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The freezing process is significantly influenced by environmental factors and surface
morphologies. At atmospheric pressure, a surface below the dew and freezing point
temperature for a given relative humidity nucleates water droplets heterogeneously
on the surface and then freezes. This paper examines the effect of nanostructured
surfaces on the nucleation, growth, and subsequent freezing processes. Microsphere
Photolithography (MPL) is used to pattern arrays of silica nanopillars. This technique
uses a self-assembled lattice of microspheres to focus UV radiation to an array of
photonic jets in photoresist. Silica is deposited using e-beam evaporation and lift-
off. The samples were placed on a freezing stage at an atmospheric temperature of
22±0.5◦C and relative humidities of 40% or 60%. The nanopillar surfaces had a signif-
icant effect on droplet dynamics and freezing behavior with freezing accelerated by an
order of magnitude compared to a plain hydrophilic surface at 60% RH where the ice
bridges need to cover a larger void for the propagation of the freezing front within the
growing droplets. By pinning droplets, coalescence is suppressed for the nanopillared
surface, altering the size distribution of droplets and accelerating the freezing process.
The main mechanism affecting freezing characteristics was the pinning behavior of
the nanopillared surface. © 2018 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5048933

Condensate freezing or frost is formed when a surface is cooled below the dew point and freez-
ing temperature. At atmospheric pressure, water vapor from the air will first condense, then freeze
on a cold surface. Both the droplet dynamics before freezing and the freezing propagation impact
the total time until freezing1 and the maximum freezing temperature.2 Condensate freezing is of
significant importance for applications such as aviation, satellites, power transmission, refrigeration,
food preservation, and air conditioning. Engineered surfaces have the ability to control the droplet
dynamics and freezing propagation.

Engineered surfaces such as hydrophobic, superhydrophobic, and biphilic surfaces have been
previously tested as a method to delay or prevent freezing.3–15 Results are usually reported as the
time delay until a surface is frozen1,3,6,7 or a temperature depression to freezing.2 Freezing front
propagation rates are also reported.8,12,16 Researchers also use active techniques to accelerate the
freezing in food processing via ultrasound assisted freezing, high pressure freezing, pressure shift
freezing, air-blast freezing etc.17–22 Hence, we believe that the present passive technique of accelerated
freezing will reduce the daily power consumption in near future for the desirable applications such
as food processes, agricultural processes, and freezing based desalination etc.

This work investigates the relationship between the “onset of freezing” and the “freezing front
propagation rate”. The propagation rate can also be expressed as the time difference between the
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onset of freezing and the total time until freezing.7,12 To elucidate frosting mechanisms, condensate
freezing was studied on Microsphere Photolithography (MPL) created silica nanopillar (∼0.7 µm
pillar diameter and ∼0.3µm pillar height in a 2 µm hexagonal close packed array) on a silicon
substrate23–27 as shown in Fig. 1(a) and (b). An oxidized silicon wafer, referred to as the plain
surface, was tested for the comparison. A Teflon© coated silicon surface was also tested. For an
injected droplet, the apparent advancing and receding contact angle on plain and Teflon© coated
surface was measured by tilt table method using goniometer (see supplementary material, Sec. I).
The contact angle shows the different intrinsic wetting properties of the surfaces.

Nanopillared surfaces significantly accelerate freezing by pinning droplets, which impedes
droplet mobility, coalescence, and growth. In order to prevent coalescence, the energy required to
overcome the capillary pressure (Ecapillary) must be higher than the surface energy reduction (Es) by
coalescing of droplets.23 Based on certain assumptions, the minimum radius of the pillar required
to pin the droplets can be the function of pillar height (h), and apparent contact angle (θ

′

) of the
condensed droplet. The fabricated pillar radius in present study is within the limit depicted by our
previous work.23 Hence, the designed nanopillars are expected to exhibit droplet pinning behavior.
During the experiment, the pinned and irregularly shaped condensed droplets were observed. Direc-
tional anisotropy was also observed. A three-phase contact line ended along the edge of the pillar
as shown in Fig. 1(c) and the bottom of the water droplet was not circular (black dotted line, inset).
Hence, the condensed droplets were in Wenzel wetting state consistent to literature.23,28,29

However, the accelerated freezing time, allows for the freezing dynamics to be observed many
times under the same conditions. Furthermore, due to the random nature of droplet growth dynamics,
the freezing times varies. The statistical variation of data produced allows for the exploration of the
relationship between the droplet dynamics and freezing propagation.

The surface was placed on a cooling stage2,23 and the surface temperature was set to -8±0.5◦C.
The test set up (see supplementary material, Sec. II) was enclosed in an environmental chamber
with an air temperature of 22±0.5◦C and a relative humidity (RH) of 40% or 60%. The tests were
conducted in the presence of non-condensable gases (air) at different RHs as RH can significantly

FIG. 1. (a) Microscopic image (b) SEM image (higher magnification) of the finished fabricated surface (c) wetting state of
the condensed droplet (For contact angle, see supplementary material, Sec. I).
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alter the nucleation energy barrier and nucleation site density.30,31 For the nanopillared surfaces,
more than 30 trials were recorded and analyzed for each relative humidity. For the plain and Teflon©
coated surface, four trials were conducted. All the images and videos were captured focusing close to
the center position of the sample (approximately 1 inch × 1 inch) by a Leica DVM2500 microscope
at 600×, making the frame 383 microns by 510 microns. The videos were used to determine the
freezing time. When drops froze on the nanopillared surfaces, there was very little change in the
index of refraction or reflectance so that the pillars beneath the drops were visible through the ice
nuclei (see supplementary material, Sec. IV).

At 40% RH the nanopillared droplet dynamics and freezing are notably different compared to
the plain surface, as shown in Fig. 2 (see supplementary material, Sec. V). The droplets appear to be
much smaller than the plain surfaces when the surfaces finish freezing. The droplets are consistently
irregular in shape, and there is little visible ice bridging due to vapor pressure gradient over the
two phases (water and ice).32 Additionally, the pinning of the droplets results in droplets very close
together before coalescing. The droplets themselves are clear when they first freeze and the pattern
is still visible through the droplets. They also do not appear to expand upon freezing compared to the
plain surfaces.33 Freezing test has also been presented (Fig. 2e) for Teflon© coated silicon surface
which delays the freezing even more compared to plain silicon surface (details, see supplementary
material, Sec. VI). The recipe of the coating can be found from our previous work.34 Nanopillared
surface accelerated freezing significantly compared to both of the control surfaces due to the unique
pinning effect.

FIG. 2. Images taken when the surface fully freezes for 40% relative humidity (a) nanopillars frozen at 54 s, (b) nanopillars
frozen at 73 s, (c) nanopillars frozen at 113 s, and (d) plain surface frozen at 393 s (e) Teflon© coated surface frozen at 676 s
(35% RH). (a), (b), and (c) are different trials on the same nanopillared surface.
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In addition, nanopillars create favorable conditions for the formation of amorphous ice, micro-
crystalline or cubic crystals. The process also creates transparent and cubic ice growth.33 Hence, the
lack of multidimensional dendritic growth34 would have implications in HVAC systems, cryogenics,
energy, and refrigeration applications.

As observed from Fig. 3, although droplet initial density seems quite similar at t=10 s, the different
coalescence behavior due to pinning of the pillars, reduces droplet density significantly and eventually
alters the size distribution of the droplet. Large sized droplet with lower droplet density (number of
droplets per unit area) delays the freezing process. The higher the frequency of coalescence events,
the longer the freezing delay, which is consistent to literature.2

Similar to the 40% RH condition, at 60% RH the nanopillared surface also freezes when the
droplets are much smaller than the plain surface droplets (see supplementary material, Sec. VII for
the detailed quantification). As seen in Fig. 4, the droplets at 60% RH are even more irregular in shape
than the 40% RH pillars, and get even closer together without coalescing. There is no noticeable ice
bridging for the nanopillared surfaces at 60% RH. The droplets are still transparent when frozen
(which makes it harder to count) and do not expand much when frozen.

The plain surfaces contrast with the nanopillared surfaces by freezing at later times and therefore
in larger drop sizes. For the plain surface, the larger the size of the droplet, the slower the direct
growth of the condensed droplet.23 The presence of non-condensable gases might reduce the net
driving force or thermal gradient to mass transfer by adding a diffusion resistance to the vapor-air
boundary layer.35,36 It limits the size of the growing droplet over a longer time of condensation and
delays ice bridging time due to a larger void between the just formed ice nuclei and the neighboring
evaporating droplet as shown in Figs. 2(d) and 4(d). The droplets are also cloudy and white when
the surfaces finish freezing and expand considerably [see supplementary material, Sec. IV(C), VIII
(b)-(c)].

The “final freezing time”, is defined as the moment when all the droplets on entire surface under
the microscope have frozen. To account for any inconsistencies, all tests on a surface were performed
under same conditions. At 40% RH, the nanopillared surface has an average final freezing time of
73.6 s, ranging from 46 s to 124 s [Fig. 3, see supplementary material, Sec. III (a)-(b)]. The standard
deviation is 17.3 s, and the coefficient of variance is 23.5%. At 40% RH, the average freezing time for
the plain surface is 369.5 s. However, the Teflon© coated surface has an average final freezing time

FIG. 3. Images of the (a) minimum and (b) maximum freezing time for two different trials on nanopillar surface at 40% RH
[see supplementary material, Sec. III (a)-(b)].
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FIG. 4. Images taken when the surface fully freezes for 60% relative humidity (a) nanopillars frozen at 29 s, (b) nanopillars
frozen at 39 s, (c) nanopillars frozen at 48 s, and (d) plain surface frozen at 379 s. (a), (b), and (c) are different trials on the
same nanopillared surface.

of 721.75 s. Due to the increase of the local nucleation energy barrier, the coated surface increases
the average freezing time compared to the plain surface. At 60% RH, the nanopillared surface has
an average freezing time of 34.5 s, ranging from 13 s to 57 s. The standard deviation is 11.6 s, and
the coefficient of variation is 22.6%. At this humidity, the average freezing time for a plain surface is
414.0 s. As it can be seen in the boxplots in Fig. 5, the 60% RH nanopillared surface tends to freeze
faster than the 40% RH surface, with a few outliers, and both nanopillared surfaces freeze faster than
a plain surface.

The “onset of freezing” is defined as the time when the first drops in the view of the microscope
freeze. This happens due to the ice bridge invading just outside the view of the microscope. The delta
freezing time is the difference between the “onset of freezing time” and the “final freezing time” (see
supplementary material, Sec. VIII). The 40% RH nanopillar surface has an average delta freezing
time of 11.7 s, ranging from 7 s to 21 s. The standard deviation for this surface and relative humidity
is 3.7 s, with a coefficient of variance of 31.9%. The plain surface at these conditions has an average
delta freezing time of 36.0 s. Teflon© coated surface has an average delta freezing time of 86.5 s,
ranging from 67 s to 94 s (see supplementary material, Sec. VI). At 60% RH, the nanopillared surface
has the average delta freezing time of 2.6 s, varies from 1 s to 8 s. The standard deviation is 1.3 s,

FIG. 5. (a) A boxplot for the freezing times of the nanopillared surface at 40% RH and 60% RH (b) a boxplot for the delta
freezing time of the nanopillared surface at 40% RH and 60% RH.
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FIG. 6. Relationship between the start of frost formation and the freezing delta time for both plain and nanopillared surfaces
at both 40% RH and 60% RH. The data for Teflon© coated surface at 35% RH has also been presented for the comparison.
The inset images show the coalescence of droplets on nanopillared surface in a period of 30 seconds at 40% RH.

and the coefficient of variance is 51.8%. In comparison, the average delta freezing time for the plain
surface at this relative humidity is 42.2 s.

As it can be seen in Fig. 5, the delta freezing time for the 60% RH nanopillar surface tends to be
less than the 40% RH surface, and both are less than their corresponding plain surfaces. Furthermore,
in Fig. 6 it is also observed that, the beginning freezing time (frost formation start), and freezing delta
appears to be proportionately related for all of the surfaces.

In summary, nanopillared surfaces significantly accelerate freezing. At 60% RH, the average
freezing time of a nanopillared surface (34.5 s) is an order of magnitude faster than a plain hydrophilic
surface (414.0 s). Droplets are pinned by the pillars. The pinning effect decreases the frequency of
coalescence events. This significantly prevents droplet growth. Freezing on nanopillared surfaces
showed strong statistical variations. Analysis of this data elucidated a relationship between the “onset
of freezing” and the “freezing propagation rate” for the considered nanopillar surface. The sooner
the surface begins the onset of freezing, the faster the propagation of freezing will be. In the initial
nucleation stages droplets are numerous and tightly packed on the surface. Over time, if condensation
continues, droplets will merge and create larger voids between droplets. These larger voids may
require ice bridging to propagate the freezing front. The relationship between the “onset of freezing”
and “final freezing time” provides valuable insight into the design of engineered surface such as
nanopillared surface for controlling condensate freezing.

See supplementary material for additional information regarding the MPL process, contact angle
measurement (Section I), experimental setup (Section II), videos showing the minimum and maximum
freezing times at 40% RH on nanopillar surfaces [Section III (a)-(b)], identification of the frozen
droplet (Section IV), initial nucleation density for plain and nanopillared surface at 60% RH (Section
V, Video V), the freezing dynamics and times for Teflon© coated surface (Section VI, Video VI),
droplet size distribution at minimum, average, and maximum freezing times on nanopillar and at one
of the trials on the plain surface (Section VII), and estimation of the freezing delta (Section VIII)
have also been provided.

This material is based upon work supported by the US National Science Foundation under Grant
No. 1604183 and 1653792. The authors would like to thank Dr. Steven Eckels and the Institute for
Environmental Research (IER) for the use of their environmental chambers. We would also like to
thank Cara Snyder for her initial experiments which eventually led to this work.
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