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Abstract

Water icing is a natural phase change phenomenon which happens frequently in nature and industry and has
negative effects on a variety of applications. Deicing is essential for iced surfaces, but even for a nanoengineered
superhydrophobic surface, deicing may be incomplete with many adherent unmelted ice droplets which have
potential of re-icing. Here, we focused on the droplet re-icing characteristics on a solid superhydrophobic surface,
which has lacked attention in previous studies. Our results show that, the nucleation and ice crystal growth
characteristics of a re-icing droplet are quite different with those of a first-time icing droplet. During re-icing,
secondary nucleation due to fluid shear always first occurs on the edges of unmelted ice, accompanied by
fast-growing ice crystals that can trigger heterogeneous nucleation when in contact with the solid surface. The
re-icing takes place under very small supercooling (less than 0.5°C) and the superhydrophobic surface does not
play a key role, meaning that any current icephobic surfaces lose their features, which poses great challenges for
anti-icing. In addition, because of the small supercooling, no recalescence phenomenon appears during re-icing
and the droplet keeps transparent instead of clouding. Owing to the unmelted ice floating on the top of the droplet,
the droplet shape after re-icing is also distinguishing from that after normal icing but the pointy tip formation
during re-icing and normal icing shows a uniformity. These results shall deepen the understanding on the
anti-icing and deicing physics.

Main Text

Icing phenomenon is ubiquitous in nature and industry. When the ambient temperature is below the freezing
point, a water droplet freezes. In most instances, icing is undesired and has adverse effects on a variety of human
activities, such as reduces the crop production in agriculture,! threats the flight safety in aviation,? and deteriorates
the heat transfer in heat exchanger systems.? Thus, to avoid the hazards of icing, icing mechanisms and anti-icing
technologies have received considerable attentions over the past decades. Researchers have figured out the ice
nucleation physics (homogeneous nucleation at liquid-air interface or heterogeneous nucleation at solid-liquid
interface) under humidity or gas flow environments,*¢ investigated the freezing front growth and droplet shape
evolution features,”® and revealed the pointy tip formation mechanism at the later stage of icing.%!? Besides basic
studies on icing, many anti-icing methods are proposed to suppress the ice accretion, one of which is the
application of nanoengineered surfaces.!!"!> Researchers fabricated numerous surfaces with various structures and
wettability with the purpose of delaying the ice nucleation,'3!> retarding the ice propagation,'®!” reducing the ice
adhesion,'®!” and even self-cleaning subcooled droplets or melting frost by a kind of self-jumping behavior,?0-2
and have achieved expected results.

Since a nanoengineered surface cannot inhibit icing completely,''?® deicing is essential.?’ In practical
applications, deicing may be incomplete with many water or ice-water mixed droplets adhering to the surface.!”?*
These residual, unmelted droplets will freeze again when the surface temperature decreases below 0°C in the next
operation cycle of equipment. However, research on the icing characteristics of an unmelted, ice-water mixed
droplet (we call it re-icing here) on solid surfaces is quite rare, while the re-icing of a droplet is subsistent in
practice and worthy of intensive concern. In the present work, we conducted re-icing experiments by refreezing a

melting droplet again, and investigated the nucleation and ice crystal growth characteristics of the re-icing droplet,
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which is quite different with those characteristics of a normal icing droplet. We also found that the ice droplet
shape and the pointy tip size at the top of the ice droplet after re-icing is distinguishing from those after normal
icing. We expect that this work could bring insight into anti-icing and deicing mechanisms and applications.

In the experiments, an Al-based surface fabricated by the chemical etching—deposition method ?® was used as
the experimental surface. At room temperature (20°C), the experimental surface is superhydrophobic with a
contact angle (CA) of 159.1+1.6° (the standard deviations of the CA measurements are based on five
measurements), but when the test droplet was deposited on a supercooled surface (—20°C), its CA gradually
decreased to 147.2+1.2°. This is mainly due to the capillary condensation and thin water film formation adjacent
to the triple phase line.? The decreasing of the droplet CA on a supercooled surface also indicates a wetting
transition from Cassie-Baxter state to Wenzel state. See supplementary material S2 for more information about the
experimental surface and the contact angle measurement. In the re-icing experiments, we located millimeter
sessile droplets (deionized water) on the experimental surface, and then reduced the surface temperature to —20°C
~ —15°C to cool the droplet and make it icing. After the droplet was frozen completely, the surface temperature
was increased by controlling the voltage of the thermoelectric cooler. When the droplet temperature rose above
0°C, the ice droplet began to melt. Before the droplet melted completely, the surface temperature was reduced
below 0°C again to re-cool the droplet, and the unmelted droplet (composed of ice and water) was re-frozen. This
is the experimental procedure of re-icing. During the experiments, the lab temperature was measured to be
20.0£1.0°C with a relative humidity range from 20% to 40%. Figure 1 draws the typical variations in the surface
temperature and the droplet temperature during one experiment. It should be noted that we used T-type
thermocouples (0.127 mm cable diameter with an accuracy of +0.5°C) to measure the surface and droplet
temperature, and when measuring the droplet temperature, the thermocouples were inserted inside the droplet and
located at the droplet center as much as possible. Since the inserted thermocouples may yield some influence on
the droplet temperature, the droplet temperature variation measured by inserted thermocouples in Fig. 1 is not the
precise temperature of the re-icing droplet without thermocouples (such as the one in Fig. 2). However, based on
many times of repeated measurements, we demonstrated that the measured droplet temperature is representative
and reliable for the re-icing process. See supplementary material S3 for more information about the experiments,

including the experimental setup and the droplet temperature measurement.
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FIG. 1. Typical variations in the surface temperature and the droplet temperature during one re-icing experiment.
During the whole experiment, firstly, normal icing occurs. Large supercooling degree is needed for the primary
nucleation during normal icing, and recalescence happens after nucleation, making the droplet clouding, and the
droplet temperature rises to 0°C after recalescence. Secondly, ice droplet melts. Thirdly, before the droplet finishes
melting, the droplet is re-cooled and re-icing occurs. Due to the existence of unmelted ice in droplet, secondary
nucleation occurs during re-icing under very small supercooling degree, and no clouding phenomenon appears

during re-icing.
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Figure 2 shows the side-view of a typical re-icing process of a droplet. In Fig. 2, the time when the ice
droplet begins to melt is regarded as 0 s. During melting, the droplet temperature continues to increase and
embedded bubbles in the ice are released and fast moving (See supplementary material S1 for multimedia
evidences). The fast bubble moving behavior reflects severe internal thermocapillary convection which is caused
by the temperature gradient inside the melting droplet. Via adding multiwall carbon nanotubes as trace particles,
experiments by Ivall et al. also proved the thermocapillary convection inside a melting droplet.’® Then, at
appropriate time (28 s in Fig. 2), the surface temperature is reduced and the droplet is re-cooled. One can see the
bubbles are dissolved into the water again due to the decreased droplet temperature. When the droplet temperature
is slightly below 0°C with a small degree of supercooling, nucleation forms on the edge of the unmelted ice,
stretching dendritic crystals (40.51~41.51 s). Considering the existence of unmelted ice and the internal
convection inside the droplet, we conclude that the nucleation on the ice edge during re-icing is a kind of
secondary nucleation and it is induced by fluid shear.3!*> During re-icing, the unmelted ice serves as an important
resource of ice nuclei, and the fluid flow caused by temperature gradient could shear off many tiny ice particles
from the unmelted ice (see supplementary material S4 for the experimental evidences), thus the ice nuclei
concentration in liquid phase is increased, which enhances the secondary nucleation. The secondary nucleation is
different from the primary nucleation (homogeneous or heterogeneous), it has lower nucleation energy barrier >3
and does not rely on large supercooling. According to our statistics based on multiple experimental tests, the
average supercooling degree for the secondary nucleation during re-icing is 0.39°C with a deviation of 0.36°C.
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FIG. 2. Re-icing process of a 4 pL droplet (side-view). From O s to 28 s, the ice droplet melts and the embedded
bubbles in ice are released. From 28 s to about 40 s, the droplet is re-cooled with these released air bubbles
dissolved in water again. Then, when the droplet is re-cooled to a little below 0°C, secondary nucleation on the
edge of unmelted ice occurs and dendritic crystals grow downwards from the ice, reach the superhydrophobic
surface, and trigger extra heterogeneous nucleation and crystal growth on the surface (40.51~42.44 s). Thereafter,

freezing starts and the ice front moves upwards until the droplet finishes freezing. Multimedia view: [URL]
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Once the secondary nucleation starts, ice dendritic crystals grow from the unmelted ice very rapidly, reaching
the solid superhydrophobic surface in millisecond (41.51~42.31 s), and the touching of dendritic crystals will
trigger extra heterogeneous nucleation on the surface. As shown in Fig. 2 near 42.44 s, one can see ice dendritic
crystal growth from the surface. During this stage of nucleation and rapid ice crystal growth, the droplet
temperature rises above 0°C a little due to the small amounts of releasing latent heat. Thereafter, freezing stage
starts and the ice front grows upwards from the solid superhydrophobic surface until the droplet is frozen
completely. See supplementary material S1 for multimedia which shows the whole re-icing process more clearly.
Supplementary material S5 also shows a re-icing case from top-view.

The normal icing of a droplet usually experiences two stages including nucleation/recalescence and freezing,
where the former is a very rapid, kinetically controlled process, and the latter is a heat transfer controlled process.*
We also divided the re-icing process into two stages, i.e., the nucleation stage and the freezing stage. However, the
first stage of re-icing is quite different with that of normal icing, as shown in Fig. 3. In the nucleation stage of
re-icing, secondary nucleation due to fluid shear on the edge of unmelted ice first occurs, which is accompanied
by rapid dendritic crystal growth from the unmelted ice. When these crystals touch the solid superhydrophobic
surface, they trigger extra heterogeneous nucleation on the surface.

One may notice that the droplet keeps limpid during re-icing without the common clouding phenomenon
appearing. This is because the secondary nucleation occurs under very small supercooling degree (0.39+£0.36°C).
One can calculate the ice crystal fraction during nucleation in the liquid part of the droplet based on,>3*
fcrystal = Cp_fT

where fuysal 1S the ice crystal fraction in the liquid part of the droplet during the secondary nucleation; Cp is the

&)

heat capacity of water; L is the latent heat of solidification of water; AT is the supercooling degree. According to
above formula, the calculated ice crystal fraction is only 0.50+0.46%. Such little ice crystal is not enough to cause
the droplet to be clouding. And because the re-icing droplet is transparent, the bubble formation on the ice front is
very clear, which is reported in our another work (See supplementary material S5 for clear bubble formation in
re-icing droplets).? In addition, because the re-icing starts from the secondary nucleation on unmelted ice, any
current icephobic surfaces,''?%37 such as a nanoengineered superhydrophobic surface, lose their anti-icing
properties. This do limit the development of anti-icing applications and bring some challenges.

Unmelted ice

Secondary nucleation on Ice crystals growth until Triggered heterogeneous
. . Ice front growth
_ the edge of unmelted ice reach the surface nucleation on surface -
Stage |: Nucleation Stage II: Freezing

FIG. 3. Schematic of re-icing process. Two stages are divided including the nucleation stage and the freezing stage.
In the first stage, secondary nucleation first occurs on the edge of unmelted ice, along with dendritic crystal
stretching from the unmelted ice. When these ice crystals reach the solid surface, they trigger heterogeneous

nucleation on the surface.

Besides the nucleation and ice crystal growth characteristics, the ice droplet shape after re-icing is also
distinguishing from those after normal icing. As the example (1 pL droplet) in Fig. 4(a) shown, the re-icing
droplet is more spherical with a shorter height and a smaller tip (See supplementary material S6 for more re-icing

droplet examples). This is because the unmelted ice floating on the top of the droplet serves as a framework,
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which immobilizes the upper part of the droplet and limits the premature formation of pointy tip. But the pointy
tip forms during re-icing finally. Figure 4(b) shows the schematic of tip formation in the re-icing process. When
ice melts, the ice is covered by a thin water layer, and when the ice front passes the unmelted ice during re-icing,
the ice front actually moves in the thin water layer, producing a very tiny water pool at the later stage of re-icing.
Due to the density difference between water and ice, the freezing of the tiny water pool results in a tiny tip at the

top of the re-icing droplet.
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FIG. 4. (a) Comparison of droplet shape after normal icing and re-icing (1 pL droplet). The re-icing droplet is

closer to a sphere with a shorter height and a smaller tip. (b) Schematic of tip formation in the re-icing process.
The unmelted ice is covered by a thin water layer, and the ice front moves in the water layer during re-icing,
producing a tiny water pool. Similar with the tip formation during normal icing, freezing of this water pool also
forms a tip, but this tip is much smaller.

We also measured the tip angles during re-icing for various droplet volumes (from 2 to 10 pL), and compared
them with those tip angles during normal icing, as shown in Fig. 5(a). Consistent with previous research,!® the
average tip angle of icing droplets is measured to be 127.0° with a deviation of 4.4°. The average tip angle of
re-icing droplets is 128.1£4.9°, which is almost indistinguishable from the former. All the tip angles are located in
the range of 120-140°. We also drew the relationship between the tip angle and the droplet volume for both icing
droplets and re-icing droplets in Fig. 5(b), but the results show that the two parameters seem to have no certain
relationship. Marin et al. concluded that the tip angle is independent of substrate temperature and wetting angle,
they suggested a universal, self-similar mechanism of tip formation that does not depend on the rate of
solidification.’ Our experiments also suggest that, for both re-icing and icing droplets, though the tip sizes are

different, the tip angles have a similarity, and are independent of droplet volume.
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FIG. 5. (a) Tip angles of icing droplets and re-icing droplets with various droplet volumes. All the tip angles are
located in the range of 120-140°, which is consistent with previous studies. The average tip angle of icing droplet
is 127.0° with a deviation of 4.4°, and the value for re-icing droplets is 128.1+4.9°. (b) Relationship between tip
angle and droplet volume for both icing droplets and re-icing droplets. The experiments suggest that the tip angle

is independent of droplet volume.

In summary, re-icing characteristics of an unmelted droplet (ice-water mixture) located on a solid
superhydrophobic surface were investigated in this letter. Similar with normal droplet icing, the re-icing process
also contains two stages including the nucleation stage and the freezing stage. But the nucleation stage of re-icing
is quite different with that of normal icing. The first difference is that secondary nucleation induced by fluid shear
always first occurs on the edge of unmelted ice during re-icing. As a result, the influence of solid surface property
is excluded and any anti-icing surfaces lose their nucleation delay features. The second difference is that the ice
crystal fraction during nucleation in the liquid part of a re-icing droplet is so small that the re-icing droplet keeps
transparent instead of clouding. In addition, owing to the unmelted ice cover, the droplet shape and the pointy tip
size after re-icing are also distinguishing from those after normal icing, but the tip angle of a re-icing droplet has
no obvious difference with that of a normal ice droplet. We expect that this work could deepen our understanding

on icing physics and bring inspirations for anti-icing technology.

Supplementary Material

See supplementary material for more details about the experiments and more images of the re-icing process.
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