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Abstract: Ice accretion is a serious problem in cold climates, causing automobile and airplane
accidents, as well as severe economic losses throughout various sectors. To combat these issues, many
solutions have been developed, such as de-icing materials, which can delay or prevent the adhesion of
ice to a surface through chemical, temperature, or physical means. To effectively assess the properties
of a de-icing material, ice adhesion testing must be conducted, of which there are numerous types,
each with their own characteristics. Unfortunately, the same material, tested with different methods,
may provide very different ice adhesion values. This makes it difficult to properly characterize a
material’s de-icing properties and compare values across the literature. In this review, we identified
the main ice adhesion testing methods and compared ice adhesion values for a particular material
with different testing methods. We then discussed some of the main issues with current ice testing
methods and identified some of the main factors that may affect ice adhesion values, namely ice
quality and the use of a mold, which may significantly affect the final ice adhesion results. Finally,
we proposed a new, simple standard testing method, in an attempt to eliminate some of the issues
with current ice testing methods.
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1. Introduction

Ice, snow, and freezing rain can cause numerous issues for individuals, governments,
and industries, due to the accumulation of ice [1-4]. When snow and freezing rain accu-
mulate on surfaces and adhere, countless problems can occur such as downed powerlines,
automobile accidents, and air traffic delays or accidents [3,4]. In addition to lost time,
the economic impacts of ice accumulation can be damaging, costing billions of dollars
per year in damage and lost revenue for aerospace and insurance industries, as well as
individuals [1-4].

To limit the amount of damage caused by ice accumulation, ice removal and prevention
are required as mitigation methods. While various ice mitigation methods are currently
available, such as the use of road salt, propylene glycol, or ultralow ice adhesion surfaces,
ice often still needs to be manually removed [5-7]. Thus, surfaces with low ice adhesion
properties have been developed by researchers worldwide to delay or prevent ice adhesion
on a substrate, and many of these surfaces rely on super-hydrophobic polymeric materials
to inhibit ice adhesion [8-12]. However, testing these materials to assess their effectiveness
can be fraught with issues, as there is no one specific standard to test the ice adhesion
properties of a material. As a result, numerous methods exist for testing the ice adhesion of
modern anti-icing and icephobic materials, many of which have variables that can affect the
consensus of a material’s performance, as each research group may create its own custom
ice testing apparatus [11-14]. In addition, determining an accurate ice adhesion strength
of a material is difficult, making comparison among materials difficult. While the general
agreement is that lower force values indicate better anti-icing performance of a material, a
set standard to test ice adhesion is needed to verify material performance.
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Previous reviews on ice adhesion testing, such as one by Renneberg et al., gave a
critical assessment of various utilized ice adhesion methods and noted several factors that
may affect ice adhesion testing, such as the cooling rate, water impact velocity, humidity,
and temperature [14]. The authors then suggested a standard ice adhesion method, based
upon horizontal shear, to obtain the ice adhesion values of a substrate. Another review by
Work and Lian, in 2018, raised several valid points regarding the various issues related
to ice adhesion testing [15], including temperature, ice type, strain rate, and the effects
of geometry on the interfacial stress concentrations, which are often overlooked in ice
adhesion tests. The review article also noted that higher scatter was observed for mold
poured ice, compared to impact ice for certain substrates [15]. Although these above
reviews noted several key parameters that can affect the obtained ice adhesion, they did
not consider the effects and interactions of the mold and the mold materials that are often
used to contain the ice during static ice adhesion testing. These factors are important, as the
mold is a significant part of the ice adhesion testing system because it is in direct contact
with the ice during freezing. In addition, while Renneberg et al. suggest a horizontal
shear test as a standard, the exact mold requirements for the test were not specified [14].
Because mold materials may interact with, and affect, ice formation, crystallization, and
the final properties of the ice [16,17], this review aims to bridge this gap by assessing the
various techniques for testing ice adhesion, focusing on some of the challenges, issues, and
advantages related to the use of molds in ice adhesion testing.

We also compare some of the most applicable testing methods that may serve as an
ice adhesion standard for testing new de-icing and icephobic materials, and we propose
a simple test method that minimizes some of the issues associated with current methods,
building upon the standard proposed by Renneberg et al. [14]. Our proposed standard
stipulates metrics that were not previously considered, such as detailing a removable mold
material for the test, the thickness of the substrate under test, and the material of the force
gauge, to limit the interference of additional parameters on ice adhesion testing.

2. Ice Adhesion Testing Methods

Designing an ideal ice adhesion test or an ideal icephobic material is fraught with
difficulty. For example, a study in 2019 by Irajizad et al. noted that, although various
anti-icing materials and substrates have been proposed, many still cannot mitigate factors
that can affect ice adhesion, and interfacial ice adhesion strength and long-term substrate
durability may change after exposure to various environmental factors [18]. In addition,
many new de-icing materials have difficulty retaining their low ice adhesion strengths after
repeated icing-deicing cycles, therefore retesting these surfaces may result in different ice
adhesion strength values [18]. Furthermore, the design of the ice adhesion experiment,
which contains numerous factors, can also affect the ice adhesion strength values, as the ice
detaches from them differently depending on the substrate. For example, sample thickness
can add variability in the detachment mechanism of the ice, where normal stress dominates
crack growth, while in very thin substrates, the normal force is essentially eliminated [18].
Therefore, when assessing ice adhesion testing methods, all of these factors have to be
considered, especially the interactions between the ice and substrate, to obtain an ice
adhesion value for a material. Therefore, these parameters and factors will be further
discussed later on in this article.

While various methods exist to test ice adhesion on a flat surface, the vast majority
can be classified into two main categories: direct mechanical testing and centrifuge testing.
Mechanical testing is identified by its direct approach to dislodge the ice, and mechanical
force is applied directly to the ice to free it from the material being tested [19-21], while
in centrifuge tests, centrifugal force dislodges the ice from the material [19-25], utilizing
indirect forces. While direct mechanical and centrifuge testing represent the majority of the
research found in the current literature [11-15,20-24], additional miscellaneous tests have
emerged that involve various apparatuses and methodologies, and these will be discussed
separately in this review.
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Mechanical testing can be further classified according to the four common direct
methods, including horizontal shear test [10,25-35], vertical shear test [11,36], and tensile
test [37-39], which are schematically depicted in Figure 1. Unlike centrifuge testing,
mechanical testing can be conducted on stationary equipment, such as a tensile testing
machine or a cold plate with a push rod [27,28,36]. As a result, the ice that dislodges using a
mechanical testing approach is typically preserved and can be quickly assessed for surface
irregularities [30,31,35]. By contrast, centrifuge testing typically results in the destruction of
the ice sample, as it impacts the wall of the centrifuge testing chamber and is consequently
destroyed [22-24].

Applied
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Figure 1. Schematic showing the four most common ice adhesion testing methods reported in the

'

literature: (a) horizontal shear (push test), (b) tensile test, (c) centrifuge, and (d) vertical shear.

There are numerous challenges when testing ice adhesion, with the main issue being
the environment in which the ice is created. Ice must be tested in an optimally cold setting
but without the development of frost [3,5,6], otherwise the ice can melt or change its
structure, which can invalidate the data. Furthermore, the method used to form the ice
will significantly impact the final results, as ice structures will differ depending on the
environmental conditions during testing [30,40-42]. There are various methods to form ice
on a surface, such as a spray system [42] or using bulk water ice [27-36]. However, these
different ice formation processes will generate different types of ice with different qualities,
resulting in different adhesion strength values. Furthermore, two different fracture modes
can occur during ice adhesion testing, adhesive and cohesive, depending on various
parameters, including the substrate and the conditions during freezing [36—40]. Cohesive
failure occurs when the ice itself fails or breaks, often leaving some ice on the substrate
surface [36—40]. Adhesive failure, by contrast, is the failure along the ice and substrate
interface, resulting in a clean break [36-40].

The literature on ice adhesion testing often differentiates between static ice (non-
impact ice) and impact ice [3,4,14,15,27-38,42]. Static ice is typically formed by pouring
water into a mold and allowing it to freeze in a specific structure or geometry [27-36].
By contrast, impact ice essentially creates freezing rain, which impacts the surface of
the material and freezes [42], and these two methods will create vastly different types
of ice and thus different experimental conditions [3,4,15,27-38,42]. Because impact ice is
commonly used to assess aircraft ice accretion, it involves more complex factors than static
ice [3,4,42—44]. In addition, the precise ice area can be difficult to control, such as during
freezing spray experiments, where the ice can encompass a mock wing of an aircraft [42].

In real-life scenarios, ice will form on various structures, such as wind-turbines or
the wings of aircraft, due to the accretion of moisture over time, from freezing rain, heavy
fog, or snow [42]. Determining this type of ice accretion and accumulation is different
from static (non-impact) ice. In impact ice, the water droplets are supercooled upon impact
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with the substrate, while in static ice experimentation methods, freezing of the ice is
often gradual [15,30,36—42]. Although static ice testing methods do not directly mimic
the real-life accumulation of ice on surfaces, they do offer a much more simplified and
straightforward methods to determine the ice adhesion strength of a surface in an idealized
laboratory setting. Thus, while spray experiments are closer to a realistic environment, and
a valid method to determine ice accretion patterns on structures such as aircraft, they are
not ideal for evaluating the specific ice adhesion value of a particular surface, as they may
incorporate too many variables during experimentation, and precise ice formation cannot
be guaranteed. As a result, static ice testing offers a more idealized setting for determining
the ice adhesion strength of a material, which may be beneficial when assessing new
materials development in a laboratory setting. Thus, to provide a simplified standard, this
review focuses on testing methods involving non-impact or static ice adhesion, as itis a
more controllable environment.

Ice adhesion, which occurs through hydrogen bonding at the molecular level with
a surface [28], can be defined as the ratio of removal force over the area of the ice on the
macroscale, following;:

T=
where [ is the removal force over the area of the ice interface area, A [14,27-34]. To create
ice with a specific ice interface area, a mold is typically employed to create an ice block
with a defined area [26-35]. However, the presence of a mold can create its own set of
issues, which will also be discussed later in this review.

Lastly, one of the main issues facing testing ice adhesion involves the ice itself. Ice
is a brittle material, and the basic structure of the ice, and how it forms, will directly
affect how it behaves [30,40,41]. This inevitably means that scatter will be included in the
majority of the data, and multiple tests need to be carried out for each condition or coating
material, to assess its ice-adhesion strength. Thus, not all ice is the same, and a comparison
cannot be made between ice that is made using different methods or even under different
conditions [14,15,40,41].

2.1. Direct Mechanical Testing
2.1.1. Tensile Tests

Tensile ice adhesion can be used to test adhesion by producing a mode I failure
mechanism while the ice is encased in a mold. This method can, therefore, be unique
compared to other methods, though this method still produces stress concentrations at the
interface, between the substrate and the ice, resulting in a difference in the Poisson’s ratio
and Young’s modulus [34,36].

One of the earliest tensile test methods was proposed by Rothrick et al., in 1939 [43], as
a means of testing ice adhesion on aircraft. This method utilized two metal blocks, which
were held together by ice and pulled apart to test ice adhesion strength. However, the
authors noted that one issue was the failure of the ice itself in tension, rather than failure
at the ice-metal interface [43]. Another method, proposed by Andrews and Stevenson,
utilized a plane-strain-based tensile ice adhesion test with a polytetrafluoroethylene (PTFE)
disc in a cylindrical mold, to induce a defect into the ice, resulting in mode I fracture failure
of the ice [44]. Recent studies have also used this method to test the ice adhesion of ultralow
ice adhesion surfaces. For example, Tetteh et al. tested a self-lubricating icephobic coating
(SLIC) surface in a cylindrical chamber with a mold, using this modified tensile method
with a Teflon coated disc to dislodge static ice, and obtained a tensile stress of 0.17 MPa for
the SLIC material [38].

2.1.2. Direct Shear Testing
Push Test

Various shear ice adhesion testing methods have been developed, and shear testing is
the most commonly used method due to its relative simplicity. Within the shear testing
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category, for non-impact ice, horizontal ice adhesion testing, the horizontal shear (also
known as the push test) is the most common [26-35]. In this method, water is typically
poured into a mold placed on the surface material subjected to test, and a force is applied
either directly to the mold to dislodge the ice while encased in the mold, or the mold can
be removed, and the force applied directly to the ice using a force probe [14,15,26-35].
The maximum applied force is then recorded, and ice adhesion strength is calculated by
considering the cross-sectional area of the ice within the mold [26-35]. Numerous mold
geometries and mold materials have been used, though some of the most common are
rectangular or cylindrical glass, plastic cuvettes [26-34], or pipette tips [45]. The mold is
filled with water, and the sample material is placed on top, frozen, and then, the entire
system is inverted to perform the adhesion test (Figure 2) [26-34]. In addition, a bottomless
cuvette can be used that is simply placed on the material and filled [46,47]. Shear testing
also benefits from the use of a cold plate to cool down the substrate material directly, rather
than the cooling of the entire environment, to freeze the ice [35].

Material under test

Mold

Figure 2. Schematic of horizontal shear test, where a plastic or glass cuvette is filled with water,
placed in contact with a substrate, frozen, and then inverted to perform the test.

This direct shear, or push test method, has been commonly used to test novel super-
hydrophobic de-icing materials, such as nano-textured superhydrophobic and lubricant-
impregnated textured surfaces, as this method offers a simple surface for testing [26-35].
The ice can be directly placed in contact with the materials being tested without the need
for additional steps, equipment, or setup. For example, Qian et al. used a bottomless
cuvette to test a magnetically responsive lubricant-infused porous surface, where the
deionized water was poured into the cuvette, frozen at —20 °C, with a placed probe in
contact with the exterior of the cuvette, until the cuvette dislodged from the surface [30].
He et al. also used polypropylene (PP) tube molds, filled with water for 24 hours, to create
ice cylinders and then, used a force probe to dislodge the tube-encased ice columns at a
velocity of 0.1 mm/s [33]. Another variation on this method involves the vertical placement
of the test apparatus, where the load cell pushes on the mold vertically, as displayed
by Renneberg et al. in 2019 [13]. In Meuler et al., glass cuvettes were used, with finely
polished edges restricting the geometry of the ice at the edges, and each sample was frozen
from the bottom up using a Peltier plate to reduce the stresses in the ice [48]. However, in
the majority of studies utilizing the horizontal shear testing method, the force is applied
directly to the exterior surface of a cuvette or mold, and not to the ice itself.

Other direct shear test methods include freezing a water droplet of a specific volume
on the surface and pushing the water droplet with a small probe, as done by Ozbay et al.
and Andersson et al. [49,50]. Ge et al. also pushed a frozen water droplet, using a horizontal
probe at 1 mm/s to test and obtain the instantaneous shear force value, to determine the
ice adhesion properties of an octadecyltrichlorosilane (OTS) superhydrophobic film [51].
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Cone Test and Similar Methods

An additional shear test method was suggested by Haehnel and Mulherin [52,53],
who proposed a 0° cone test to measure the ice adhesion strength of ice (Figure 3). In
this setup, an inner cylindrical pin is contained within an outer cylindrical mold. The
pin is then centrally inserted, with a notch at the bottom [53]. The mold can be coated
with a material or substrate for testing, and then, the hollow area between the pin and
the mold is filled with water, frozen, and the pin is pulled to test ice adhesion strength.
Although this method commonly utilizes a tensile testing machine, the ice itself is put
into shear [52,53]. Even though it is not as common as the push test method, it has been
modified by other researchers, including Susoff et al. and Bharathidasan et al., who utilized
modified zero-degree cone tests to assess various coatings [54,55].

Pile Ice

__ Material under test
v Aluminum mold

/

N

Figure 3. Schematic of a standard 0° cone test to measure ice adhesion strength.

2.2. Centrifuge Adhesion Test

Centrifuge testing to measure ice adhesion strength was developed as an alterna-
tive method to direct shear testing. The centrifuge adhesion test (CAT) was developed
by Laforte and Beisswenger at the CIGELE laboratories, at the Université du Québec a
Chicoutimi (UQAC), in an attempt to create a standard method for testing the ice adhesion
strength of surfaces and substrates [56]. In this method, an aluminum beam (32 mm in
width and 30 cm in length) is loaded with a test sample, 32 x 50 mm in size, with ice
attached to one end of the beam [56]. The speed at which the ice dislodges is then recorded
to calculate the ice adhesion strength [56].

The CAT apparatus can be used to measure the ice adhesion strength by applying
a small amount of ice to a counterbalanced 300 rpm/s rotating aluminum beam, and ice
sample preparation and formations were performed in a controlled cold environment at
-10 °C[21,56]. An assessment by Renneberg et al. in 2019, conducted over 126 experiments,
tried to determine the detachment adhesion force, with the use of piezoelectrical sensor
cells, to assess the impact speed of the ice [57]. In addition, three unique ice formations
types were tested: silicon bulk-mold formed ice, multi-droplet impact ice formed by a
wind tunnel, and water freezing precipitation ice formation [57]. However, the results were
inconsistent, with a standard deviation of up to 28% [57]. Thus, while accepted common
sample preparation generally follows the bulk-mold ice formation sampling, this can be a
limiting factor when determining real-world ice formation on surfaces and structures such
as transmission lines and aircraft wing leading edges [21,56,57].

2.3. Miscellaneous Test Methods

Other than direct shear and centrifuge testing, other miscellaneous tests have been
developed throughout the years. A few of these methods, such as beam, peel testing, blister,
and laser spallation, will be briefly described here, as examples of alternative miscellaneous
ice adhesion tests.
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2.3.1. Beam Testing/Bending

A simple 3-point or 4-point beam loading method can be performed on in-situ bulk-
mold formulation fresh and sea ice, and the flexural (bending) strength resistance of
ice behavior has been a research interest for the past half a century to determine beam
loading forces of ice sheets in freshwater and seawater [58,59]. For example, several factors,
such as temperature, columnar grain structure, sample size, and salinity, were considered
during experimental testing conducted by M. Karulina et al. [58]. With over 1.5k tests, the
researchers determined flexural strengths for freshwater ice fell between 0.275-0.807 MPa,
and seawater ice was between 0.109-0.415 MPa [58,59], and salinity (soluble salts) present
in the ice was also a key factor in ice flexural strength. Additionally, a previous study,
conducted in 1989, indicated the importance of grain structure and isothermal temperature
effects on fresh and sea ice beams, indicating higher flexural strength beams at <0 °C and
ice columnar grain orientation [59]. Experimentation on the bulk-mold formation of ice
samples was extensively conducted. However, there is the possibility for testing analysis
on low-density ice formation with varying masses that may provide comparable data for
experimentation in the future.

2.3.2. Peel Test

Testing the surface ice adhesion strength of solid substrates can also be assessed using
the peel method, though this method has not been thoroughly investigated in the liter-
ature. A NASA study, conducted in 1987, used two experimental methods to measure
shear adhesion and peeling [60]. Peeling force measures were obtained in environmen-
tal conditions indicative to aircraft with the consideration of the different icing forma-
tion conditions. Although the shear strength of different ice formations varied between
0.28-0.34 MPa, with the highest strength at 0.83 MPa, the thickness of ice, densities, and
adhesion to the substrate were not systematically determined [60]. Peeling strength val-
ues varied from 5.25-8.75 N/cm [60], and the authors noted that peeling strength was
considerably lower with increasing peel angles on stainless steel and neoprene substrate
material [60]. No additional data were provided to examine concentration stresses or
validation of their experiments. However, it is possible the peel test provided limited single
mode I failure results.

2.3.3. Blister Test

A blister test utilizes the metal shaft-loaded ice substrate interface to produce a crack
propagation from a defined crack initialization area on the ice substrate layer. This test
configuration is designed to measure the fracture energies over the various ice thicknesses
and surface irregularities (roughness) [61]. Gluffre et al. analyzed the various mechanical
surface fractures between an aluminum-plug impactor force on the ice sheet by using
optical microscopy [61]. The experimental results produced stable crack propagation
with a roughness of root mean square (RMS) value of 0.35-0.55 um [61]. However, the
fracture energies to initiate fracture in rough surfaces were unchanged, while smooth
surfaces were shown to have somewhat lower average fracture energies [61]. Although
rather inconclusive, this study’s experimental configuration found surface irregularity and
smoothness to be independent of fracture initiation with mixed failure modes.

2.3.4. New Ice Adhesion Testing Methods

One novel method for testing ice adhesion is laser spallation, which can be considered
a modified version of the tensile test method. Saletti et al. also used laser spallation,
which was adapted from the spalling test for polycrystalline ice, though this method has
rarely been mentioned in the literature and though it provides a novel approach for ice
adhesion testing [41]. In this technique, ice is encased in a mold and placed on a substrate
surface. Then, a high energy pulsed laser is used to evaluate the tensile strength behavior
of polycrystalline ice, by creating compressive stresses within the substrate [41]. These
stresses propagate in the form of a tensile wave, at the free boundary, which impacts the
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ice and releases it from the substrate, providing an ice adhesion value. Archer et al. also
used laser spallation to induce compressive stress waves, which acted as a tensile pulse on
the substrate, removing the ice from the surface at a high amplitude [62].

With the increasing development of icephobic and de-icing materials using nanoscale
fabrication techniques, determining ice adhesion strength at the nano and micro level is
becoming increasingly important. In addition, ice adhesion strength testing at the micro-
or nano-scale may offers more precise values, though it requires more expensive and
complex equipment. For example, Matsumoto et al. used scanning probe microscopy
(SPM) to test the ice adhesion strength of materials at the nano-scale level and found that
ice adhesion values were higher values at the nanoscale level compared to macro-scale test
results [63,64]. Building upon this, in 2018, Loho et al. used a novel nanoscratch technique
to determine the ice adhesion strength of materials at the micro and nano level [65]. The
researchers used a fluid cell tip made from Macor, a type of ceramic, to avoid thermal
conduction and prevent the melting of the ice droplets during testing. The nanoscratch
test consisted of three steps, where the fluid cell tip was moved up and over the sample, at
certain increments [65]. During the nanoscratch, the tip was positioned 5 pm above the
surface to measure sample tilt. Then, 150 uN of axial force was applied to the micro-nano
sized water droplets, which were sheared off the substrate. The results demonstrated
considerably higher ice adhesion values for stainless steel, compared to other shear tests.

3. Discussion
3.1. Issues with Current Ice Adhesion Testing Methods

Ice adhesion testing involves numerous factors, including the outside environment,
the material or substrate being tested, temperature, the freezing rate, and the ice itself,
which can change depending on a variety of factors under various experimental conditions,
and can vary according to each test or experimental method. As a result, a tested substrate
material, using different ice adhesion testing methods, may exhibit vastly different ice
adhesion strength values. For example, as shown in Figure 4, the literature provides a range
of possible ice adhesion strength values for uncoated aluminum surfaces, both polished
and unpolished, between -9 and -15 °C, when tested using four different types of ice
adhesion tests (laser spallation, direct shear, centrifuge, and tensile). In this particular
example, ice adhesion strength values can encompass a large range, depending on the type
of test, and even for the same material. Laser spallation had the largest value in this sample
set, with a value of 180 MPa [62], while centrifuge testing exhibited some of the lower
values (strengths), ranging from 0.42 to 0.24 MPa [13,21-25]. An even greater difference in
values was found among the shear testing group, ranging from 4.5 to 0.11 MPa [38,39].

While some of these differences can certainly be attributed to the experimental con-
ditions and variations in sample preparation, an identical material, tested in the same
study but with two different methods, may also exhibit completely different values. For
example, Yang et al. tested a bare aluminum surface at -8 °C using tensile and shear test
methods and obtained ice adhesion values of 1.54 and 1.21 MPa, respectively [39]. Tensile
testing can also result in two different fracture modes, adhesive and cohesive, depending
on variables such as the substrate under test, the ice structure that formed during the test,
and the exact placement of the PTFE disc location [39]. Thus, even identical materials may
give entirely different results, depending on the test method. This makes it exceedingly
difficult to compare ice adhesion values across the literature and verify and validate the
anti-ice adhesion behavior of various new materials, as the testing method may greatly
influence, and potentially skew, the resulting ice adhesion values. Centrifuge testing may
be especially prone to these issues, and the failure mode may be difficult to discern, due to
the speed of the test and the effects of wind before complete separation of the ice, which
may act on the ice differently if there are slight variations in ice structure, shape, or texture.
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Figure 4. Ice adhesion strength values of an aluminum surface, tested using four different ice adhesion methods (laser spal-
lation, direct shear, centrifuge, and tensile), between -9 and —15 °C. Data obtained from [13,21-25,38,39,49,62,66-72].
* Polished or mirror polished aluminum surface. t Bare aluminum surface, as-received, or otherwise untreated

aluminum surface.

To determine some of the reasons for discrepancies in the aforementioned ice adhesion
tests, various factors in the different test methods must be assessed. One possible source
for variability is the mold that is used to hold and fabricate the static ice samples for ice
adhesion testing. Molds appear to be a primary source of variability in the literature, as
research groups currently use molds to contain various geometries, materials, and positions
to contain the ice for ice adhesion strength testing [35,73]. In the most common test method,
the horizontal push test, many studies have utilized plastic or glass cuvettes or pipette tips
to form the ice, where the material being tested was placed directly on the cuvettes [21-34].
In addition, most of these molds could not be removed prior to testing, as most glass, and
even plastic molds, are rigid and thus non-removable [35,73]. As a result, a few issues
may occur, one of which is the lifting of the mold casing from the surface, due to the
expansion of the ice as it crystallizes, forming a gap between the bottom edge of the mold
and the material surface being tested, as shown in Figure 5a,b (red dotted circles) [73].
Consequently, when a force is applied to the exterior of the mold, as is often done in
many of the horizontal and vertical shear tests in the literature, this gap may act as a crack
initiation point [73]. Thus, the sample lifts from the substrate as the force is applied, and a
wedge crack forms (Figure 6a,b) [73]. As a result, the force probe acts on the mold, rather
than the ice itself, and the entire system, including the mold and the ice, are subjected to the
test rather than just the ice itself. The gap between the mold and material under test will be
detrimental to the test, as the ice will experience higher peeling forces under the action of
shear, and these forces will occur on the side where the force is applied [68,73]. Therefore,
displacement will occur not just in the x-direction (ux) but also in the y-direction (uy) [73].
Numerical analysis of this issue by Woll, in 2018, showed that this type of ice adhesion test
can inherently cause rotation of the ice when pushed upon by a force probe [73], and this
issue may also occur in cylindrical molds.



Standards 2021, 1

126

-

Figure 5. Bottomless rectangular steel (a) and polycarbonate molds (b) used for horizontal shear
testing, with dotted circles showing the resulting gap that forms after freezing at —10 °C [73].

oy
Y

~
Crack initiation
-

‘—

Figure 6. Gap between the mold and the substrate caused by the expansion of the ice during
crystallization (a), and resulting wedge crack upon loading (b).

As a result, a horizontal shear test can become a multimodal test, rather than a
pure shear test, resulting in a consistent failure initiation site that is detrimental to the
determination of ice adhesion strength. Thus, the presence of a mold may increase the
amount of rotation and result in artificially lower obtained ice adhesion values [35,73].
Subsequently, large disparities in ice adhesion values may occur.

Another factor is the material of the mold itself, which can significantly affect the
quality of the ice, as well as the expansion rate of the ice, due to thermal effects of the
mold such as heat transfer and heat capacity. The formation of ice and crystallization are
affected by surrounding conditions such as temperature and atmospheric moisture, and
under normal above-freezing conditions, liquid water molecules will continuously break
and reform hydrogen bonds in a non-uniform fashion. However, upon freezing, the water
molecules in ice become fixed, and the resulting ice crystal will form various shapes such
as plates, dendrites, or columns, and the hexagonal arrangement of water molecules is the
most common [17,18].

If the water is encased in a mold, the mold material may affect the ice structure, due
to the instability at the mold/water interface [17,18], and the temperature difference from
the chill zone to the center may result in a temperature gradient, AT. This temperature
gradient can create variability in the liquid temperature of the supercooled area ahead of
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the liquid interface, causing ice crystal instability and dendrite formation [17,18]. Further-
more, if changes in heat occur, the liquid water may undergo crystallization instability,
and the solidification process becomes dendritic [17,18], which can also affect ice adhe-
sion strength values. Metal materials may be especially prone to equiaxed growth with
different ice morphologies, causing thermal dendrites to form, due to their high thermal
conductivity [17].

An ideal form of ice nucleation would be homogenous crystallization, where the
ice shows no clear directionality [17,18]. However, for ice to undergo homogenous ice
nucleation, the water would have to be free from any interactions with a mold or container
surface, impurities (solutes), or other variables. Experimentally, this is nearly impossible to
do, therefore nucleation and ice solidification more likely occur as a result of heterogeneous
nucleation, where variables such as impurities in the water or a mold surface may affect
crystallization and, consequently, ice stability. Interfacial stability can result in unstable ice
structures, which can ultimately affect the ice adhesion strength when measured experi-
mentally. In a cubic mold, dendrites will form with preferred growth directions, because
the water in the mold center will be at a different temperature than the water that is closest
to the mold, resulting in fine nucleated ice crystals at the mold surface [17,18]. This may
especially result in directional dendritic patterns forming in molds made of metal or glass.
As shown in Figure 7a—c, the metal mold (c) exhibits a highly directional dendritic pattern,
the polycarbonate shows moderate distribution (b), while a silicone rubber mold shows
the growth of ice without obvious directionality (a), by comparison.

Figure 7. (a—c): Digital photos of ice forms in various bottomless cubic molds (a) silicone rubber,
(b) polycarbonate, and (c) steel.

As a result, even under identical conditions, the mold material may result in lower
ice adhesion values, for example, if a polycarbonate rather than a glass mold is used,
even if the geometries of the mold are identical [35,73]. For instance, when geometrically
identical steel and polypropylene molds were used to determine the adhesion strength of a
polydimethylsiloxane (PDMS) substrate, vastly different values were obtained, 9.56 kPa
and 13.86 kPa, respectively, even under identical test conditions [73]. However, when ice
was formed in a removable silicone mold with the same surface area, removed, and then
tested, the resulting ice adhesion strength was 24.06 kPa [73].

The above mentioned factors may be attributed to the differences in the cooling rate
of the water as it crystallizes into ice, due to the differences in heat transfer rates of the
dissimilar materials, and ultimately, this may cause ice with different brittleness qualities
to form. Thus, ice that forms in a mold with a high thermal conductivity value, such
as aluminum (~237 W/m-K), will have vastly different properties than ice made in a
polycarbonate mold (~21 W/m-K) [17,18,73,74]. This effect may apply not just to a small
cuvette or pipette type molds, but also to cylindrical cone tests, where aluminum molds
are typically used. As a result, metal molds, due to their thermal conductivities, may create
brittle ice that results in lower ice adhesion values upon testing, which has been shown to
affect ice adhesion testing [17,18,35,41]. Therefore, if the quality of the ice is not controlled
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from one test to another, or even within the same test category, it can be difficult to obtain
an accurate ice adhesion measurement.

Ronneberg et al. noted that, during various experimental setups, ice nucleation
conditions can vary, as the rate of water freezing results in different ice densities [13,14].
This micro-structural freezing deviation has also been cited in other ice studies [15,17,18].
An indeterminate freezing density effect of water can alter the ice mass and thickness
(volume) of the three types of ice samples. Mass density within tested ice samples can be
uncertain; therefore, an undetermined density in combination with the variable thicknesses
added uncontrolled variation in the experimental observation. The authors accounted for
the systematic aberration to ensure data accuracy; however, the adhesion strength can be
considered erroneous when comparing three different types of ice formation that differ in
mass and thickness. Thus, in an ideal ice adhesion test, rapid freezing of the ice should
be avoided. Irajizad et al. also noted the role of material thickness on ice adhesion, citing
that, when assessing ice adhesion, the ice adhesion reduction factor is a critical metric
for assessing the ice adhesion strength of substrates with a uniform thickness, and this
factor is non-dimensional [18]. This consideration also adds complexity when determining
ice adhesion values, as the force dominating crack growth may be different from one
substrate to another, especially with advanced materials such as magnetic slippery surfaces
(MAGSS) or other substrates that induce a liquid-to-liquid interface [18]. Thus, when
considering the thickness of different materials, this factor should also be taken into account,
to acknowledge the variability between samples due to the differences in crack growth.
Maintaining a universal thickness among substrates could also address environmental
erosion and loss of anti-icing properties, as some substrates that are thicker may delay
material loss, or loss of properties. Therefore, to do a proper side-by-side comparison,
uniform thickness for different substrates could help to eliminate additional variabilities.

Other methods that do not use a mold, such as the water droplet method, may also
have issues due to their size and a surface adhesion area that is too small for comparison
with other test methods. The overall surface area of the water droplet itself may also be too
large, causing the water droplet to freeze too quickly. In these tests, the surface area is much
greater compared to other tests, due to the small volume of water, and the crystallization
rate of the ice may be difficult to control. As a result, controlling the freezing rate of the
water, to create a standardized test, is just as critical as the test method itself.

Another factor is the thickness of the substrate material being tested. Especially for
non-rigid materials undergoing a horizontal push test, peeling forces may be generated
as the ice undergoes shear. This may increase with increasing thickness, and adhesion
strength values may thus decrease with increasing substrate thickness, even for the same
material substrate type. This may, again, be due to the vertical displacements that will
increase as sample thickness increases. In addition, this may be especially pronounced in
experiments where a mold is present, causing the mold to ‘dig’ into the substrate on the
opposite side of the force probe, and this phenomenon may be especially pronounced if
the substrate material is very soft [73]. As a result, thinner samples of soft materials will
generate increased adhesion strength values, and when testing materials for ice adhesion,
thinner substrates would be preferred over thicker substrates, to minimize this effect.

Lastly, in a shear test where a force probe is applied, the position of the force probe
may affect the final ice adhesion values as well, due to the vertical displacements increasing
with increasing probe height from the substrate surface. Therefore, a force probe that is
too far (vertically) from the surface, may produce more torque, which will rotate the ice
rather than produce pure shear [73]. Thus, to reduce vertical displacements, the force probe
should be located as close to the bottom of the ice as possible, to minimize the development
of vertical displacements, and avoid this issue.

3.2. Proposed Standard for Testing Ice Adhesion

There have been a few attempts to create a standard test to measure ice adhesion
strength. In fact, the 0° cone test was proposed as a standard method for measuring ice
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3 mm thick
removable
rubber mold

Material under test

(2 mm thick)

adhesion in 1998, by Mulherin et al. [53]. Other attempts at commercial standardization
have also been put forward, such as by Wang et al. who, in 2014, proposed a vertical shear
test method using standardized commercial equipment [36]. However, these methods
utilize non-removable molds, and thus contain some of the issues described above.

To resolve some of these issues, we propose a simple, standard horizontal shear
test for testing anti-icing substrates and materials that do not require extensive setup or
equipment, and a schematic of this test setup is shown in Figure 8. This test utilizes some
aspects of the horizontal shear test, with a few modifications, in an attempt to prevent
some of the issues that may arise from previous test methods. While Renneberg et al.
also proposed a simplified standard shear ice test in 2020, but the proposed test did not
specify several factors discussed in this review, specifically the encasement of the ice in a
mold, the type of ice that forms when in contact with a mold, the thickness of the substrate
under test, or the material of the probe, all of which can interact with the ice and affect
the resulting ice adhesion values [14]. Therefore, this standard improves upon previously
suggested standards by eliminating some of the issues associated with ice formation when
it interacts with an unsuitable mold material. This proposed method is intended to be
simple, inexpensive, and accessible for the majority of substrates, while also reducing the
number of variables that can affect ice adhesion strength.

Pull tab, allowing the mold to be
easily removed

Cross plates to
secure material
under test

25 x 25 x 25 mm
cube

Cold plate
Controlled

height of probe (2 mm)

Force probe

Figure 8. Proposed standard for horizontal ice adhesion testing, with the use of an easily removal one-time use mold.

In this setup, a 2 mm thick substrate material (to undergo ice adhesion testing) is
secured to a cold plate at —10 °C with screws and two cross plates to properly secure
the material to the system and prevent movement during testing. By maintaining a
standardized thickness among all tested substrate materials, the substrate thickness effect
would be minimized, and comparable values could be obtained. Maintaining a standard
substrate thickness would also diminish the effect of the ice ‘digging’ into the substrate
being tested. This is especially important for soft materials, such gels, which may exhibit
different ice adhesion strengths depending on their thickness [73]. In addition, the cold
plate below the substrate would provide a stationary location for freezing the ice on the
surface, without the need for the system to be placed in a freezer, though environmental
temperature and humidity should still be controlled.

A disposable cubic, 25 x 25 x 25 mm bottomless 3 mm thick non-stick silicone rubber
mold could then be placed on the substrate surface. The mold would also feature a slit along
the corner side, combined with an integrated quick-release pull tab, as shown in Figure 8.
This slit, which would be joined with mild adhesive, would allow for the rubber mold
structure to securely hold water while it freezes, but still allow for the mold to be quickly
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removed by pulling the mold apart at the slit. Of note, this design would be one-time
use, as the adhesive would likely deteriorate after initial use. Nevertheless, by integrating
a quick-release tab, the mold could be removed by peeling it off the surface of the ice
horizontally, rather than forcefully pulling the mold upward. Traditionally, removing a
mold can inadvertently push or pull on the ice if done incorrectly or too forcefully, affecting
the adhesion of the ice, the bonding with the surface, or even causing the ice to melt. This
is especially true for low ice adhesion surfaces. Therefore, handling the ice during or after
crystallization should be minimized, as it can affect the ice adhesion results. Consequently,
the mold must be easily removable with minimal impact, and this proposed design would
reduce the handling of the ice after freezing.

The mold material type also offers specific benefits in terms of thermal proper-
ties, as rubber materials, including silicone rubber, offer low thermal conductivities (i.e.,
0.16 W/m-K) compared to other materials, such as metal or glass [74,75], and are inher-
ently non-stick and removable but still sufficiently stiff to ensure a uniform ice specimen.
Therefore, the rubber mold material would minimally affect the development of the ice,
creating less dendritic and more homogenous ice with fewer imperfections, as shown in
Figure 7a. After water is added and frozen, this mold can be easily removed, leaving just
the clear ice on the surface and eliminating the effect of a mold during the experiment.
Furthermore, the use of distilled water would reduce the effects of solutes or contaminants
on ice crystallization, which can cause the ice to undergo heterogenous ice nucleation.

A 2 mm diameter force probe, coated with a 1 mm layer of silicone rubber, is then
placed 2 mm above the substrate, in direct contact with the ice. As mentioned by Loho etal.,
force probes that are metal may inadvertently interact with the ice, either by superficial
surface melting if the outside environmental temperature is too high, or adhering to the ice,
if the temperature is too low [65]. Therefore, by thinly coating the probe with a polymer
coating, this effect may be minimized or prevented. In addition, by placing the force probe
2 mm above the surface, any vertical displacement effects would be minimized, such as
torque, during testing [73]. Thus, the 2 mm probe placement allows for enough clearance
for the substrate and is sufficiently close to the surface to minimize vertical displacements,
but it also prevents the probe from dragging on the substrate surface. Lastly, a probe speed
of 0.025 mm/s would dislodge the ice from the surface, while also preserving the ice for
further analysis.

This test setup may also be helpful in preventing cohesive failure, as the ice would
be more homogenous and less dendritic, and the location of the probe minimizes vertical
displacements that may lead to undesirable results. Nevertheless, if metallic substrates
were tested, dendritic ice would likely still form due to the interactions between the ice
and the metal surface. However, directionality, due to the presence of a mold, would still
be eliminated, thus offering a more representative ice adhesion strength value.

4. Conclusions

Ice adhesion testing is a complex process fraught with numerous variables, such as
the environment, humidity, ice quality, and mold type. After considering and discussing
several common ice adhesion testing methods, we proposed an ice adhesion testing system
that is simple, cost-effective, and can be used in nearly any environment or laboratory
setting. This test eliminates some of the main variables that can affect ice adhesion testing,
such as mold surface interactions, heterogenous and brittle ice formation, substrate thick-
ness variability, vertical displacements, and multimodal failure, thus creating a test that is
as close to pure shear as possible. This method also avoids issues associated with other
ice adhesion testing methods, such as tensile tests, which can result in failure of the ice
itself in tension, rather than failure at the ice-metal interface. It preserves the ice, allowing
for follow up analysis, unlike in centrifuge tests where the ice is destroyed. Ensuring
ideal conditions for ice adhesion testing is difficult, due to the numerous factors that can
affect the test. However, with our proposed test setup, more uniformity between tests may
be achieved, allowing for better comparison among different materials, and potentially
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between different research groups. Therefore, while this method may not be ideal for
all scenarios or experimental approaches, it may provide a more idealized environment
for pure shear or horizontal ice adhesion testing. Furthermore, by eliminating some of
the factors that may complicate testing, such as expensive equipment or non-removable
molds, this method may provide a simple, yet feasible, approach for potentially achieving
standardized ice adhesion testing in the future.
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