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Abstract
Recent experiments using electromagnetic levitation in
reduced gravity have confirmed prior observations of
anomalous nucleation of the solid in undercooled melts
under specific conditions. All indications are that this
effect is dynamical, not chemical: the same sample
undercools over 300 °C before and after the anomalous
event, but maintains the liquid state for only a few
seconds when held at a more modest undercooling in the
range of 0–50 °C. The new experimental results and
related modeling will be examined in comparison to the
hypothesis that the solidification is triggered by cavitation
in the melt. This platform may provide data relevant to a
better quantitative understanding of the effect of ultra-
sonic processing on grain refinement of terrestrial
castings.
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Introduction

Nucleation of crystals in a liquid, both heterogeneous and
homogeneous, has been well-studied (e.g. Kelton and Greer
[1]). In undercooled liquids, particularly in pure liquid
metals, the rate of nucleation increases from approximately
zero to very large over a narrow range of temperature. The
temperatures involved are characteristic of the properties of
the liquid and the crystal, for homogeneous nucleation, or of
the heterogeneous site for heterogeneous nucleation.

In electromagnetic levitation (EML) in vacuum, hetero-
geneous nucleation is minimized. No contact is needed with
a container, nor with gas. Accordingly, large undercoolings
are commonly achieved, of the order of hundreds of degrees
Celsius. Usually the undercooling is limited by chemical
contamination, either on the surface of the sample or within
its bulk.

Hofmeister et al. [2] showed that for two high-purity
zirconium samples processed in EML in vacuum in reduced
gravity, the undercooling was very reproducible, at
334 ± 4 °C for 110 free-cooling cycles. This is consistent
with the expected behavior of pure metals, for which only
the very flat top of the TTT (time-temperature-
transformation) curve is accessible with macroscopic sam-
ples. It should be possible to hold samples at even slightly
lower undercoolings for a very long time without the onset
of solidification.

However, for 6 cycles where the sample was held at
smaller undercoolings, solidification did occur within sec-
onds or minutes. The anomalous nucleation reported was not
consistent with chemical contamination of the sample; upon
remelting and free cooling, the sample again achieved deep
undercooling. Furthermore, the time to nucleation under
constant-temperature conditions was of the order 10s of
seconds. This time is very different than the time for
heterogeneous nucleation in undercooled liquid metals,
which is sub-microsecond.

A theory was offered, suggesting that cavitation of the
liquid under the influence of local negative hydrostatic
pressure in the sample was the cause of the observed nu-
cleation. Models of the magnetohydrodynamic convection
showed that the stirring under the holding conditions may
have been sufficient to produce a locally negative hydrostatic
pressure in the centers of the recirculating loops in the flow.
These local low-pressure zones would then excite any void
in the fluid that was convected into the low-pressure zone.
On exiting the low-pressure zone, the void could collapse. If
the collapse were symmetrical, then the resulting impact
would cause a very small region of very high pressure, as
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described by the Rayleigh–Plesset equation. A local pressure
of the order GPa would shift the local melting point, and
thus the local undercooling, enough to activate nucleation of
the crystal. As the rest of the liquid would still be under-
cooled, even though not undercooled enough to cause nu-
cleation, the nucleus created by the collapse of the void
would then grow beyond the high pressure region, into the
rest of the drop.

Similar anomalous nucleation was observed in
high-purity Zr samples in a different experimental facility,
the MSL-EML (Materials Science Laboratory Electromag-
netic Levitator) on the International Space Station, in June
2016 and again in July 2018. These new results are on a
different sample, decades later, in a different apparatus.
Again, the sample undercooled deeply under free cooling,
but solidified reliably within a few seconds to a few hundred
seconds on isothermal hold. Analysis of these new data is
ongoing and will be discussed in the presentation; this paper
will be limited to discussion of the results of Hofmeister et
al. [2].

Cavitation and Nucleation in Metals

The nucleation process is believed to be affected by fluid
flow in some circumstances [3, 4], usually related to the
perturbation of thermal and solutal gradients; however, the
direct observation of nucleation with fluid flow is difficult for
current techniques. For the conditions of the experiments
described here, the effect of fluid flow on nucleation by these
mechanisms is negligible.

The effects of cavitation in engineering are caused by the
collapse of cavitation bubbles, which results in extreme high
local pressure instantly. This effect is used industrially with
ultrasound to promote grain refining and degassing.

That high local pressure was theorized to trigger the
nucleation of metals during undercooling process by
Hofmeister et al. [2]. Based on the Clausius-Clapeyron
Equation [5], the melting point temperature is elevated
under the condition of high pressure, which means even at
the same temperature, the tiny amount of material sur-
rounding the high pressure point is subjected to a much
deeper undercooling. Equation 1 gives the relation between
the vapor pressure and temperature as Clausius-Clapeyron
Equation, where P1 and P2 are the pressure at temperatures
of T1 and T2. R is gas constant and ΔHvap is enthalpy of
vaporization.
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Hofmeister et al. [2] tested a sample of pure zirconium in
7 mm diameter to study nucleation process on Spacelab

mission. The experiment completed over 115 melt cycles on
two samples, using a containerless technique (TEMPUS) to
reduce the contamination from facility. Each sample was
melted, cooled to solidify and then melted again to re- peat
certain numbers of melt cycles during levitation. There was
fluid flow occurred in the liquid sample and driven by
electromagnetic force. The fluid flow rate was kept in con-
trolled by modulating the heating and positioning voltage.

In the velocity range between 5 and 43 cm/s, when the
heating was turned off and the convection in the liquid
sample was driven by positioning field, the effect of fluid
flow on nucleation was not found. Figure 1 gives the max-
imum flow rates and corresponding undercooling levels. It
can be noticed that there is no obvious difference between
undercooling temperatures within the flow rate range.

When the interior fluid flow at rates above 50 cm/s, the
effect of convection on nucleation was observed. To accel-
erate the fluid flow, the positioning voltage was held con-
stant and the heating field was applied. A limitation of the
undercooling level was found that the nucleation occurred
with less undercooling under the condition of convection
greater than 50 cm/s. Two samples were tested in under-
cooling and their performances were given as a function of
applied heater voltage. The pressure difference within the
liquid calculated by magnetohydrodynamic (MHD) models
was shown in Fig. 1. The convection in the liquid sample
was assumed to be laminar in these simulations, although
contemporary work showed that this sample was surely
turbulent [6]. It can be noticed that when the pressure dif-
ference increased rapidly, the undercooling level was limited
to a small range. The dynamic pressure of interior fluid flow
was believed to exceed the static pressure of the liquid
sample so that cavitation was favored; for details see
Hofmeister et al. [2]. Then the collapse of the cavitation

Fig. 1 Undercooling as a function of holding conditions for Zr
processed in EML in vacuum in reduced gravity [2]
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bubbles generated sufficient high local pressure to trigger the
nucleation start.

Homogeneous bubble nucleation means the nucleation
starts in a liquid without pre-existing bubble nuclei. The
classical theory of homogeneous bubble nucleation provides
a definition of critical radius of bubble, rc [7]. If the radius of
this bubble nucleus is larger than the critical size rc, the
bubble nucleus will grow freely with decreasing free energy.
If the radius of a bubble nucleus is less than rc, this nucleus
needs more energy for growth. These sub-critical bubbles
are on average shrinking.

Fisher [8] believed that cavitation is the fracture of liquids
and determined the negative pressure in liquid when the first
cavitation bubble appears. Blander and Katz [9] provided an
estimation of critical cavitation bubble size for certain liquid
pressure, with radius rc, (Eq. 2).

rc ffi 2r
P� � Pð Þd ð2Þ

where r is surface tension; P� is the saturation pressure at
given temperature; P is the bulk phase pressure; and d is the
correction factor which is expressed as
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where qV is the density of the vapor and qL is the density of
the liquid. Note that rc in Eq. 2 is for the radius of bubbles in
local equilibrium with the surrounding liquid, in the absence
of the transient dynamic effects during excitation or collapse.
These dynamic effects enable the large pressure rise on
collapse of the void, and as mentioned above, are governed
by the Rayleigh-Plesset equation.

Instead of water as considered by Fisher, the present work
calculated the negative pressure required to form the first
cavitation bubble in zirconium. The negative pressure nee-
ded for homogeneous nucleation of a critical bubble is
negative 4.5 GPa.

Based on the MHD/CFD simulation, the pressure in the
droplet is around 200 Pa. By using the Eq. 2, the size of the
critical bubble nucleus is estimated and to be 3 cm, which is
5 times the droplet size. In this estimation, the value of
surface tension adopted 1.58 N/m which from the experi-
mental measurements by our group, and the correction factor
is 1. It means, any bubble nuclei appear in the droplet must
be smaller than the critical size and, therefore, according to
the classical cavitation homogeneous nucleation, they usu-
ally disappear or collapse instead of growing bigger to
cavitation.

Another hypothesis for the formation of bubbles in the
zirconium droplet is that the formation is driven by turbulent
eddies. At the center of an eddy, the pressure is further

reduced, beyond the time-average pressure. The additional
pressure drop may contribute to the excitation of bubbles,
but is still of the order Pascals, not Gigapascals. If voids are
present in the liquid, they are not nucleated homogeneously
due to the negative hydrostatic pressure.

Alternative Mechanisms

If voids in the liquid zirconium cannot be nucleated homo-
geneously under the conditions present in the experiments,
then either voids are nucleated heterogeneously, or some
other mechanism than cavitation must be responsible for the
nucleation of the solid. Given the high temperature and high
reactivity of the zirconium sample and its very high equi-
librium solubility for oxygen, it is not clear what kind of
heterogeneous nucleation site for voids or bubbles would be
possible.

Contact with solid particles of dust, aerosol, or other
contamination could cause the undercooled sample to
solidify. However, there are several arguments against this
explanation. First, all of the cycles with free cooling expe-
rienced significant time in the undercooled range, but none
solidified except near the maximum undercooling. If there
were solid contaminants in the vacuum chamber, some of
these cycles should also have shown nucleation due to col-
lision with a solid particle. Furthermore, solid particles are
not produced in small numbers; typically in EML experi-
ments, either no particles are observed, or else a dense
“smoke” of thousands or millions of particles is produced.
There was no evidence of such particles in the video record,
nor in the 110 free-cooling cycles.

Conclusions

Prior work [2] reported experimental observations that a
sample which undercooled deeply and repeatable nonethe-
less solidified after a hold of seconds at a modest under-
cooling. This experimental observation was confirmed by
new experiments on the MSL-EML in 2016 and 2018. All
three sets of experiments provide strong evidence that the
nucleation is anomalous; that is, not consistent with either
heterogeneous or homogenous nucleation according to
classical nucleation theory.

The prior work reported a theory that the cause of this
anomalous nucleation was cavitation of the liquid metal
under the influence of magnetohydrodynamic stirring.
A closer look at the conditions needed to nucleate voids in
liquid metals indicates that such voids must be nucleated
heterogeneously, as homogeneous nucleation of voids is
impossible under the specified experimental conditions.

Anomalous Nucleation in Undercooled Melts Processed … 1571



Given the high temperature and high reactivity of the zir-
conium sample and its very high equilibrium solubility for
oxygen, it is not clear what kind of heterogeneous nucleation
site for voids or bubbles would be possible.
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