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The interest in the development of icephobic surfaces has pushed towards the definition of standardized pro-
cesses and parameters to assess ice adhesion, with the ambition of identifying an equivalent method to contact
angle measurements used to assess wetting properties. Although most studies focus on the average ice adhesion
strength, measured as the force per unit area required to detach ice, much less attention is paid to interfacial
toughness, perhaps as its measurement is challenging. In this article, we provide a conceptual framework to

correctly measure both ice adhesion strength and interfacial toughness, even using a simple push test method,
laying the ground for a complete and comprehensive assessment of surface icephobicity.

1. Introduction

Ice can have negative effects that endanger both equipment and
human life. In the last decade, icephobic materials and coatings have
experienced a broad interest in the research community, resulting in
many different test methods to characterize and evaluate novel surfaces
[1-3]. Recent reviews have shown that different test systems can pro-
duce ice adhesion values that vary by as much as an order of magnitude
for the same substrate [1,4].

These discrepancies are generally attributed to the influence of stress
concentrations [5], often without specifying their magnitude or even the
qualitative properties of the stress distribution [1,6]. In a previous study
we analyzed the stress distributions at the ice-substrate interface for a
cylindrical ice sample on a horizontal shear test (representation of the
configuration in Fig. 1A) using a hybrid numerical and experimental
approach [7]. The stress distribution was mapped for different pushing
heights (distance between the force application point and the substrate)
and we found that in the tested conditions the minimum shear stress,
rather than the average or the maximum shear stress at the interface,
controls ice adhesion. As a results, ice detachment occurs when the
critical stress is exceeded over the entire interface. Depending on the
geometry of the ice block, however, we also observed that critical stress
is no longer the determining quantity when propagation of the crack is
visible [7].

It is important to understand the fundamental fracture mechanics
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that control the detachment of ice when performing ice adhesion tests.
In general, two different fracture mechanisms can be identified: stress-
or toughness-dominated fracture [7-16]. The interface characteristic
length scale plays a primary role [9]. Small interfaces typically exhibit a
stress-dominated behavior, where the failure of the interface is instan-
taneous. Differently, larger interfaces are controlled by toughness and
are characterized by a gradual crack propagation (Fig. 1B and 1C)
[9,17-19]. To determine whether the fracture is controlled by stress or
toughness, the concept of cohesive length can be employed [9,12,17].
According to this theory, the critical length L., at which the transition
between the two fracture regimes occurs, scales as

L.xG.Ei.h/72, where G, is the interfacial toughness, Ey., is the elastic
modulus of the ice, h is the height of the ice block, and 7 is the adhesion
strength.

Measuring and comparing shear adhesion strength is only mean-
ingful under stress-dominated conditions. Otherwise, in the case of
toughness-dominated fractures, the detachment of the ice is controlled
by the strain energy release during crack formation [8,10,11,14].
Nonetheless, most studies do not report any consideration relative to the
detachment conditions.

Literature suggests that even when ice adhesion tests are repeated
multiple times in the exact same manner, the standard deviation can be
up to £20 % depending on the ice type [1,4]. Several factors, e.g., the
water flow before freezing, micro-scale surface roughness, heat transfer
processes, and/or the ice crystal structure have been identified as a
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Fig. 1. (A) Representation of a model horizontal push test with cylindrical bulk
ice sample. D is the inner diameter of the mold, h denotes the force probe
pushing height, m is the mold thickness, and the height of the ice column inside
the mold is denoted by H. (B) For small interfaces, the fracture is typically
stress-dominated. In these conditions, instantaneous separation of the ice from
the substrate occurs, without crack propagation. (C) Large interfaces fail by
toughness-dominated fracture. This mechanism is characterized by a gradual
propagation of the crack.

Ice

Substrate

possible cause of this large standard deviation [4,20,21]. A recently
published round-robin ice adhesion study with identical test surfaces
and different test configurations confirms that assessing ice adhesion
simply as the average shear stress r = F/A results in discrepancies up to
an order of magnitude [22]. This result confirms once again that the
average shear strength is not a material intrinsic property.

To have a complete characterization of the substrate, the ideal ice
adhesion measurement setup should allow to characterize both the
critical adhesion stress as well as the toughness. In this study, we lay the
ground for a more comprehensive assessment of surface icephobicity,
aiming to define a standardization of icephobicity measurement for the
icing community. The first contribution of this work is the precise
measurement of the adhesion strength by analyzing the stress distribu-
tion at the ice-substrate interface and mapping the stress concentration
factors for different test geometries. The second contribution concerns
the toughness measurements carried out by changing the geometry of
the ice block and measuring the force necessary to propagate the
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interface crack. This novel conceptual framework is generally valid for
mechanical push tests, and has been here specifically applied to the
commonly used horizontal shear test with cylindrical ice columns [1,4].

2. Experimental and numerical methods

A custom-built horizontal push test has been used for this study to
verify the fracture mechanisms and validate the numerical model. The
same experimental setup has been already described elsewhere
[7,23,34].

During ice accretion and testing, relative humidity was kept below 3
% relative to ambient temperature T,,;, = 20°C. The substrate temper-
ature Ty, was set at —10 °C and a freezing time of at least 20 min was
chosen to ensure complete freezing of the water column. Cylindrical
nylon (PA.6) molds (inner diameters D = 8-14 mm, wall thickness m =
2 mm) were used to form the ice columns. Water was poured inside the
nylon molds at about 0 °C and then cooled down to Tyy;. The nylon
molds remained in place during the ice adhesion measurements and
their minor influence on the results was analyzed in the Supplementary
Material (SM) Sections S1, and S4. The actuation speed of the force
probe was set to 5 pm/s. The detachment mechanism was identified
using a high-speed camera (PHOTRON NOVA FASTCAM S6, Venus
Laowa 100 mm f/2.8 2X Ultra Macro APO lens).

A numerical Finite Element Model (FEM) similar to that of Stendardo
et al. [7] was used to calculate the Shear Stress Intensity Factors (SSIFs)
and the Toughness Parameters (TP) (see SM Sections S1, S2, and S3 for
details).

3. Results and discussion

The test protocol includes two measurements with the same hori-
zontal push test: i) stress-dominated ice detachment induced by a small
ice sample (diameter D = 6 — 10 mm); ii) toughness-dominated ice
detachment, with a big ice block (D > 10 mm). For both cases, the force
necessary to remove the ice is recorded. For the stress-dominated case,
the critical shear stress is calculated with the Shear Stress Intensity
Factors (SSIFs). Similarly, the interfacial toughness is calculated with
the help of the Toughness Parameters (TP).

The SSIFs as well as the toughness parameters are a function of the
geometry of the test system, i.e., the ice sample height H and diameter D
and the pushing height h. The proposed methodology can be applied to
already existing push tests or can assist the design of new set-ups,
improving the evaluation of icephobic properties of materials and
coatings.

3.1. Stress-dominated fracture

In a stress-dominated regime, the entire interface fractures instan-
taneously, without crack propagation (Fig. 1B) [7,9,11]. A necessary
condition in this case is that at every point x of the interface S the stress
value exceeds the critical value that leads to failure [7,8]:

T>17, VXES (€]

To characterize a surface for its ice adhesion strength, it is therefore
important to find the minimum shear stress 7,,;, over the entire interface
while performing the ice adhesion tests. According to Eq. (1), this 7mi,
corresponds to the critical shear stress 7. characterizing the interface.

The common ice adhesion tests, such as the horizontal push test,
allow to record the maximum removal force Fy,qy, which is typically used
to calculate the average shear strength across the entire interface
Tave = Fmax/A, where A is the ice-substrate contact area. This average
shear stress 74y, however, is not a pure surface property but depends on
geometric parameters, such as pushing height, ice block diameter and
height (Fig. 1A).

Dimensionless Shear Stress Intensity Factors (SSIFs) for the hori-
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zontal push test are proposed in this study to calculate 7, from 74,
making the adhesion strength measurements dependent only from the
aspect ratios of the geometric parameters and limiting the number of
parameters involved in the measurement. The SSIF is defined as 7qye /Tmin
and is a function of h/D and H/D (Fig. 1A). Applying the Buckingham
II-Theorem (see SM Section S1) leads to [24-26]:

SSIF — @ _ f(h H) @

Trmin

A numerical FEM model (see details in SM Section S2 and refer to
[27-29]), similar to Stendardo et al. [7], is used to calculate the SSIF for
different combinations of h/D and H/D. The main results are presented
in Fig. 2B.

The dimensional analysis shows how the SSIF is independent of the

load applied to the ice block and how the function f (1%,%1) can be

applied to various ice block diameters. A more careful evaluation of the
Fig. 2B reveals how for an ice filling height H/D > 0.5, the SSIF mainly
depends on the pushing height h/D. While doing experiments with the
horizontal push test, the SSIF is determined only by the pushing height
h/D, as long as H/D > 0.5. The minimum shear stress is then calculated
as:

T(lVC

Tmin = GoIF 3)
In this work, only cylindrical ice samples have been analyzed. However,
the model can be adapted to any ice sample shape. It is valid for bulk (or
glaze) ice (elastic modulus Ej, > 4.5GPa), and for all surfaces with
elastic modulus Egy, > 35GPa, such as composite materials or metals
(see SM Section S4). A validation of the dimensional analysis is available
in SM Section S5.
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The SSIF map shown in Fig. 2B is validated by a series of ice adhesion
experiments carried out on a sample of Al-6060 aluminum alloy. Each
measurement is conducted in a stress-dominated fracture regime and at
varying geometrical parameters of the test system, i.e., the diameter D,
the pushing height h/D, and the ice column height H/D. In each case, a
comparable minimum shear stress value, 7., should be calculated by
the model, as this value is exclusively dependent on the substrate and
not on the test system geometry.

Table 1 summarizes the results obtained from five ice adhesion tests
conducted on the same substrate (Al-6060), with variations in the
geometrical parameters. It is evident that the applied force and the
measured average shear stress, 7qy,, vary considerably between indi-
vidual measurements, with a standard deviation of £38.7 % and +13.6
%, respectively. This confirms that the test system configuration plays a
significant role in influencing these values. However, the model is
capable of accounting for these geometrical differences and calculating a
nearly constant value of the minimum shear stress, 7,n, with a standard
deviation of only +7.5 %.

3.2. Toughness-dominated fracture

A force applied on an ice block that is frozen on a substrate induces a
static elastic deformation of the ice block, characterized in this case by a
potential energy Wp. According to the energy criterion proposed by
Griffith [11,29], the formation of a crack along the interface dS implies a
change in potential elastic energy 0W,. The condition for crack forma-
tion can therefore be summarized as:

oWp
— — >
P G > G, (C)]

where G, is the critical fracture energy per unit surface, also called
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Fig. 2. (A) Definition of the dimensionless SSIF which corresponds to the ratio of average shear stress to minimum shear stress. In this example, the shear stress
distribution at the ice-substrate interface of a cylindrical ice sample is visualized along the central axis. Typically, strong stress concentrations are close to the force
application point. The shear strength value calculated as 7 = F/A corresponds to the average shear stress 74, over the whole interface [7]. In stress-dominated
fracture, 7, controls the detachment. Inset: Example of a numerically calculated shear stress distribution in a cylindrical sample at the ice-substrate interface.
(B) The SSIF map is given as a function of h/D and H/D (see SM Section S3 for plotting method). Inset: Representation of a horizontal push test with a cylindrical bulk

ice sample.
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Table 1
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Experimental data and computed 7,,;,. For each test system configuration characterized by a SSIF, the experimental data are used to measure 74y and the numerical
model is used to calculate the minimum shear stress, 7,,i,, which is only dependent on the substrate and not on the test system geometry. The ratio of the standard

deviation to the mean value (6(x)/X) was calculated for zaye and .

Ice Diameter [mm] h/D H/D Applied Force [N] SSIF =Taye /Tmin Tave [KPa] Tmin [KPa]

8 0.125 0.525 55.02 1.9 1095 576

8 0.25 0.625 48.56 1.2 966 644

8 0.375 0.625 38.82 1.2 772 644

10 0.1 0.4 91.36 1.9 1163 581

12 0.083 0.46 107.34 1.8 949 527
o(x)/x 13.6 % 7.5 %

toughness. For a crack to propagate along the entire interface, the
condition G > G, must hold for every change in interface 9S.

A numerical FEM model to calculate the interfacial toughness is
developed and described in SM Section S2. The model allows to retrieve
the interfacial toughness starting from the experimentally measured
force F necessary to propagate the crack along the entire interface
(measured in [N]) under toughness-dominated fracture (hence, when a
gradual crack propagation is visible).

In general, three different crack opening modes can be identified (see
SM Section S6): normal opening (mode I) and shear opening (mode II
and III) [12,14]. The mode III component is an out-of-plane shear
component and can be neglected in this study as the loading conditions
are such that the force acts along an axis of symmetry of the ice block. In
case of the horizontal push test, the relative components of opening
modes I and II depend on the pushing height [7], but in general the
debonding condition was observed to be always a mixed mode opening
[7,9,12,14]. The model presented in this work computes the total
change in potential elastic energy, without differentiating between
normal (Gy) and shear (Gj) opening. Therefore, the energy release rate
(toughness) calculated with this method is a global Gy value.

By applying the Buckingham I1-Theorem, the dimensionless function
that corresponds to the Toughness Parameter (TP) is derived (see SM
Section S1):

3 .
TP:G;'IZ) » :g(h Hm Eg. )

D' D’ D’ Enyion

(5)

where G, represents the interfacial toughness, F the force necessary to
propagate the crack along the entire interface, h,H,D,m are the
geometrical parameters introduced in Fig. 1A, and Eje, Epyon are the
elastic moduli of the ice and the nylon mold, respectively.

To plot the contour lines for the toughness dominated case, in a
similar way to Fig. 2B, the function needs to be dependent of two vari-
ables only. Given that this analysis is carried out only for nylon molds
and that the ice formed is always bulk ice, Epyion/Eice can be considered a
system constant and, therefore, removed from the equation. In the same
way, this study on interfacial toughness is based on three different molds
with diameter D of 10, 12, and 14 mm, and constant wall thickness m of
2 mm. This results in three different cases of m/D, respectively 0.2,
0.167, and 0.143. By plotting three different graphs for each case of
m/D, Eq. (5) can be further reduced to:

G.D? h H
TP = 7Eice = g(l—), 5) (6)

The simplifications from Egs. (5) to (6) can be done by restricting the
analysis of toughness parameters to the specific geometry of interest, e.
g. in our case when the cylindrical ice blocks used for testing are formed
by using nylon molds and only when the same ratios of m/D are selected.
Moreover, similar to the stress-dominated case, this analysis is valid for
rigid substrates that have an elastic modulus Eg; > 35GPa (see SM
Section S4). Nonetheless, the analysis can be easily extended to other
geometries, and the results and conclusions presented here remain valid,
without losing generality (refer to Section 3.3).

Fig. 3 shows the contour plots of the left-hand side of Eq. (6) as a
function of h/D and H/D for different ratios of m/D. The toughness pa-
rameters have been calculated numerically by simulating crack propa-
gation with different combinations of h/D, H/D, and m/D.

To experimentally measure the interfacial toughness, the correct
toughness parameter is selected from the plots in Fig. 3 based on the
experimentally selected values of h/D, H/D, and m/D. During the
adhesion tests, the ice removal force F is recorded. The toughness
parameter is then equated to the left-hand side Eq. (6), where the
measured force F and E;. (typically 9 GPa for bulk ice) is inserted, and
thus the corresponding toughness G, is found. It is worth to notice that
for a constant test system geometry and constant ice type, G, scales with
F? (see SM Section S1).

In the regions where h/D > H/D, the pusher applies the force at a
distance from the substrate that is higher than the ice thickness H. This
configuration is not recommended for horizontal shear tests [32] and,
therefore, the corresponding regions in the plots have been desaturated.

Preliminary experimental tests on aluminum (see SM Section S7)
have shown that for a ratio H/D > 0.25, it is not possible to have a
toughness-dominated fracture propagation. This is in accordance with
the literature, stating that the detachment is toughness-dominated for
small thicknesses H compared to the length D of the ice block [9,12,33].
To measure the toughness of an interface in an accurate way, it is
therefore recommended to choose the experimental parameters such
that H/D < 0.25. More importantly, this result suggests that a stress- or a
toughness-dominated fracture mechanism can be induced simply by
modifying the geometry of the ice sample. This is an important
consideration in the analysis of the discrepancies between different test
systems. If this variable is not considered, the fracture mechanism may
be uncontrolled or overseen. Conversely, experimentalists can measure
both the adhesion strength and the toughness of the interface with the
same test setup by precisely controlling the geometry of the ice sample.

Depending on the substrate, the crack propagation in the toughness
dominated regime can be too quick to be visible by eye, and high-speed
camera visualization might be necessary to verify the fracture mecha-
nism [7] (see the supporting videos in the SM). Another way to identify
the fracture mechanism is to perform adhesion tests with different ice
block sizes, as already demonstrated in previous studies [9,12,17].
Going from small to big interface areas, as long as the ice removal force F
scales with the contact area of the ice block, the fracture is stress-
dominated. On the other hand, if by increasing the interface area the
force F does not increase accordingly, the fracture is toughness domi-
nated [9,12,17].

The toughness values on aluminum that can be found in the literature
have been obtained with test methods that detach the ice from the
substrate in normal direction, therefore toughness values are mainly G;
values. Golovin et al. [9] calculated the total toughness Gy on a variety
of surfaces with a horizontal push test; however, aluminum was not
among the tested substrates. Table 2 summarizes experimentally ob-
tained toughness values for aluminum substrates and bulk ice found in
literature.

The numerical model used in this study is verified by performing a
series of experimental measurements of the ice removal force on
aluminum (Al-6060) in a toughness-dominated regime. The results of
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Fig. 3. Numerically calculated toughness parameters for (A) m/D = 0.2, (B) m/D = 0.167, and (C) m/D = 0.143. The mold thickness m was kept constant at 2 mm
and the ice diameter D was set to 10, 12, and 14 mm, respectively. The gray shaded area indicates the cases where the pushing height h/D is higher than the ice block
thickness H/D. At the same time, the experimental parameters should be chosen such that H/D < 0.25. See SM Section S3 for plotting method. Inset: Representation

of a horizontal push test with a cylindrical bulk ice sample.

Table 2
Interface toughness values for bulk ice on aluminum substrates.

Reference Test Method Toughness (Gy.) [J/
m?]
Yeong et al. [30] Pressurized air ice fracture 0.72+0.11
test
Palanque et al. [14] Electro-mechanical de-icing ~ 0.38+0.09
Pervier and Hammond Pressurized air ice fracture 0.95+0.45

[31] test

the five experimental measurements are presented in Table 3. It can be
noted that there is less variation in the force necessary to remove the ice
column from the substrate compared to the stress-dominated case.
Indeed, in a toughness-dominated case, the force does not scale with the
interface area.

The numerical model is employed to retrieve the Toughness
Parameter (TP) for each case, which is then utilized to calculate the
interfacial toughness of the tested aluminum sample. The obtained
interfacial toughness of the Al-6060 aluminum alloy was Gr. =
0.46 + 0.12J/m?, based on our numerical model and experimental data.
The value is in the range of the toughness values for aluminum reported
in the literature (Table 2).

Table 3

Experimental data and computed Gr. For each configuration characterized by
TP, the force necessary to propagate the crack along the interface is measured
and converted into an interfacial toughness value. The ratio of the standard
deviation to the mean value (6(x)/X) was calculated for the toughness (Grc).

Diameter h/D H/D Applied TP  Toughness
[mm] Force [N] (Gre) [J/m?]
10 0.1 02 4112 24 045

10 0.1 0.25 53.98 2.1 0.68

12 0.08 022 51.94 2.5 0.43

14 0.07 019 59.74 28  0.40

14 0.07 021 5470 27 032

o(x)/x 26.4 %

3.3. Research approach

The stress and toughness analyses in this work are carried out on
cylindrical ice samples. The contour plots presented in this work for the
stress- and toughness dominated cases are therefore only valid for this
specific ice sample geometry. As long as cylindrical ice samples are used,
these plots can be used to characterize both the critical shear stress and
the toughness of the substrates.

However, the analytical framework presented in this work is
generally valid for push tests with any type of ice samples. If the shape of
the ice sample is changed, e.g., a cubic ice block is used, the functions f
and g presented in Egs. (2) and (5) must be recalculated. The stress
distributions, namely the SSIF, and the energy release rate for varying
crack lengths must be analyzed as a function of the geometric parame-
ters of the test system, such as h/D and H/D. The contour plots for the
new ice sample geometry can then be constructed through FEM
modeling.

Fig. 4 shows a generalized scheme for the stress and toughness
analysis. In both cases, the experimentally determined force required to
detach the ice is used together with the geometric parameters to
calculate the desired quantity, 7, and G, respectively. The functions f
and g that relate the force F to 7,,;, and G, are determined by FEM
analysis.

4. Conclusions

We have shown how the average adhesion strength alone is not a
sufficient measure of ice adhesion. For larger ice-substrate interfaces
where crack propagation is controlled by toughness the adhesion
strength becomes meaningless.

This work provides a novel conceptual framework for the horizontal
push test to improve the accuracy of ice adhesion characterization.
Firstly, in the stress-dominated fracture case, we propose SSIFs, which
limit the dependency on geometric test parameters of the shear strength
value. With the SSIFs, the true adhesion strength can be calculated,
possibly reducing the discrepancies of shear strength values reported in
literature.

Secondly, to provide a full characterization of the anti-icing material,
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Fig. 4. Schematic representation of the mixed experimental and numerical research approach for (A) stress-dominated and (B) toughness-dominated detachment.
The analysis can be extended to other geometries, and the proposed research approach remains valid, without losing generality.

this study proposes a methodology for toughness measurements with the
horizontal push test. The total toughness can be calculated from the
toughness parameters shown in Fig. 3 by knowing the test system pa-
rameters (h/D, H/D, and m/D) and the force necessary to propagate the
crack.

The novel conceptual framework has been applied to a specific push
test system and the results are still limited to a small set of experimental
cases (i.e., cylindrical ice columns and fixed mold material), without
differentiating between normal (G;) and shear opening (Gy). It repre-
sents, however, a step towards standardization of icephobicity: only by
understanding, recognizing, and assessing the different fracture mech-
anisms correctly, it is possible to reduce the discrepancies that can be
found in the literature about ice adhesion measurements.
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