the present paper is to report the
experimental result of supercooling behavior for the homo-
geneous liquid phase around the eutectic composition of Ni-
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Fig. 1 Schematic view of the electrostatic levitation (ESL) apparatus; (1):
sample; (2)(3): vertical electrodes; (4): horizontal electrodes; (5): He-Ne
laser for position detection; (6): position sensor; (7): CO, laser for heating;
(8): pyrometers; (9)(10): CCD cameras.

Nb system with the use of ESL technique, which is one of
containerless experimental tools. In the present manuscript,
at first, the validity of ESL technique for the study of
supercooling of liquid metals was investigated by the survey
of cooling curves of many liquid metals with high T},
originally obtained in the experimental studies of many
physical properties, such as density, surface tension, viscos-
ity, thermal conductivity, and heat capacity.'"!'? In the next
stage, this ESL technique was applied to the study of the
supercooling for the homogeneous liquid phase of eutectic
Ni-Nb system whose eutectic point is present at 40.5 at% Nb
and 1448 K.?” The particular feature of the result in the
present study, a poor supercooling tendency around the
eutectic composition, was discussed with the relation to the
knowledge recently found,'”?!>¥ the existence of concen-
tration fluctuations in the homogeneous liquid phase near the
eutectic point.

2. [Experimental

The cooling curve surveyed in this study for pure liquid
metals with high T,,, had been obtained by the electrostatic
levitation (ESL) technique, under almost the same exper-
imental condition as the supercooling experiments for liquid
Ni-Nb alloys described below. The purity of respective
metals used should be referred elsewhere.'’!? The super-
cooling experiments for the liquid state of eutectic Nb-Ni
alloys were performed with the use of the experimental
apparatus shown in Fig. 1. The composition range studied
was from 29at% Nb to 71at% Nb, which includes the
eutectic composition, 40.5at% Nb.”” Metals used were
99.9% grade (Nilako Co. Ltd). Prior to the ESL experiments,
spherical samples of 24~28 mg were prepared by melting the
weighed amount of Nb and Ni together in an arc furnace
followed by solidification. These spherical samples were
melted in the ESL by CO, laser beam lines (100 W, Synrad
Co. Ltd) injected from three directions. These samples, kept
at temperatures higher than the liquidus temperature 71,, were
cooled down with the cooling rate of 40~70 K-s~! by cutting
the laser beam lines. For the eutectic composition, this
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Table 1 The supercooling, AT, and the relative supercooling, AT /Ty, of
liquid metals with high melting temperatures.

Hofmeister et al.” Vinet et al.¥ Present work

AT (K) AT /Ty AT (K) AT/T., AT (K) AT/T,
Ti 350 0.18 292 0.15
Zr 430 0.20 313 0.15
Nb 480 0.18 413 0.15
Mo 520 0.18 428 0.15
Ru 330 0.13 428 0.17
Rh 450 0.20 431 0.19
Hf 450 0.18 333 0.13
Ta 650 0.20 721 0.22
w 530 0.14 601 0.16
Re 975 0.28 800 0.23
Ir 340 0.13 438 0.16
Pt 380 0.19 371 0.18

keeping temperature before cooling, Ticep, Was adjusted to be
500K higher than the eutectic temperature, 7. The weight
loss after experiments was 0.15 mg (0.5%) at the largest. The
fine microstructure of samples before and after the levitation
was confirmed by the TEM analysis. The vacuum level of
levitation chamber was kept to be below 5 x 107 Pa. The
temperature of sample, which was rotated with a speed of
10 Hz, was measured by the single color pyrometers (Chino
Corp). The measured temperature was corrected by referring
to the coexisting line of three phases (solid and liquid phases)
in the phase diagram.’® Due to the weak radiation loss of
heat from the samples, a considerably good constant temper-
ature (coexisting line) was observed in this experiment in
spite of small amount of samples (24~28 mg).

3. Results

From the cooling curve for pure liquid metals with high
T, the supercooling of liquid state, AT, was evaluated by the
relation, AT = T, — T¢, where T; is the constant temperature
after the recalescence, namely T;,, and T the temperature of
supercooling limit of liquid phase. Together with literature
values,”® the obtained AT was summarized in Table 1. The
typical examples of cooling curve for liquid Ni-Nb system
are shown in Fig. 2. Figure 2(c) indicates that after the
recalescence a constant temperature was able to be observed
for the sample of Ni-71at% Nb. This is derived from the
fact that on the recalescence the homogeneous liquid of
Ni-71 at% Nb in the supercooled state changed into the
coexisting state of three phases, liquid, intermetallic com-
pound (NigNb-) and solid Nb.2” Gibbs phase rule? allows
only the unique temperature, 1563 K, under atmosphere
pressure for this coexisting state of three-phases. Similarly,
as can be seen in Fig. 2(b), the supercooling of homogeneous
liquid phase for the eutectic composition (Ni-40.5 at% Nb)
provided the eutectic temperature (1448 K) as the constant
temperature after the recalescence, which is also derived
from the coexistence of three phases, two solid phases, and
liquid phase (Gibbs phase rule®). On the other hand, as can
be seen in Fig. 2(a), the cooling curve of Ni-35at%Nb
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Fig. 2 (a) The typical examples of cooling curve for Ni-Nb system; (a): Ni-
35 at% Nb; (b): Ni-40.5 at% Nb (eutectic composition); (c): Ni-71 at% Nb;
Tyeep: keeping temperature before cooling; 71: liquidus temperature; 7;:
constant temperature after recalescence; 7¢: cooling limit of homogeneous
liquid phase.

showed a prepeak before the constant temperature of eutectic
temperature (1448 K). This may be derived from some partial
solidification of sample followed by the remelting due to the
latent heat on this solidification. On the solidification of
liquid sample after the remelting, the recalescence appeared
once more and finally the constant temperature of eutectic
one (1448 K) was found due to the coexisting state of three
phases, two solid phases and one liquid phase. Similar
anomalous behaviors of cooling curve were observed rather
for Ni rich side. In any cases, the clear supercooling limit of
homogeneous liquid phase, T¢, was observed. The super-
cooling of homogeneous liquid phase, AT, was evaluated by
the relation, AT = Ty, — T, where T is the equilibrium
liquidus temperature. The value of 71 was taken from the
Ref. 20). In Fig. 3 is shown the concentration dependence
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Fig. 3 The composition dependence of the supercooling, AT of the
homogeneous liquid phase for liquid Ni-Nb alloys. The data points are 1
for Ni-29.0 at% Nb, 2 for Ni-35.0 at% Nb, 3 for Ni-40.5 at% Nb (eutectic
composition, x.), 3 for Ni-45.0at% Nb, 2 for Ni-50.0 at% Nb, 3 for Ni-
59.0at% Nb, 2 for Ni-65.0 at% Nb, and 2 for Ni-71.0 at% Nb.
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Fig. 4 The composition dependence of the relative supercooling, AT /Ty,
of the homogeneous liquid phase for liquid Ni-Nb alloys. The data points
are 1 for Ni-29.0at% Nb, 2 for Ni-35.0at% Nb, 3 for Ni-40.5at% Nb
(eutectic composition, x¢), 3 for Ni-45.0 at% Nb, 2 for Ni-50.0 at% Nb, 3
for Ni-59.0 at% Nb, 2 for Ni-65.0 at% Nb, and 2 for Ni-71.0 at% Nb.

of the supercooling of homogeneous liquid phase, AT, for
Ni-Nb system. The AT is smallest at the eutectic composi-
tion, x. (“V shape”). The relative supercooling, AT /T, also
shows a minimum behavior at the x. (“V shape”), as shown
in Fig. 4.

4. Discussions

The supercooling of the present study in Table 1 shows
considerably large values for pure liquid metals with high T},
in spite of the fact that the ESL experiments themselves had
been performed for the measurements of many physical
properties!!!? and in the present study their cooling curves
were investigated in detail. Table 1 shows that the largest
values of supercooling over the literatures’® had been
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Fig. 5 The superheat, ATheq, dependence of supercooling, AT, for liquid
Ni-Nb alloys. Lines, determined by the least square method, represent
respectively the AThee dependence of the AT for the same composition.

obtained by the ESL technique, as can be seen in the cases,
428 K (0.17) for liquid Ru, 721 K (0.22) for liquid Ta, 601 K
(0.16) for liquid W, and 438 K (0.16) for liquid Ir, in which
the values in the parentheses mean the relative supercooling,
AT/Ty. In addition, the supercooling values of 431 K (0.19)
for liquid Rh and 377 K (0.18) for liquid Pt are almost same
as the previous drop tube experiments.”® These facts indicate
that the ESL or the levitation technique is fit to the
supercooling experiments and homogeneous nucleation ones.

This validity of ESL for the supercooling experiments
of liquid metals with high T}, encourages us to discuss with
conviction the experimental resuls of the supercooling for
liquid Ni-Nb system. As can be seen in Fig. 3 the super-
cooling shows the minimum at the eutectic composition, x.
(“V shape”). In addition, Fig. 4 indicates that the relative
supercooling also shows the minimum at the x. (“V shape”)
though, far apart from the eutectic composition, the relative
supercooling exceeds over 20%, which is almost same as or a
little larger than the standard level of supercooling given by
Turnbull.” Thus, the suppression of supercooling occurs only
around the x.. We stress that the supercooling experinents
for the x. were performed with a sufficiently high keeping
temperature before cooling, as described in the “Experimen-
tal”. This poor tendency of supercooling around the x. was
obtained with a good reproducibility, as can be judged from
the data points of each composition shown in Figs. 3 and 4
or their figure captions. Figure 5 represents that the AT in
Fig. 3 decreases with the increase of the superheat, ATy,
which is defined by Tyeep — T (Tieep: keeping temperature
before cooling; 7Ti: liquidus temperature). It should be
remarked that the supercooling, AT, for the same composi-
tion keeps rather an invariant tendency or a slightly
increasing one with the increase of the superheat, ATjeq.
Therefore, the small AT around the eutectic composition
may be derived not from the large ATy, but from the
particular feature of eutectic liquid. In addition, the tendency
in Fig. 5 does not support the possibility that the super-
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Fig. 6 The schematic figure of the relations, AT —r*, AT —ry (no
concentration fluctuations (case I)), and AT — ry’ (the existence of
concentration fluctuations (case II)); AT: supercooling of homogeneous
liquid; r*: the critical radius of embyo. In case I: ry: the maximum radius
of observable embryo; N: nucleation point; ATy: the supercooling at the
onset of nucleation; ry: the radius of embryo at the onset of nucleation.
The symbol A corresponds to the situation that the radius of concentration
fluctuations, r, is greater than ry in the extreme case of no supercooling.
The B-B’-B” corresponds to the situation that r., is close to ry near the
eutectic composition, x.. In case II, ry’: the maximum radius of observable
embryo; N’: nucleation point; ATN': the supercooling at the onset of
nucleation; ry’: the radius of embryo at the onset of nucleation.

cooling tendencies in Figs. 3 and 4 are derived from the
heterogeneous origin remaining on cooling. If such an effect
is present, an inverse tendency should be obtained for the
AT — ATpey relation in Fig. 5. Thus, the suppression
tendency of supercoling around the x. may be derived from
the essential feature of eutectic liquid. We discuss this
supercooling behavior based on the classical nucleation
theory.!?

Here, we must remember the particular feature of
homogeneous liquid phase around the eutectic point. Ac-
cording to the study of one of authors,'”?!">% the concen-
tration fluctuations exist in the homogeneous liquid phase
around the x.. The volume fraction of concentration fluctua-
tion, ¢., which was estimated from the electrical resistivity
measurements for many liquid eutectic alloys, shows the
maximum at the x. (“A” shape). It was concluded that such
concentration fluctuations may correspond to microscopi-
cally pre-solidified domain prior to the phase transition from
homogeneous liquid phase to two-solids one.!”?!-2 This
situation for the Ni-Nb liquids around the eutectic compo-
sition (Ni-40.5 at%Nb) can be described as the dispersion of
solid-like spherical domains of NizNb and NigNb;2? in the
homogeneous liquid phase even over the liquidus temper-
ature. The volume fraction of these solid-like spherical
domains, which may exists as concentration fluctuations,
seems to be rather small, for example, 7% at the most.!7-?1-2%
Because spherical shapes were considered for solid-like
domains or concentration fluctuations, it is possible to define
the radius of domains of concentration fluctuations, rc,
which is important for the discussions for Fig. 6. Some
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evidence of such concentration fluctuations in eutectic
liquids may be found in the recent TEM study coupled with
the reverse Monte Carlo analysis for Pd-Si metallic glass.?>
The poor tendency of supercooling of homogeneous liquid
phase around the x. (“V shape”) must be discussed deeply
with the relation to these concentration fluctuations coupled
with the classical nucleation theory.

Here, for the discussion of poor supercooling tendency
of eutectic liquids, we summarize the essential feature of
classical nucleation theory by following Chalmers.? This
summary is slightly lengthy but this was done only for clear
discussions. The Gibbs free energy change on the formation
of atomic aggregation of solid-like with radius » in the
liquid"? is written as

4
AG = 4nr’og, — gnr3AGSL. (D

In this equation, the first term is the energy increase for
the formation of interface between the bulk liquid and the
solid-like aggregation. The positive contribution of the
first term can be evaluated in terms of the solid-liquid
interfacial energy, ogy . The second term expresses the energy
decrease due to the appearance of solid-like aggregation
with lower energy than the bulk liquid. This negative energy
contribution can be evaluated in terms of the AGys, the
absolute value of the Gibbs free energy change on the
formation of solid-like aggregation of one unit volume in the
liquid phase.

AG in eq. (1) shows the maximum value, AG*, at r* as a
function of the radius, r. The explicit values of AG* and r*
are written as follows:

AG*—gna 31(AGg)? 2
=3 Ls”/(AGsL)", 2)

r* = 2GLS/AGSL~ (3)

The solid-like aggregation with the radius r* is called as
“critical nucleus”. This terminology is derived from the
reason that it may grow into crystal if » > r* and it has a
tendency to be decomposed into discrete atoms if » < r*.
The atomic aggregation of solid like with the radius r
smaller than r* is called as the “embryo”. By using the
supercooling of liquid phase, AT, and the heat of fusion per
unit volume, L, the AGg, can be written as

AGst, = LAT/Ty,. “)
Equation (3) is easily rewritten as
2015 Tm
oo o8 im 5)
LAT

Thus, the supercooling, AT, is inversely proportional to the
radius of critical nucleus, r*, though r* itself is not always an
easily controllable experimental parameter.

As described above, as soon as the radius of embryo
exceeds over r*, the nucleation may occur. However, the
nucleation phenomenon must be considered as an event in
our measuring time in terms of the nucleation rate. The
nucleation rate, I, in unit of m—3.s! is evaluated by the
formula,

I =27ZS*n" ©6)
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In this equation, Z is the rate of migration of atoms across the
interface between the liquid and the embryo; S* and n* are
respectively the surface area and the number density of
critical nucleus. By applying the absolute rate theory,?® the
nucleation rate can be written, for example, as

kT .
I = nTexp{_(AGmig + AG")/kgT}. (N

In this equation, n is the number density of atoms; kg7 /h
(h: Planck’s constant) is the frequency factor; AGp,, is the
activation Gibbs free energy for the migration of atom from
liquid to crystal (embryo) across the interface. The condition
of nucleation for the sample of volume V and the observation
time, ¢, is written, for example, as IVt = 1.

It is easy to find that for smaller AT and larger r* the
nucleation rate is extremely small. Therefore, it is practically
impossible to observe the nucleation of such embryos during
our observation time, namely IVt < 1. If the AT exceeds
over some critical value, the I increases suddenly to a
extremely large value. This process is too steeply increasing
and the / in this period is almost impossible to be measured
(IVt > 1). These tendencies can be understood from eqs. (2),
(4), and (7). The narrow range of AT for this sudden increase
of I can be defined as the nucleation (supercooling) temper-
ature.”? The supercooling corresponding to this nucleation
(supercooling) temperature is called as the maximum or
limiting supercooling. This limiting supercooling has been
found to be reproducible for the precise homogeneous
nucleation experiemnts.

To explain qualitatively the composition dependence of
supercooling of Ni-Nb system, we adopt the Chalmers’
discussion for the existence of the nucleation (supercooling)
temperature. With the progress of supercooling, AT, we can
observe embryos of larger size. The ry is defined as the
maximum radius of such observable embryos. Thus, with the
progress of supercooling, AT, the value of ry may increase.
In Fig. 6 is shown the Chalmers’ diagram,” in which both the
relations, AT — r* (eq. (3)) and AT — ry (plotted by solid-
dotted line), are shown together. The existence of nucleation
(supercooling) temperature can be understood concisely from
this diagram. In Fig. 6 is also shown another curve, AT — ry/
(plotted by dotted line). However, at first we concentrate our
discussion on two curves, AT —r* and AT — ry (plotted
by solid-dotted line). It should be noted that the relation,
AT —ry, is written only for some given experimental
condition, such as sample size, cooling rate, and observation
time. It should be also noted that this AT — ry relation
contains no effect of concentration fluctuations found for
eutectic liquids.'”?!2% The intersecting point of these two
relations is (ATn, 7n), Where ATy and ry are respectively
the supercooling and the radius of embryo at the onset of
nucleation. In other words, the required condition for the
homogeneous nucleation under the given condition is that
the radius of embryo is larger than ry or the AT is larger
than ATy, depending on the parameters we note.

Here, the domains of concentration fluctuations around
the x. discussed above for liquid eutectic alloys may be
considered to play a role of “spontaneous embryo” in the
homogeneous nucleation process. Then, it is plausible that
the radius of domain of concentration fluctuations, r., is the
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largest at the x. with the largest ¢.. On the other hand, the r.
may be smaller with the decrease of ¢ in the composition
range apart from the x.. In Fig. 6, if r.. is larger than ry
(point A), the condition of nucleation is already established.
Therefore, the supercooling may disappear for this r,. in the
extreme case. If the r.. is considerably large (line B-B’-B”)
in the composition range near the x., the condition of
nucleation is satisfied only partially. Therefore, the super-
cooling, AT corresponding to B’-B” in Fig. 6, must be
established by the progress of supercooling. Thus, the
suppression of supercooling appears. In the composition
range far apart from the x., there exist almost no concen-
tration fluctuations. The establishment of ATy must be
realized only by the progress of supercooling. In this
situation, the suppression of supercooling does not appear,
as can be seen in the composition range far apart from the
Xe, such as Ni-30% and Ni-70% Nb in Figs. 3 and 4. In
this way, as a function of composition, the “V shape”
of supercooling can be explained by the “A shape” of
concentration fluctuations. In Fig. 6 the suppression of
supercooling can be explained by the introduction of AT —
ro’ (plotted by dotted line), which includes the solid like
embryos derived from the concentration fluctuations. Be-
cause of the effect of concentration fluctuations, the curve,
AT — ry’ (plotted by dotted line) is situated in the lower AT
side compared with the relation, AT — ry (plotted by solid-
dotted line). The nucleation (supercooling) temperature,
ATYN', which is obtained as the AT of the intersecting point
between two relations, AT — r* and AT — ry’ (plotted by
dotted line), is smaller than ATy, which corresponds to the
case of no concentration fluctuations. Therefore, the sup-
pression (“V shape”) of supercooling may occur due to the
existence of concentration fluctuations (“A shape”).

As described above, the characteristic feature of present
experiment, the poor supercooling tendency of homogeneous
liquid phase around the eutectic composition was explained
by the classical nucleation theory. This seems to give a strong
support for the existence of concentration fluctuations in the
homogeneous liquid phase around the eutectic composition.
Finally we mention the relation between the present poor
supercooling tendency of homogeneous liquid phase around
the eutectic composition and the traditional selection of the
eutectic composition range as the candidate with high glass
forming ability.'® Except for the bulk metallic glass, the
preparation of metallic glass has been performed by the
rapid quenching method of very fast cooling rate. Under this
cooling condition, the effect of the loss of fluidity is more
dominant than the nucleation effect. Probably, the effect of
poor supercooling of homogeneous liquid phase around the
eutectic composition seems to be important for the glass
formation by the slower process.
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5. Conclusions

The supercooling was found to be very poor for the
homogeneous liquid phase around the eutectic composition
of Ni-Nb system. This may be a strong evidence for the
existence of concentration fluctuation in the homogeneous
liquid phase around the eutectic point.
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