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Pure, low-oxygen zirconium samples have been observed to nucleate a solid
phase under conditions during which the sample was expected to remain
liquid. This phenomenon was first seen during Spacelab Mission MSL-1R
(materials science laboratory) experiments and has since also been observed in
the International Space Station (ISS) electromagnetic levitation (EML) facility
on a different sample. Current work has been able to replicate these anoma-
lous solidification events under a range of conditions in the ISS MSL-EML
facility. The solidification events are not well explained by classical homoge-
neous or heterogeneous nucleation. The current theory is that collapsing voids
in the melt create a local region of high pressure that results in local material
being deeply undercooled and a strong driving force for solidification.

INTRODUCTION

The transformation between the noncrystalline
melt structure and the crystalline solid has been well
studied in liquid metals. The solidification begins at a
nucleation site from which a crystalline solid grows.
These nucleation sites can originate either homoge-
neously in the melt or heterogeneously on a site that
reduces the critical volume of the nucleus to initiate
growth. The rate of formation of these nucleation
sites depends on the free energy of the system,
temperature, atomic vibration frequency, activation
energy, and other factors. In non-glass-forming liq-
uid metals, the rate of nucleation is heavily depen-
dent on temperature, increasing rapidly from
functionally zero to nearly instantaneous over a very
narrow temperature range.1

The specifics of free energy and temperature at
which this increase occurs depends on the proper-
ties of the melt and solid crystal. During solidifica-
tion, heterogeneous nucleation typically dominates
the formation of nuclei because the heterogeneous
nucleation sites reduce the free energy required to
form a nuclei with a supercritical radius to allow for
growth.1

However, heterogeneous nucleation can be mini-
mized using levitation techniques in a vacuum.
Electromagnetic levitation (EML) is one such

technique that utilizes a magnetic field to control
the position of the sample and to induce heating in
the sample. During electromagnetic levitation in
vacuum, the magnetic levitation eliminates contact
with the container and a gas, minimizing heteroge-
neous nucleation sites. This allows access to deep
undercoolings, often on the order of 200�C–300�C or
more.2 During electromagnetic levitation (EML)
processing, it is typically expected that a subcriti-
cally undercooled melt can be held at constant,
subcritical, undercooling for hours without solidifi-
cation occurring.3–5

High-purity zirconium was shown to achieve
334� ± 4�C undercooling in 110 free-cooling EML
cycles in vacuum in reduced gravity by Hofmeister
et al.2 However, in six cycles the sample was held at
smaller undercoolings and solidified on the order of
10 s to 100 s of seconds. The low stability of the
undercooled liquid phase is not compatible with the
deep undercoolings observed during free cooling and
thus considered anomalous. The reported anoma-
lous nucleation was not consistent with chemical
contamination as subsequent free cooling cycles
again achieved deep undercoolings. Instead, the
anomalous solidification events were attributed to
dynamic nucleation induced by the collapse of
cavities in the fluid2 similar to the theory presented
in Refs. 6 and 7.
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In an undercooled liquid, cavitation can induce
nucleation when the cavity collapses. The collapse is
followed by a pressure spike accompanied by a shift
in the melting point. As described by the Clausius–
Clapeyron equation:
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in which P1 and P2 are the pressures at tempera-
tures T1 and T2, respectively, and DHvap is the
enthalpy of vaporization. The shift in the melting
point results in a much deeper undercooling and, as
a result, sufficient driving force for nucleation to
occur.8

Similar anomalous nucleation was observed
19 years later in a high-purity zirconium sample
in a different experimental facility, the MSL-EML
(Materials Science Laboratory electromagnetic levi-
tator) onboard the International Space Station (ISS)
during additional experiments in June 2016 and
July 2018.

The zirconium flight sample used onboard the ISS
for MSL-EML processing was cast from bulk metal-
lic glass-quality zirconium in an arc melter into a
water-cooled copper mold. The oxygen content of the
sample was validated by LECO hot gas extraction
analysis, which found the material to contain
0.005 wt% oxygen. During processing in the MSL-
EML facility, changes in the width of the solid state
a fi b phase transition at T = 1137 K indicate that
the oxygen concentration had increased to at least
400 wt ppm.9

EXPERIMENTAL OBSERVATIONS

The experiments onboard the ISS MSL-EML were
done on the same zirconium sample from 2016 to
further explore the observed solidification phenom-
ena by exploring the repeatability and work toward
quantifying the conditions under which the anoma-
lous nucleation occurs.

In this series of 22 experiments, the sample was
melted in vacuum. Of the 22 experiments, 18 cycles
held the sample at sub-critical undercoolings,
between 45� and 290� undercooled, until nucleation
occurred at isothermal holding in< 10 min. The
isothermal holds for the cycles of interest are given
in Table I in which the cycle number, sequence in
the temperature series, and description are given
with the undercooling and time to solidification. The
undercoolings were chosen to replicate results from
experiments done on the same sample in 2016.
Additional cycles were done at different undercool-
ings to sample a broader range of undercoolings.
While each target temperature was tested multiple
times, the sequence of processing target tempera-
tures in the cycles was deliberately randomized to
reveal any effects of processing sequence. These
effects are plotted for each separate temperature
series in Fig. 1 and against the overall series of
experiments in Fig. 2. It should be noted that in

Figs. 1 and 2, only the cycles that solidified during
the isothermal hold have been plotted for consider-
ation and the free cooling cycle is not included in the
analysis of sequencing effects.

The data were evaluated to determine if there
was a trend relating the time to solidification and
the sequence in which cycles were run. By plotting
the time to solidification against the sequencing
number for each temperature set, Fig. 1 allows the
effects of run order to be observed for each individ-
ual temperature series and fails to find a consistent
pattern of sequencing effects. Additionally, Fig. 2
plots the overall series of experiments against the
time to solidification. To quantify the effects of
sequencing on the time to solidification, the corre-
lation coefficient was calculated for the cycle num-
ber and time to nucleation. The correlation
coefficient was found to be 0.385, which fails to
support a correlation between the time to solidifi-
cation and cycle number. Furthermore, this lack of
correlation indicates that there are no discernable
changes in heterogeneous nuclei in the sample
during the experiments of interest.

During the experiment, the sample was levitated
to maintain isothermal holds in which the flow was
driven by both the positioner and the heater cir-
cuits. The applied heater current results in much
higher flow velocities, given in Figs. 3 and 4, than
allowing the sample to free cool. During the isother-
mal holds, the maximum velocity in the drop is
between 0.137 m/s and 0.209 m/s. In these cycles
the time to solidification is variable within the range
of 1 s to 576 s. Figure 1 shows that the variation in
time to solidification does not correspond to the
undercooling. The different undercoolings are
isothermal holds; therefore, the flow conditions are
identical for a given targeted undercooling. There-
fore, the same conclusion applies to flow: the
stochastic variation under identical conditions is
larger than the variation due to stirring in the
experimental range.

The internal flow of the drop has been quantified
and characterized using computational fluid
dynamics (CFD), which allows the properties of
the flow to be calculated from the thermophysical
properties of the melt10,11 and applied EML force
field. The models have been validated against a
prior sample of CoCu in which the flow was directly
observable through the difference in emissivity of
the two-phase liquid present in the sample during
melting.12 The flows in all the experiments are
characterized by Reynolds numbers > 600, which is
considered the limit of laminar flow in EML; above
this the flow is characterized as turbulent.13

The flow was calculated for the cycles with the
smallest and largest undercooling, i.e., DT = 47 K
and DT = 293 K, respectively, to characterize the
Reynolds numbers and local pressure within the
drops during the isothermal holds. During the
cycles with the largest undercooling, the maximum
velocity within the sample was 0.137 m/s, shown in
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Fig. 3, which resulted in a Reynolds number of
approximately 987, which is well above the laminar-
turbulent transition. During the cycles with the
smallest undercooling, the maximum velocity
within the sample was 0.209 m/s, shown in Fig. 4,

which resulted in a Reynolds number of approxi-
mately 1906, which is well above the laminar-
turbulent transition. Across all cycles, the flow
inside the drop has been characterized as turbulent.

Table I. Experimental cycle overview for processing zirconium onboard ISS MSL-EML during Batch 1.3 in
August 2018

Cycle
number

Sequencing
number Hold Undercooling

Time to
solidification

61 1 Isothermal hold 191.1 8 s
62 2 Isothermal hold 178.3 1 s
63 3 Isothermal hold 187.7 43 s
64 4 Isothermal hold 192.8 152 s
65 5 Isothermal hold 188.6 49 s
66 6 Isothermal hold 193.3 241 s
67 7 Held for 227 s at DT � 180, then free

cool**
313.1 –

70 1 Isothermal hold 65.7 15 s
71 1 Isothermal hold 115.8 36 s
72 1 Isothermal hold 246.5 508
73 1 Isothermal hold 293 576 s
74 1 Isothermal hold 47.1 137 s
75 2 Isothermal hold 70.8 189 s
76 2 Isothermal hold 117.0 305 s
77 – Free cooling 324.3 –
78 3 Held for 223 s at DT � 105, then free

cool**
325 –

79 3 Isothermal hold 72.0 281 s
80 2 Held for 600 s at DT � 235, then free

cool*
324.3 –

81 2 Isothermal hold 286.6 30
82 2 Isothermal hold 50.3 212
83 4 Isothermal hold 67.4 387 s
84 4 Isothermal hold 122.9 180 s

*Cycle timed out and the sample was allowed to free cool.**Cycles were stopped for the safety of the facility.
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Fig. 1. Sequencing versus solidification time for cycles at different
targeted undercoolings. There is no consistent pattern of time to
solidification based on the run order for the targeted undercooling
temperatures.
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Fig. 2. Changes in the sample can be detected by determining if
there is a correlation to any changes in the sample behavior with the
sequence order of the experiments. For these experiments, the
correlation coefficient was calculated to be 0.385, which fails to
provide strong evidence for changes in the sample.
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During four cycles, the sample was free cooled
and achieved much deeper undercoolings than were
observed during cycles with an isothermal hold. In
these cycles, undercoolings between 313� and 325�
were observed, indicating that the sample remained
quite pure or that any dissolved oxygen has little
influence on the nucleation behavior. The EML field
was dominated by the positioner field and did not
have a strong heating field applied to the sample. As
a result, the flow was much slower than observed in
other cycles. The flow was modeled over the range of
cooling to establish the minimum flow in the drop
over the experiments at all temperatures and is

plotted in Fig. 5, where it can be seen that the
laminar model gives Reynolds numbers much larger
than the expected laminar-turbulent transition. As
a result, the RNG k-e turbulence model is used to
characterize the properties of the flow within the
drop. The flow at recalescence is plotted in Fig. 6
where it can be seen that the maximum velocity in
the drop is 0.071 m/s using the RNG k-e turbulence
model. In this ‘‘low’’ flow regime, anomalous nucle-
ation events were not observed in these experiments
or in similar free-cooling cycles in other
experiments.

Fig. 3. Velocity vector field calculated using the RNG k-e turbulence model for Zr at DT = 293 K undercooling in an EML field consisting of a
3.43 V heater and 7.03 positioner.

Fig. 4. Velocity vector field calculated using the RNG k-e turbulence model for Zr at DT = 47 K undercooling in an EML field consisting of a
4.92 V heater and 7.03 positioner.
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DISCUSSION

Several different mechanisms have been proposed
to explain the solidification phenomena that have
been observed in this pure zirconium sample. These
mechanisms include classical nucleation, chemical
contamination of the sample, dissolved oxygen, and
dust particles providing for external heterogeneous
nucleation. However, none of these mechanisms are
consistent with the observations of the present
experiment.

It is possible to estimate the expected nucleation
rate, and from that the time a sample can be
expected to be held at a given undercooling. For this
system, Klein et al.14 applied classical nucleation
theory to fit the distributions of measured under-
cooling to determine the unknown constant in the
nucleation equation, which accounts for heteroge-
neous nucleation. For the samples closest to the
pure zirconium sample used in the ISS MSL-EML

facility, labeled EML in their paper, they deter-
mined that the population of undercoolings best fit
DG� of 42 kT at an undercooling of 330 K.14 Taking
the corresponding value of f hð Þ gives a result that at
250 K undercooling, the nucleation rate should be
lower by a factor of 3 9 1017. This difference in
nucleation rate would result in a corresponding
change in time to nucleation, for example, from
1 ms to 1 million years. For cleaner samples, this
effect is larger. This calculation confirms the exper-
imental results cited previously: for temperatures
above some maximum undercooling, the nucleation
rate falls off very rapidly. Nucleation at 250 K on a
laboratory timescale cannot occur by the mecha-
nism reported in Ref. 14

One proposed explanation for the anomalous
nucleation is that the sample might have been
contaminated and the behavior being displayed is a
result of classic heterogeneous nucleation. However,
the sample was observed to deeply undercool during
free cooling cycles before, during, and after the
series of experiments investigating this anomalous
nucleation event. Any chemical contamination does
not explain the anomalous nucleation events
observed. Furthermore, pure zirconium in the
stable liquid phase is extremely reactive and would
likely dissolve any contaminants into solution. Also,
if such mechanisms were limiting, deeper under-
coolings would not have been observed in subse-
quent cycles.

Another proposed explanation is that given the
high temperature and reactivity of liquid zirconium,
dissolved oxygen in the sample may have provided
for heterogeneous nucleation sites for with oxygen
as the chemical containment. However, this is a
special case of the previous point. Zirconium does
not form a solid oxide phase until very high oxygen
concentration; instead, the oxygen remains in
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Fig. 5. Flow characterization for free cooling cycles of Zr.

Fig. 6. Velocity vectors calculated for zirconium at 1803 K using the RNG k-e turbulence model.
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solution in the metallic phase. While oxygen is
known to stabilize the crystalline phase, the inclu-
sion of additional oxygen would result in a few
degrees increase in the melting point of the sample.
However, the undercooling is measured with
respect to the apparent melting point of each cycle.
If oxygen contamination resulted in a shift in the
melting point, the undercooling would be measured
against this shift, which would result in the same
undercooling value. Nonetheless, if such an oxide
phase were to form during the free cooling cycles,
the deep undercoolings would not be achieved.
Instead, deep, consistent undercoolings were
observed during free cooling.

It has also been suggested that solid ‘‘dust’’
particles in the sample chamber might collide with
the sample and provide a heterogeneous nucleation
site for solidification to occur. When ‘‘dust’’ forms in
EML by condensation of evaporated sample mate-
rial in the gas phase, the cloud of solid particles is
dense enough to be visible to the camera. During the
cycles of interest, there was no evidence of such
solid particles. Furthermore, the cycles of interest
were processed in vacuum, in which the gas neces-
sary for this mechanism is not present. Instead the
evaporated material moves radially, away from the
sample, until it condenses on a solid surface such as
the wall of the chamber, EML coils, sample holder,
etc. Larger ‘‘flakes’’ of material in the sample could,
in theory, also trigger a heterogeneous nucleation in
the sample. However, larger ‘‘flakes’’ are rare in
EML and therefore unlikely to account for such a
large number of solidification events, even if such
‘‘flakes’’ were present. Also, large flakes were not
observed in the video.

The remaining hypothesis is that a form of
dynamic nucleation occurs as suggested in Ref. 2
because of mechanisms within the fluid flow of the
sample. This hypothesis suggests that a collapsing
void within the melt produces a high-pressure shock
wave. As a result of the local high pressure gener-
ated by the shock wave, the local melting temper-
ature raises, and the local melt experiences a much
deeper undercooling. At this deeper undercooling,
the driving force for nucleation is substantially
larger.

Current work is exploring how the fluid flow and
effects of the fluid flow may affect nucleation.
Magnetohydrodynamic modeling has been used to
calculate and characterize the flow behavior under a
range of different conditions. The models show that
during the isothermal holds in this zirconium
sample, the flow is characterized as turbulent with
recirculating loops in the regions of lower EML force
fields, shown in Figs. 3 and 4. The reduced hydro-
static pressure due to both the recirculation loops in
the main flow and to the rotation of the turbulent
eddies could serve to excite oscillations in any void
in the liquid that enters these regions of lower
pressure.

Voids in liquids are very common, collectively
accounting for the excess free volume in the liquid,
about 1.6% for molten zirconium.15 The distribution
of these voids has been studied in cooperative
liquids16 and range from the molecular to macro-
scopic scale. When a void in the melt encounters
regions of low pressure, as occurs in the center of
turbulent eddies, the void will expand and then
collapse as described in Refs. 6, 7 and 17. If the
collapse is symmetric, the resulting impact will
result in a shock wave. This effect of the shock wave
is to cause a small region of very high pressure
according to the Rayleigh–Plesset equation, which
governs a bubble in an incompressible fluid. This
higher pressure, due to the shock wave of the
collapse, would elevate the local melting tempera-
ture, as is described by the Clausius–Clapeyron
equation and consequently results in a much deeper
local undercooling and, as a result, a sufficient
driving force for nucleation occurs.8

Additionally, the CFD allows for the calculation of
the internal pressure within the drop. The required
pressure for voids to homogeneously nucleate in the
melt has been calculated in prior work to be on the
order of � 4.5 GPa.16 In the cycles that solidified on
an isothermal hold, the minimum total pressure in
the drop was calculated to be between � 90 Pa and
� 139 Pa, which is insufficient to cause homoge-
neous nucleation of critical voids in the melt. At the
center of turbulent eddies, the pressure is further
reduced by a similar value. Therefore, homogeneous
nucleation of voids by this flow is not possible.
However, the excitation of existing voids by the
transient low pressure due to the flow remains
possible. Work on further quantification of this
possible explanation for the observed behavior is
ongoing.

CONCLUSION

Recent work in 2016 and 2018 has been able to
replicate anomalous nucleation events that first
occurred during Spacelab Mission MSL-1R in which
pure zirconium samples solidified while being held
at sub-critical undercoolings. The solidification
event occurred both before and after cycles that
achieved deep undercoolings, supporting the asser-
tion that the sample has not been contaminated.
Additionally, sites for heterogeneous nucleation
were not observed in the video evidence of these
experiments. As a result, the observed solidification
events are not well explained by classical homoge-
neous nucleation nor heterogeneous nucleation. The
current theory is that collapsing voids in the melt
create a shock wave and a localized pressure
disturbance driving nucleation of the solid.
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