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New Concepts

The development of icephobic surfaces with ice-adhesion strength of less than 10 kPa is a critical
objective in applications where ice buildup poses grave problems. The measurement of ice
adhesion is conventionally performed by freezing pure water. However, in practical scenarios,
ice formation occurs on surfaces that contain numerous impurities. In this work, we report
unprecedented findings that a mere 1wt% of impurities can reduce ice-adhesion strength on
conventional hydrophilic surfaces to <1 kPa. We show how changes in freezing temperature and
contaminant concentration can significantly impact ice adhesion strength, leading to either
super-slippery or fiercely adherent surfaces. We show how the freezing process affects the
microstructure of brine ice that could be responsible for the formation of in-situ formed solute
enriched liquid layer. Using MD simulations, we show how the disordered ice structure in vicinity
of a solid is affected by the presence of salt and the ice temperature. Finally, for the first time,
we also provide visual evidence of impurity rejection/entrapment within a freezing droplet based
on controlling the freezing rate of water to rationalize the high adhesion strength of ice on
surfaces despite it being formed from impure water. Our findings offer new avenues for studying
how impure ice adheres to surfaces, which has direct implications for quantifying ice repellency,
understanding glacier movements, and developing freeze-protection technologies for industrial
applications.
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Adhesion of impure ice on surfaces
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DOI: 10.1039/x0xx00000x The undesirable buildup of ice can compromise the operational safety of ships in the Arctic to high-flying airplanes,
thereby having a detrimental impact on modern life in cold climates. The obstinately strong adhesion between ice and
most functional surfaces makes ice removal an energetically expensive and dangerous affair. Hence, over the past few
decades, substantial efforts have been directed toward the development of passive ice-shedding surfaces.
Conventionally, such research on ice adhesion has almost always been based on ice solidified from pure water. However,
in all practical situations, freezing water has dissolved contaminants; ice adhesion studies of which have remained elusive
thus far. Here, we cast light on the fundamental role played by various impurities (salt, surfactant, and solvent) commonly
found in natural water bodies on the adhesion of ice on common structural materials. We elucidate how varying freezing
temperature & contaminant concentration can significantly alter the resultant ice adhesion strength making it either
super-slippery or fiercely adherent. The entrapment of impurities in ice changes with the rate of freezing and ensuing
adhesion strength increases as the cooling temperature decreases. We discuss the possible role played by the in situ
generated solute enriched liquid layer and the nanometric water-like disordered ice layer sandwiched between ice and
the substrate behind these observations. Our work provides useful insights into the elementary nature of impure water-
to-ice transformation and contributes to the knowledge base of various natural phenomena and rational design of a broad
spectrum of anti-icing technologies for transportation, infrastructure, and energy systems.

Introduction extensively used to study it on various surfaces such as common

. . . materials, non-wetting surfaces, oil-infused surfaces, gels etc.1% 1419
Ice adhesion to surfaces plays a crucial role in natural processes such ) o ) )
. . . . A common element in all these studies is that the ice used in them
as glacier movement and icicle formations on rocks and cliffs, the . . ] .
. . . . was formed by freezing pure water. Yet, in practical scenarios, the
latter adding an enchanting beauty to the winter landscape with ) . . . .
L . . . water freezing on surfaces is rarely pure and contains a wide variety
their intricate patterns of dripping and freezing. However, it poses a . ) o ] ] ]
. . . L of dissolved impurities that can influence the interactions between
multitude of problems in myriad applications as well.1 2 For example, . . .
. . . . L ., the material's surface and freezing water, thereby affecting the
ice buildup on various surfaces, such as airplane wings3, power lines?, o . .
. Ce . 6 . resulting ice adhesion strength. For example, organic compounds,
wind turbines®, pipelines, roads, bridges®, marine structures and . o . ) . .
. . . . . mineral dust, salts, acidic species, and biological particles are found
ships?, can result in decreased efficiency, increased maintenance | . ] o .
. . . in cloudy ice particles that are a source of icing on airplanes.?’ On
costs, hazardous conditions, and increased risk of damage and safety ) o ) ] ) ) )
) . . . marine structures, icing primarily occurs via sea spray which contains
issues. Thus, understanding the fundamental mechanisms of ice . . . . o o i
. . . . . . a wide variety of organic and inorganic impurities (Figure 1).2
adhesion to surfaces is crucial for developing effective de-icing o
. . . . . . . Oceans have an average salinity level of 3.5% (or 35,000 ppm),
technologies, improving materials with anti-icing properties, and o . - L . o
. . . . . . . consisting mainly of sodium and chloride ions, along with other ionic
ensuring safety in various fields, including aviation, energy . . . .
- . o g . species such as magnesium, sulfate, calcium, potassium, and
production, transportation, and building design.® ° In this endeavor, . . ] .
i ) ) 10.13 bicarbonate in smaller amounts.?? Dissolved organics are also
several methods, including centrifugal and shear-removal'®1? have . . )
) ) ) present in the ocean with an average concentration of 0.48 ppm,
been devised to measure the ice adhesion strength and then o .
mainly in the form of fatty esters, free fatty acids, fatty alcohols, and

surfactants (existing in the range from <0.033 to 0.52 uM)?3. Higher

a- ?:PartmeJi;AofMechanical and Industrial Engineering, University of Illinois at concentrations of organic molecules are found in the sea surface
icago, .

b.Carrier Corporation, 6304 Thompson Road, East Syracuse, NY, 13057, USA microlayer?4, and values of 70-80 pmol/kg and 100 umol/kg have

¢ Abbott Molecular Inc., 1300 E Touhy Ave, Des Plaines, IL, 60018, USA been recorded in subtropical gyres and ocean margins,

4 Argonne National Laboratory, Argonne IL 60439, USA . 22

e ANSYS Inc., 10 Cavendish Ct, Lebanon, NH, 03766, USA respectively.
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The presence of such dissolved substances in water can impact
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Figure 1. Overview of the typical contaminants in water bodies
which affect marine icing. Closer to ice-solid surface, a quasi-liquid
layer (QLL) exists whose chemical and thermal properties could be
heavily influenced by presence of impurities.

and the structural morphology of the resulting ice respectively.
Previous studies focusing on salt’s role in sea-ice formation have
shown that depending upon the freezing rate, salt-rich solution
(brine), may either be rejected or become trapped within the ice
(homogeneously or as brine pockets).2> Such brine pockets within the
ice may have salt concentrations higher than the original salty water.
Conceivably, their presence causes heterogeneity in the ice
structure, leading to a non-uniform stress distribution that increases
the likelihood of ice cracking, while their accumulation at the ice-
solid interface may alter the ice adhesion strength. It has also been
suggested that a nanometric thin layer of disordered ice, referred to
as the quasi-liquid layer (QLL), forms next to a surface during the
freezing of water, and plays a crucial role in ice adhesion strength.1®
Dissolved impurities can alter such ice-surface chemical interactions
and the properties of this intermediate QLL. For these reasons, it is
crucial to consider the effect of contaminants when studying ice
adhesion. Yet surprisingly, despite its significance, this aspect hasn’t
received due consideration in the vast literature pertaining to ice
adhesion studies over the years and several questions remain
unanswered thus far.26 For instance, the governing mechanisms
which affect impure ice adhesion strength (henceforth referred as
IAS) remain unclear. To what extent could the rate at which
contaminated water freezes be playing a role in the resulting I1AS?
Does IAS vary as a function of substrate subcooling?
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The current study aims at answering the abovementioned
questions. We investigate the adhesion of ice formed by freezing
water solutions containing varied concentrations of three different
types of impurities that are representative of the common
compounds found in natural water bodies: salt (sodium chloride),
nonionic surfactant (Triton X-100), and solvent (ethanol) on three
common industrial surfaces (copper, glass, and silicon) chilled to the
Peltier surface temperature of T,y Our findings reveal that on
moderately chilled surfaces, regardless of the impurity type, IAS
decreases even with the presence of the tiniest amount of impurities
in ice — even though the underlying surfaces are hydrophilic.
Additionally with X-Ray microcomputed tomography (uCT)
supported by molecular dynamics (MD) simulations we delineate
how ice adhesion is affected by salt concentration and substrate
subcooling which affect the geometry of channels/pockets formed
inside ice and QLL thickness respectively. We also shed light on how
the freezing rate alters the entrapment of such impurities, which
could be potentially responsible for the high IAS observed on marine
structures in frigid climates. Our results offer detailed insights into
the nature of ice adhesion in the presence of impurities having far-
reaching implications, which span from re-evaluating the existing
construct employed for quantifying ice repellency of surfaces,
understanding glacier movements, and developing freeze-protection
technologies for industrial applications.

Results

Adhesion of impure ice on surfaces. We systematically investigated
how various contaminant solutions adhere to industrial surfaces
(e.g., copper, glass, and silicon) under frigid temperature conditions
(Peltier temperature, T, = -15°C) by following standardized ice
adhesion test protocols (See Materials and methods in SI). Briefly
stated, a force probe connected to a force transducer exerts a shear
force to a cuvette-enclosed contaminant solution frozen atop the
test substrate (Figure 2a). A linear increase in force is observed until
the frozen column dislodges. Such behaviour is indicative of the
interfacial fracture of ice on the substrate from where its IAS (T,qp) is
obtained (Figure 2b). On all three substrates, this failure mode was
observed with ice prepared by freezing pure deionized water. We
tested poly-
tetrafluoroethylene) also, and consistently observed adhesive
failure, yielding IAS values consistent with literature reports, thereby

other materials (aluminum, stainless steel,

validating the reliability of our test setup and adopted protocol.1% 13
Next, we replaced pure water with 1 wt% sodium chloride aqueous
solution and froze it on the copper surface under the same
conditions, and repeated the experiments to obtain IAS. Here, weight
percentage refers to the mass ratio of the contaminant (e.g., salt) in
the bulk water of the solution. For most of these tests, the force
transducer measured a steady reduction after reaching the peak
force, instead of an abrupt decrease (Figure 2b, bottom row).
Despite the inherent hydrophilicity of the underlying substrate and
the absence of any special surface treatments on it, the IAS
measured ~1 kPa. Next, we conducted IAS experiments (T,¢ = -15 °C)
on all three substrates by substituting water with the aqueous

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Materials-Horizons

solutions of sodium chloride, Triton X-100, and ethanol of varying
concentrations. The concentration range for the salt and solvent was
from approximately 0.003 wt% to 2 wt%, whereas for the surfactant,
it was from 0.05 wt% to 4 wt%. At low impurity concentrations,
but as the impurity
concentration increased, sliding behaviour became common; at

adhesive failure remained predominant,

times accompanied by a thin liquid film trailing the dislodged frozen
column. For each contaminant and concentration, six measurements
were obtained. From there, we recorded the instances of adhesive
failure and sliding to create a probability heat map (Figure 2c)
outlining the probability of failure by either mode. It is evident that
the threshold concentration for each failure varies based on the
contaminant and underlying surface. The sliding behaviour initiated
at significantly lower concentrations of salt and solvent on glass and
silicon surfaces compared to copper. On glass and silicon, at 0.00625
wt% of the solvent, the sliding behaviour was observed with its
probability increasing with solvent concentration. Higher surfactant
concentrations were required to trigger the sliding behaviour on
silicon and copper surfaces compared to the glass. Since copper has
a higher surface energy compared to glass and silicon, it forms
stronger bonds with water (and ice) and adheres strongly compared
to the other two test surfaces.

In adhesion experiments with pure water, the sliding of the
frozen ice column and the presence of interfacial liquid film trailing
the cuvette is indicative of incomplete water freezing and constitute
a failure that must be avoided. The presence of soluble impurities in
the water can significantly increase the likelihood of the occurrence
of such events due to their impact on the colligative properties of
water, including the freezing point depression (ATj), especially if it is
similar to T,. Theoretically, AT=iksb, where iis the van’t Hoff factor,
k¢is the freezing-point constant (=1.86 K.kg.mol! for water), and b is
the solute molarity.2” The maximum AT of a solute is decided by its
solubility limit in the solvent. For the highest salt concentration (2
wt%) used in this study, ATy is of the order of ~1.3°C (with i=2 for
sodium chloride). Similarly, for ethanol and Triton X-100, the
maximum ATyis of the order of ~ 1°Crespectively; much smaller than
the temperature (T, = -15°C) at which bulk water was frozen to
form ice for the IAS tests. So, impurity concentrations tested in our
experiments were substantially below the limit necessary to inhibit
ice formation in their respective solutions. Additionally, a closeup
video recording of the impurity-laden solution’s freezing-front
movement confirmed the complete freezing of the cuvette’s
contents. Moreover, using a handheld plastic tweezer, we
mechanically probed the frozen column in the cuvette and found no
difference in its structural integrity compared to ice frozen from pure
water. Such confirmatory observations suggest that the formation of
the interfacial aqueous film (at a certain wt%) is a fundamental
feature of the freezing process only when impurities are present.

The IAS of impure ice on the aforementioned test substrates as
a function of various contaminant concentrations is showcased in
Figure 2d. Overall, the nature of IAS reduction was similar for each
impurity type across all three surfaces. IAS reduction in the presence

This journal is © The Royal Society of Chemistry 20xx

a cuvettes-
Peltier. -
force g

transducer s<fSa

b fracture

Force

sliding
Time
c salt d salt
©
0‘1 o
0.05 =
0.025 3 ®
0.01
0.005 {
077 10” Ll Pl AR LTS S
: 10°te
Surfactant E Surfactant
4.0 | O
0.25 ;CE“ 1025_
o < f
0.05 L
H 5 -@-- Copper
= 101;‘ --@-- Glass
Solvent _ --@-- Silicon
20 10° Lo . L
14 10° 8 Solvent
0.5 ®
0.1 - [ ]
0.01 o 10° N
0.0625 & 3
0.0031 ; 5
0 1 = 10 A9 '-
'
100 v g
0 020406081.0 1072 107 10°

Sliding probability Contaminant wt (%)

Figure 2. Adhesion strength of impure ice on surfaces. (a)
Schematic of experimental setup. (b) Qualitative illustration of the
typical failure modes of ice observed in our experiments. (c)
Probability heat map of the failure mechanism of contaminated ice
on various surfaces. The colored scale bar in this cluster heat map
represents the range of the quantitative probability of failure
ranging from 0 for fracture failure (powder-pink color) to 1 for
sliding failure (deep violet color). (d) Adhesion strength of impure
ice on the three test substrates as a function of impurity
concentration. Experiments were done following a standardized
test procedure wherein, T, = ~15°C, RH< 3%, solution freezing time
=3 h, and shear rate = 0.1 mm/s. All data points are represented as
mean * standard deviation, with the shaded band around each
datapoint denoting the corresponding standard deviation.

of surfactants can be attributed to the decrease in the surface
tension of water (and by extension, the surface energy of ice) that
ensued by the adsorption of surfactant molecules on the hydrophilic
test surfaces. However, to achieve a similar IAS reduction as
observed with solvent, a nearly two-fold increase in the surfactant
concentration was required. Just 1 wt% of salt or solvent was
sufficient to cause a multi-fold decrease in IAS to ~0.5 kPa on glass

/silicon and ~2-10 kPa on copper. IAS was most sensitive to the

J. Name., 2013, 00, 1-3 | 3
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presence of ethanol, with even a small concentration of 0.00625 wt%
reducing it by approximately 50% (1038.8 kPa to 591 kPa) on copper.
Conceivably, the high surface energy of copper possibly mitigates the
effect of solvent (compared to glass/silicon) to yield an overall higher
IAS on it.

Temperature-dependent adhesion of saline ice. Next, to gauge
whether substrate temperature can be a significant factor in IAS, we
systematically investigated the adhesion of solidified brine solution
on the mirror-polished copper surface over a wide window of
experimental conditions using the same shear ice adhesion test
the
representative test substrate as it is a widely used industrial metal
having versatile applications ranging from electronic products to

procedure discussed earlier. Copper was chosen as

building construction. Also, IAS testing was done on its smooth
mirror-polished version to negate any intrinsic substrate surface
roughness effects which might affect the resultant IAS quantification.
The experiment consisted of varying the substrate temperature
(-10°C to -30°C) for a wide range of salty water solution
concentrations (0.005 wt% to 1wt%) and identifying the failure
mechanism (Figure 3a). Upon close observation of the ice—substrate
interface, three failure mechanisms were seen to occur: () clean
shear-based ‘sliding’ dislodgment of the frozen solid, (Il) sliding
failure with the formation of an aqueous layer that reduced
adhesion, and (Ill) mechanical interlocking of the saline ice with the
base surface contributing to enhanced adhesion. At T, = -10°C, for
salt-water solution concentration between 0.005 wt% and 0.1288
wt%, clean breakage via shear i.e., type | failure mechanism was
observed. In such a scenario no residue was seen to be left behind
on the substrate. From 0.2525 wt% micro drops were observed to be
left behind at the saline ice-substrate (i.e., copper) interface after the
dislodgment of the column. At salt concentrations above 0.3762
wt%, aqueous microfilm instead of drops was observed. In this
regard, it is important to note that for either of type | or Il failures,
the entire solid column was fully frozen during the test. So, the
evolution of the aqueous film contributing to low adhesion strength
stemmed from the interfacial interaction of the saline ice with the
substrate. For T,y = -20°C, type | failure occurred for salt
concentrations between 0.005 wt% and 0.5 wt%, while type Il failure
occurred from 0.75 wt% concentration. In this case, the micro drops
were observed at 0.75 wt% concentration which evolved into a thin
aqueous film at 1 wt% concentration. At T, = -30°C, types | and Il
failures were not seen, with the breakage type of saline ice being
entirely cohesive (type Ill). The nature of this cohesive failure can
further be subdivided into two types with each occurring across all
the salt-water concentrations. In some cases, only a thin whitish
uniform frozen film was observed on the dislodged area post
breakage (® symbol in Figure 3a), while in other cases it manifested
as solid ridges and chipped residue of saline ice (B symbol in Figure
3a). Quantitative measurements naturally manifested as higher IAS
values for the latter case.

Preceding results make it evident that tiny amounts of impurities
have a significant impact on resulting IAS and this depends upon the

4| J. Name., 2012, 00, 1-3
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Figure 3. Effect of temperature on IAS. Adhesion strength of saline
ice as a function of substrate subcooling (RH< 3%, water freezing
time =3 hr, shear rate =0.1 mm/s). The salt concentrations at which
the interfacial aqueous film was observed post frozen column
dislodgement are marked in the bottom right quadrant of the plot.

substrate temperature. This reduction in IAS can occur via two main
pathways — through an in situ formed solute enriched liquid layer,
and the changes in QLL’s thickness due to the presence of solute. In
the following sections we shed light on the role of both mechanisms
contributing towards IAS reduction.

Mechanism of adhesion reduction of impure ice via brine rejection.
The first plausible explanation for IAS reduction is the decrease in the
solid-solid contact area between the ice and the substrate due to the
in situ formation of a non-freezing lubricating film as the impure
water freezes. Freezing in the presence of solute has been
extensively studied in the literature for various applications such as
ice templating,?® 2° freezing desalination,3 and sea ice formation.?®
For small molecules like salts/surfactants/solvents, their diffusion
rate (~107% cm?/s) is much smaller than the thermal diffusivity of ice
and water (1072 and 1073 cm?/s respectively) because of which steep
solutes concentrations build near the ice-water interface. In regions
preceding the freezing front, where the solute concentration is low,
secondary nucleation may occur creating a second freezing front.3!
As a result, solutes get trapped within the two freezing layers. The
solute concentration in such trapped regions can become very high,
despite their low initial concentration in the virgin solution. This
hinders their solidification by depressing the freezing point of the
resultant solution. For salt as the solute, this phenomenon has been
shown to be responsible for the formation of brine pockets trapped
within the sea ice.3? Presuming that similar behaviour occurs with
other solutes also, these solute pockets can contribute to decreased
IAS in two ways. Firstly, some solute pockets can stochastically form
at the impure ice-substrate interface. Secondly, as solute pockets
away from the interface start to freeze, their freezing cause a volume
increase (~ 9% for brine), forcing the liquid solute out of the pockets
preferentially along the grain boundaries and along the direction
parallel to gravity (Figure 4a).?® 33 We hypothesize that as a
consequence of either mechanism, a solute enriched liquid layer
(SELL) evolves at the impure ice-substrate interface contributing to
the reduced IAS. The evidence of such SELL was observed in our
experiments post ice column dislodgement, examples of which are

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Governing mechanisms behind IAS reduction in impure ice. (a) lllustration depicting drainage of solute pockets which leaves
behind air channels and forms a solute enriched liquid layer (SELL) between the ice and substrate interface. (b) Example images showing
evidence of SELL at -15°C (<5%RH) for the case of 0.1 wt% and 1 wt% NaCl-ice after the ice was sheared from the surface. (c) Side-view
image of an ice column formed by freezing 1 wt% NaCl solution at -15°C (<5%RH). (d) Three-dimensional view of air channels at the middle
and bottom sections of salty ice formed by freezing 0.1 wt% and 1 wt% NaCl solution respectively at three different temperatures (268K,

258K and 205K). (e) Corresponding average pore diameter (dpore, avg) in ice shown in (d). Three-dimensional views of (f) air and (g) salt
channels/pores of 1wt% CsCl in ice at —=15°C. (h) lllustration depicting the evolution of QLL with decreasing substrate cooling. (i) MD

simulations results showing the QLL variation in 1 wt% NaCl doped ice for different substrate temperatures. (j) QLL width variation as a

function of substrate temperature and salt (NaCl) concentration. All scale bars are 1 mm and color bars represent the pore diameter (mm).

shown in Figure 4b for the case of 0.1 wt% and 1 wt% salty ice. Since
the formation of such a layer is tied to the formation of pockets
/channels and brine rejection from them, we conducted X-ray uCT
experiments to study them using a custom built sample holder
(Materials and Methods, Supporting Information). We tested salty
ice of varying concentrations (0.01 to 1 wt%) at three different
temperatures. The ice column exhibited longitudinal optical
transparency variation, with the lower portion (formed closest to the
Peltier) being generally more clearer than the farther sections,
(Figure 4c). Consistent with the macroscopic observations, three-
dimensional scans of these sections of the briny ice columns in uCT
revealed a higher pocket/channel density in the mid-section of the
ice column compared to the bottom section (Figure 4d). Such
channels/pockets form even in pure ice due to air entrapment during
the freezing process (Figure Sla-c, Supporting Information).
Previous uCT experiments of sea ice have revealed that both brine
and air pockets can form within it.3* In our tests, the air pockets were
clearly distinguishable but the brine pockets weren’t (Figure 4d and
Slc, Supporting Information). This is likely because, sodium and
chlorine have low attenuation coefficient (0.4 cm?/g and 0.9 cm?/g
at 45 KeV respectively), because of which X-rays can pass through the
NaCl channels with relatively little absorption or scattering, making

This journal is © The Royal Society of Chemistry 20xx

them almost invisible. By applying a very conservative thresholding
process, we identified NaCl pockets/ channels (Figure 4d and S1d,
Supporting Information), nevertheless, such identification is highly
subjective and user dependent. To conclusively prove the presence
of brine channels, we formed salty ice using 0.1 and 1 wt% Caesium
Chloride (CsCl), leveraging Caesium’s high attenuation coefficient
(18.6 cm?/g at 45 KeV)3® and repeating uCT experiments as in the
NaCl These representative experiments confirmed the
formation of air and CsCl salt channels (Figure 4f, g) which bolsters
our original inference that similar salt channels also exist in cases of

case.

briny ice made of NaCl solution. For example, the freezing rates of
briny ice formed on a highly supercooled surface are higher than sea
ice that forms at lower freezing rate3®, affecting the
size/concentration of brine channels. This aspect is discussed in more
detail in the penultimate section of the manuscript. It is also plausible
that some of these pockets or channels initially contained a higher
brine concentration which subsequently drained during the freezing
process. Finally, the brine inclusions within the ice could also be
smaller than the instrument's resolution (voxel size of 10 um).
Examining the details behind such possibilities is however beyond
the scope of the current work and a topic for future studies. As the
substrate temperature is lowered, the increased solidification could

J. Name., 2013, 00, 1-3 | 5
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lead to a reduction in the pocket/channel size. This reduction was
observed in ice formed at 268 K to 258 K (Figure 4d and 4e) in both
the bottom and middle sections of the ice column. However, the ice
formed by freezing brine at ~205 K showed an increase in density and
average pore size of open channels/pockets (Figure 4e) — likely as a
result of increased entrapment of air due to ultrafast freezing.
Increased freezing may drive out more of the trapped solution
simultaneously which potentially explains the increase in IAS as the
temperature is decreased from -10°C to -20°C even though IAS
decreased with increasing salt concentration (Figure 3). When the
substrate temperature is decreased below the limit achievable by
maximum freezing point depression, the entire trapped liquid will
eventually freeze. For example, with 23.225 wt% salt concentration
(its eutectic limit), the maximum AT of the salt-water solution is
-20.8 °C.37 Thus IAS measurements at -30°C are independent of salt
concentration (Figure 3) and significantly larger than that for pure
water because no brine pockets or liquid layer are available to lower
surface adhesion.

Mechanism of adhesion reduction of impure ice via QLL. While the
hypothesis concerning the presence of a lubricating layer lowering
the IAS is in line with the experimental observations, a secondary
mechanism, which involves the alterations in the ice structure due to
the presence of the solutes, may also be at play. Previous studies
allude to the existence of a hydrated QLL that plays an important role
in governing droplet freezing on surfaces® and controlling the
adhesion strength of ice frozen from pure water.'® 3° As mentioned
earlier, sliding failure was not explicitly perceptible for certain
impurity concentrations even though the IAS was evidently
decreasing (e.g. IAS of 0.1 wt% salt at T,,= —10°C, Figure 3). It is
possible that this decline was a result of the changes in the
disordered ice layer, i.e. the QLL (Figure 4h). The presence of
impurities in water affects the thickness and chemical properties of
the QLL but also creates inhomogeneities that contribute towards
the slipperiness of ice.*® Nuclear magnetic resonance spectroscopy
of dilute sodium chloride aqueous solutions has shown that a similar
QLL can exist at the ice surface at temperatures as low as -45°C* and
its thickness increases with increasing the sodium chloride
concentration.*® Since experimental limitations prohibit directly
probing the presence of a QLL, we employed MD simulations to
analyse the effects of temperature and salt impurities on QLL
thickness (Supporting Information). We applied a CHILL+ algorithm#?
to ascertain the QLL thickness at the ice-substrate interface by
identifying partially or fully coordinated surface molecules
representing the liquid phase. The salt ions were observed to be
precipitating near the ice-substrate interface, away from the bulk ice,
a typical phenomenon which has been reported previously.** To
examine the effect of salt concentration on the width of QLL, the
NaCl atoms are randomly placed at the interfacial ice structure, next
to the copper substrate.** Simulations show that the I, (hexagonal
ice) near the ice-substrate interface and the top free surface (right
next to the vacuum region) amorphized within the simulation time
of 1 ns at 260K in 1 wt% salt presence. The free surface

amorphization might have been triggered by the tendency of the free
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surface water molecules to move inwards in an attempt to form
additional hydrogen bonds, which subsequently produces extra
strain and disrupts the initial matrix of hydrogen bonds.** Figure 4j
depicts QLL width variation with temperature for three scenarios: no
salt, 0.4% NaCl, and 1% NaCl. As the salt ions remain segregated
along the ice-substrate interfacial layer, the bulk portion of ice away
from the interface and free surface maintains an ordered hexagonal-
ice structure. The presence of salt ions and the complex interplay
between ice-ions, ice-substrate and substrate-ions induces the
order-to-disorder transition in the interfacial ice structure. On similar
lines, a molecular dynamics study by Vrbka et al.** explored the
physics of brine rejection, in which salt ions are discharged from an
ordered ice structure into the unfrozen volume of water. The
increase in temperature triggers the rapid kinetic diffusion of the salt
ions into the multiple layers of the ice lattice, which subsequently
prompts the significant disruption of molecular ordering, leading to
the formation of a thicker amorphized layer.*® The local increase of
salt ion concentration in the ice-substrate interfacial region leads to
a considerable increase in the QLL width (Figure 4i, 4j) . The increased
salt ions ease the order-to-disorder transition of hexagonal ice into
bulk-like water, which triggers the growth of diffusional attributes
and diminished hydrogen bonding lifetime.*® Thus, the atomistic
studies indicate that even with the presence of 0.4 wt % of salt, the
QLL width surges and with increase in salt concentration to 1 wt %,
the width expands remarkably at higher temperature- observations
which corroborate our macroscale ice adhesion testing results.

Why ice still adheres to ships despite low 7,4, of saline ice? If small
amounts of impurities can indeed drive the IAS to nearly ~1 kPa, a
natural question arises as to why do marine structures in cold
climates still face problems of ice adhering to their exterior forming
from sea sprays (containing >3.5% salt). We hypothesize that the
answer to this conundrum lies in the freezing kinetics driving the
solute entrapment and rejection. The establishment of solute
concentration and temperature gradients near the freezing front
(described earlier) also results in the formation of instabilities at the
ice-water interface.*” *8 It has been theorized that if the freezing
front moves with a constant velocity (v¢), the solute distribution in
the solution at a distance £ from the interface is given by C;¢ / C; o=
1+(1/k —1)exp(-v¢&/D) for a one-dimensional system. %° Here, k is the
effective particle coefficient defined as the ratio of trapped solution
concentration (C;¢) to the bulk solute concentration (C; ), and D is
the diffusion coefficient of solute in the liquid. It is clear from the
above equation that the freezing front velocity plays a significant role
in the solute distribution. However, since the surface energy of ice in
the basal plane is larger than its other planes®, ice crystals preferably
grow slightly faster along it. This results in a disparity in the solute
distribution along the various facets of the growing freezing front,
ultimately leading to the emergence of instabilities therein. Such
instabilities can amplify over time aided by the mismatch in the
surface energies across different planes of the ice crystal, leading to
the formation of dendrites that can trap the contaminant particles
(Figure 5a). A mathematical model for the growth of such instabilities
(generally referred to as the Mullins-Sekerka instabilities®! suggests
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that particle trapping occurs only when vy exceeds a critical growth
velocity (v.)*® 4° defined as v, = apAo/(3nR) where R is the radius of
the particle, ay is the average intermolecular distance, Ao is the
balance of surface forces at the ice-solution-particle interface, and n
is the solution viscosity.*® For v > v,, particle entrapment occurs,
whereas for vs < v, rejection of all particles is possible as dendrite
formation may be suppressed (Figure 5a).°2 In other words, low
freezing velocities are required for suppressing dendrite formation.
To test this idea, we performed experiments of freezing sessile
droplets of dyed water (with Rhodamine B) as a function of substrate
subcooling and hence different droplet freezing rates. Instead of
solutes like salt/surfactant/ solvent, we used dye in these
experiments because the latter can make entrapment /rejection
phenomenon visually perceptible. For large surface subcooling (Tpe =
-8°C), the freezing rates of ~ 12 um/s were observed, and complete
entrapment of the dye occurs (Figure 5b). To get the other end of the
spectrum (vf < v,), the drop freezing rate needs to be considerably
decreased. This can be accomplished by maintaining surface
temperatures just below 0°C, as beyond a supercooling of 0.4°C,
instabilities grow dramatically.>® However, such temperatures inhibit
the probability of ice nucleation within drops. To resolve this issue,
minute quantities of silver iodide crystals were placed on the test
surface before depositing the dyed water drop on it. The substrate
was then cooled to -2°C, and as soon as the freezing front started
propagating, T,e Was increased to just below 0°C. In this case, almost
complete rejection of the dye was observed from ~80% of the water
with a corresponding freezing front velocity of ~1 um/s (Figure 5c).
Although we were unable to measure IAS simultaneously in the
absence/rejection of dye using this setup, we suggest that this
phenomenon may play a major role in the observations of high IAS
on surfaces when impure water freezes on them. Sea ice growth
rates have been studied to span from 0.01 to 1 um/s.>* Because of
00 @0 00e0 §
Vi<V, e e Rate

freezing r

V>V,
front ‘\ /
ice : ( ]

e e0:.9.89 0
‘gelge:

Figure 5. Impurity entrapment and rejection (a) Schematic
showing the dependence of water freezing rate on the entrapment
liquid. Timelapse images
demonstrating the axial progression of a freezing front within a

and rejection of solutes from a

dyed drop atop a hydrophobic surface cooled to T, = (b) -8°C and
(c) ~ 0°C. Scale bar for (b) and (c) is 1 mm.
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such small growth rates, the planar interface remains stable as the
ice shell thickens, and the resulting ice can have low salinity (<1%)
compared to that of the bulk ocean. Typically measured icing rates
on marine structures range from 0.1 to 10 cm/h that is 0.3 to 30
um/s.3¢ We hypothesize that the large thermal mass of the ocean
surrounding isolated marine structures reduces the icing rates, and
at low icing rates most of the brine is expelled from the surface
during ice formation. In conjunction with our observations (Figure 3)
of the difference in entrapment and rejection as a function of
freezing front velocities, we suggest that icing on marine structures
is mostly devoid of brine which causes high IAS on them. Proving such
a mechanism conclusively is beyond the scope of this work and needs
further investigation.

Outlook: Our study shows that impurity-laden solutions can make ice
slippery, which precludes the need for modifying the surface texture
or material chemistry of the underlying substrate for ice-shedding
applications. Our research provides a framework to re-think design
possibilities for coatings that release contaminants to alter interfacial
adhesion spanning applications which may require adhesion strength
from low to high. However, much work is needed to resolve the many
unanswered questions that have risen from this study. For example,
the mechanisms of impurity-trapped region formation (i.e., solute
pockets) are not fully understood. It is unclear what is the size and
distribution of such pockets, how the solute enriched water drains
during the freezing process and how the solute/air channels
dynamically evolve for different impurities as a function of impurity
concentration and ice temperature. The size of these pockets may
have some dependence on solid surface properties, in particular its
wettability, roughness, and thermal conductivity — aspects that need
additional exploration. While we focused on three fundamental
types of impurities, the range of contaminants present is way more
diverse in natural environments. The investigation of how their
presence (standalone or as mixtures) can affect the adhesion of
complex ice structures to solid surfaces is something to consider
designing slippery icephobic
applications. Future studies can also delve into uncovering the

when surfaces for real-world
mechanisms behind the formation of the impurity-trapped region -
the role played by the QLL and how its dynamic evolution varies as a

function of impurity concentration and freezing temperature.

Conclusions

Over the years, studies pertaining to designing coatings that are
resistant to icing have traditionally quantified icephobicity (i.e., the
ease with which ice can be removed from its surface) for the case of
pure ice only. However, the water freezing on surfaces has an entire
ecosystem of its own comprised of a multiverse of impurities. In this
study, we have systematically investigated how the presence of
impurities in the water can alter the freezing kinetics on a solid
surface leading to changes in the resulting adhesion strength of
impure ice. Our experiments with varying impurity concentrations
identify the threshold concentration for adhesive failure across
impurity species and base substrates. Depending upon the freezing
rate and surface temperature, impurities may either get trapped
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within the ice or be pushed away along the freezing front. Rejection
or drainage of solute enriched liquid during the freezing process
could be responsible for the in-situ formation of a non-freezing
lubricating layer imparting low adhesion strength to impure ice. At
the same time, MD simulations show that the presence of the
contaminant also dynamically alters the interactions of the
disordered liquid layer trapped between the impure ice and solid
surface,that could be affecting the IAS. This study represents just the
tip of the iceberg, opening new avenues for investigation of how
impure ice adheres with widespread implications across multiple
disciplines and industrial applications.
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