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ARTICLE INFO ABSTRACT

Keywords: Mitigating icing hazards is of interest for many technological applications. One solution is to employ low ice
Ice adhesion adhesion coatings, either passively or in combination with active de-icing systems. Nevertheless, comparing
Ieephobicity different low ice adhesion surfaces can be challenging. Studies generally report the average shear stress,
Icc(l;fings calculated as the ratio of applied force to the ice-substrate contact area; however, the fracture mechanism at the

ice-substrate interface is rarely reported. There are two fracture mechanisms that can occur at the interface:
stress-dominated and toughness-dominated. Average shear stress is only meaningful when performing adhesion
tests in a stress-dominated regime; otherwise, interface stresses are underestimated and misleading. This study
presents a new understanding of ice adhesion mechanisms combining experimental and numerical methods,
demonstrating how the traditional ice adhesion reporting method can lead to errors up to 400%. Using a simple
fracture model, the study shows that the stress-dominated fracture regime in the horizontal push test is favored
by smaller ice diameter and greater ice thickness, and is also affected by the load force position. The identifi-
cation of the two fracture regimes is required for the correct understanding and reproducibility of ice adhesion
results, enabling better design and characterization of icephobic coatings and materials.

1. Introduction

The formation of ice on exposed surfaces represents a serious hazard
to the safety and operation of instruments and facilities, such as aircraft
[1-3], power lines [4], off-shore platforms, wind turbines, and solar
panels [5]. The considerable societal and economic consequences of ice
accretion have led to the development of various anti-icing and de-icing
strategies [6], which traditionally include mechanical (pneumatic,
expulsive, or vibratory), thermal (hot gas/bleed air or electrothermal
melting) and chemical means (glycol-based anti-freeze liquids).

In the last fifteen years, research has been increasingly directed to-
ward icephobic coatings [7-13]. Typically, these coatings are meant to
be integrated with the above-mentioned strategies [14], introducing at
least one of the following functionalities: high water repellence, i.e.
superhydrophobicity [15-22], to promote liquid removal before
freezing [23,24], freezing delay [25-27], freezing point depression, and
low ice adhesion [28,29]. The interplay of icephobic surfaces with active
anti-icing and de-icing strategies can significantly reduce the power
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consumption of ice protection systems (IPS) and reduce greenhouse gas
emissions [30-32].

Over the years, different strategies for lowering ice adhesion strength
on surfaces have been developed. The different typologies of anti-icing
surfaces can be summarized in four categories: smooth, textured (i.e.,
hierarchical hydrophobic surfaces) [33,34], slippery [35-37], and sub-
surface textured surfaces [8,38-43].

1.1. Background

To compare the icephobic properties of the developed surfaces,
similar test methods and conditions should be chosen. Many different
test methods are found in the literature (e.g., centrifuge adhesion test,
push or pull test, rotational shear test, lap shear test, and beam test)
[44], and the data from different test benches are usually not directly
comparable. Further problems arise when tests operate under different
environmental conditions, when the ice formation procedure changes,
or when ice samples of different types and sizes are used [45].
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The two most common test systems in literature are the centrifuge
adhesion test and the horizontal push (or shear) test [44]. In particular,
the horizontal shear test is relatively easy to build and allows for addi-
tional control over the ice detachment conditions compared to the
centrifugal test (a direct mechanical connection to ice allows to record
strain rates and ice creeping effects). As shown by [35,46-49], this type
of test systems can be very simple and intuitive to set up; however, one
considerable drawback is that it creates major stress concentrations at
the ice-substrate interface. It was pointed out by [44,47,50], that the
traditionally used average critical shear stress, defined as zq. = F/A,
where F is the removal force and A the area of the ice-substrate interface,
should always be given specifying the test conditions. Depending on the
test geometry, the maximum and minimum stress values can deviate
significantly from the average shear stress calculated as 74, = F/A,
leading to an incorrect estimation of the critical stress value .. When
performing adhesion tests, the stress concentration factor [51] should be
known or estimated by numerical analysis (e.g FEM) [44].

In the field of fracture mechanics, various techniques are available to
characterize the strength of bonded joints [52]. Among ice adhesion
studies, the stress approach is the most used, where the interfacial ad-
hesive strength is expressed in terms of the maximum stress reached
before failure of the joint. An interfacial fracture, however, can also be
described in terms of energy, an approach that relies on linear elastic
fracture mechanics. The maximum amount of strain energy that can be
stored before failure of the joint is defined as “toughness” [52,53].

It has been previously shown [54] that, depending on the size of the
ice-substrate interface, ice detachment can be dominated by stress or by
toughness. In a stress-dominated detachment, the interface fails because
the critical stress level is reached, while for a toughness-dominated
fracture, the critical quantity is the strain energy [55] (refer to section
2.3). As a consequence, a measure of the critical shear stress is only
meaningful if the ice detaches due to a stress-dominated fracture [52].
Additionally, section 2.3 of this work attempts to shed light on the often-
ignored crack opening modes in the context of the push adhesion test.
For the correct characterization of shear adhesion strength, under-
standing and recognizing the dominant crack opening mode is essential.

The authors believe that the above-mentioned considerations should
be made to accurately assess the ice adhesion strength. The literature has
shown that these parameters are important [44], however, they are
often neglected in many well-cited papers of recent years as shown in
Table 1.

1.2. Research approach

The goal of this work is to obtain a better and deeper understanding
of the ice-substrate fracture mechanics for the horizontal push test:
Specifically, we show how the average critical shear stress 7,4, depends
on the testing conditions and should not be considered as an absolute
surface property; nonetheless, 74, can be valuable information in
comparative measurements, once the detachment mechanism has been
identified. A hybrid experimental and numerical approach is used to
investigate the stress distribution along the interface, showing how
fundamental parameters such as pusher height or ice block diameter

Table 1
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influence the measured critical shear stress.

In general, the fracture of a bi-material interface can be dominated
by stress or toughness [53,57,58]. Here, a finite element analysis is used
to calculate the change of strain energy during crack propagation and
predict whether the fracture is stress- or toughness-dominated. Addi-
tionally, it is shown that, in a stress-dominated fracture mechanism, the
relevant value that characterizes a surface is the minimum stress value
over the entire interface. A mechanical framework for the horizontal
push test is then derived, allowing the definition of the ideal test con-
ditions and methods for critical shear stress measurements.

As a result of this analysis, the proposed research approach is sum-
marized in Fig. 1, representing a flow chart of ice adhesion measurement
steps. The general process is valid for all kinds of test setups: however, in
this study, it has been applied to the horizontal push test. The input
parameters of the workflow are the test system design rules presented in
section 2.3, and the Shear Stress Intensity Factors, derived and presented
in section 2.1.

This work attempts to create awareness of the common mistakes and
misconceptions related to ice adhesion testing on the horizontal push
test. More reliable and reproducible tests are relevant for the design and
fabrication of coatings and materials based on low ice adhesion to
contrast icing.

2. Materials and methods
2.1. Experimental section

The experimental test method used for this study is the horizontal
shear (or push) test. An in-house designed test rig composed of four main
elements (environmental chamber, cooling system, force sensor, and
actuation system) is used (Fig. Sla of Supporting Information SI). A
liquid-cooled, thermoelectric system is used to bring the substrates to
subzero temperatures (Fig. S1b). The cooling system is placed inside the
environmental chamber, which is equipped with a continuous nitrogen
gas supply (ambient temperature T, = 20°C, relative humidity
RH < 3%). During ice formation and testing, the substrate temperature
is set to —10 °C and controlled by a PID-Controller with a 5 K-Q
thermistor (TE Technology, Inc.). To form the ice on the substrate, cy-
lindrical nylon (PA.6) cuvettes (inner diameter 8 mm or 14 mm) are
used. Water is poured into the cuvettes and then cooled down to the pre-
defined freezing temperature. The ice adhesion tests are conducted after
at least 20 min of conditioning time to ensure a complete freezing of the
water column.

A force applied parallel to the substrate on the outside of the nylon
cuvette induces stress at the ice-substrate interface. A linear displace-
ment system (Newport LTA-HL with Conex-CC Controller) is used to
move a force gauge (Mark-10 model M5-20) toward the ice column. The
force gauge is equipped with a metallic rod that pushes the nylon
cuvette, while the applied force is recorded by the gauge. The linear
actuator moves with a constant velocity and, therefore, increases the
applied force on the ice linearly. In this study, the actuation speed is set
to 10 um/s, a quasi-static regime where dynamic effects can be excluded
(see Figure S2). This study is carried out using a commercially available

Summary of parameters and tools that need to be considered for accurate critical shear stress measurement using a horizontal push test. A comparison between
important studies of the recent year is proposed. The symbol “v/indicates that the item is included in the study, while “x”indicates that the item was not considered or

reported.
Considers T and ¢ Pushing height Stress distribution Stress vs. toughness FEM Crack opening mode
Lou et al. [51] x x v v v x
Maitra et al. [47] v v x x x x
Makkonen [50] x - v v v x
Golovin et al. [53] x x v x x
Irajizad et al. [42] x v x x x x
Huré et al. [56] x x v v v v
This study v v v v v v
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Fig. 1. Flow chart for the proposed research approach, aiming at increasing the
accuracy of critical shear stress measurements (z.;) with the horizontal push
test. The orange boxes represent experimental steps, the ones in blue are nu-
merical steps, and the input and output parameters are represented in cyan. The
design rules of section 2.3 and the concept of Shear Stress Intensity Factors
(section 2.1) are used as input to the workflow.

SSIF /

standard material (Al-6060 aluminum alloy) as a sample surface.

2.2. Numerical model

A numerical FEM model is used to compute the interface stresses and
strain values for the given experimental setup. The model is composed of
three elements: the ice column, the nylon cuvette, and the aluminum
substrate (see Section S3). Similar to the experimental setup, the force is
applied on the outside of the cuvette, on an area with dimensions 1 x 1
mm?, corresponding approximately to the contact area between the
head of the rod and the nylon cuvette. The chosen elastic material
properties are shown in Table 2.

To retrieve the ice-substrate stresses, a transient structural model is

Table 2
Density, elastic modulus, and Poisson’s ratio of the modeled materials. The
values of ice correspond to those of “freezer ice”[59].

Material P (kg/mS) E (GPa) v

Aluminum 2700 68 0.36
Nylon 1140 1.5 0.39
Ice 897 9 0.31
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chosen (Ansys Mechanical 2020 R1). Validation of the model can be
found in Section S4 of the SI. The forces measured with the experimental
setup at the moment of detachment are used as an input parameter for
the structural model, which returns the interface stress values for the
given force. On the other hand, the strain energy release rate values are
computed according to the method described in [60] and [52], by
calculating the difference of strain energy for a variable crack length.
The contribution of each of the different crack opening modes [61] is
calculated by using the Virtual Crack Closure Technique (VCCT) [62].

2.3. Theoretical background

Detachment of ice can be explained by considering two competing
fracture criteria: critical stress and critical strain energy (or toughness)
[52-54,56]. Analytical models presented in [63] have shown that for
relatively small interfaces, detachment is typically controlled by the
critical shear stress of the interface. In these conditions, rupture occurs
instantaneously along all the interface and, consequently, the stress level
needs to exceed the critical value in each position x of the ice-substrate
interface S (Fig. 2a) [52]:

T>1,Vx€S (€]

On the other hand, for large interfaces, ice detachment is controlled
by critical strain energy or “toughness” [53]. In this case, a crack is
initiated by an opening of finite area AS < S (Fig. 2b), where the
following relations hold [52]:

7> 17.,Yx € AS 2)

—AE > G°AS 3)

Here, —AE = E(0) —E(S) denotes the difference of the potential
strain energy and G°AS is the energy dissipated during crack onset (G¢ is
the critical strain energy or fracture toughness). For crack initiation to
occur, relations (2) and (3) must hold at the same time. This condition is
known as the “coupled criterion” and has been described in detail by
Leguillon and co-workers in [52] and [55].

In the general case of crack initiation, an interface may be subjected
to different types of loading, which involve different relative movements
of the cracked surfaces. Three different crack opening modes can be
identified [61]: (I) opening, (II) sliding or in-plane shear, and (III)
tearing or out-of-plane shear (Fig. 2¢). According to Huré et al. [56],
when a crack appears at the interface of two different materials, the
crack path is constrained and not free to propagate in a pure opening
mode (I), as would be the case for a homogeneous material. In this case,

(a) Stress-dominated (b) Toughness-dominated
F F
- |ce e Ice
\ Substrate Substrate
S AS
@ =
Mode | Mode I Mode I
(opening) (sliding) (tearing)

Fig. 2. (a) Stress-dominated detachment. For small interfaces, detachment is
controlled by the critical shear stress of the interface. In these conditions,
instantaneous rupture along the entire interface occurs. (b) For larger in-
terfaces, detachment is controlled by critical strain energy or “toughness”.
Typically, in this case, a crack is initiated by an opening of finite area AS < S.
(c) Schematic representation of three different failure modes: (I) opening, (II)
sliding or in-plane shearing, and (III) tearing or out-of-plane shearing.
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crack propagation occurs in a mixed mode, generally opening (I) and
sliding (II) mode [64]. When designing ice-adhesion experiments, it is
therefore essential to understand and recognize which is the dominant
mode occurring during the test. As discussed in the results, if the
objective of the experiment is to measure the critical shear stress of the
interface, then a configuration where the sliding (II) mode is dominant
should be chosen.

3. Results and discussion
3.1. Determination of the failure criterion

The investigation of the stress states and understanding of the
detachment mechanisms in the horizontal push test start from the
analysis of the parameters involved in tests with cylindrical samples of
bulk ice. A schematical representation of the test system is depicted in
Fig. 3a. After the freezing process has been completed, a force probe is
used to detach the ice from the substrate. To obtain the ice adhesion
values, molds of inner diameters, D, of 8 and 14 mm are used, and the
pushing force is applied at different heights h. It is expected that varying
the distance h changes the entity of the stress components at the ice-
substrate interface, as the bending moment is increased with
increasing distance h.

The results of this study are summarized in Fig. 3b, where the
average critical shear stress 74, = F/A is plotted as a function of the
pushing height h and of the mold diameter D. In this case, the force F [N]
at which the ice is detached from the substrate is divided by the ice-
substrate contact area A [m?]. It can be noticed that the average crit-
ical shear stress value of the interface decreases with increasing distance
h. As the pushing location changes, the distribution of the stress com-
ponents varies, thus resulting in different average critical shear stress
values.

(a) Mold
D

Ice IH

Force Probe

h
Substrate
) el WY
F (0] T F D
—_— —

~~

(2]

S

3,6e-5 Max [m]
de-6
37e6
3,5¢-6
33e-6
2,56
18e-6
1,2e-6
71e-7
oOMin E

—)

I
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Displacement [m]
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~_~
o
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Shear stress [Pa]
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Calculating the average critical shear stress as F/A is common
practice in the literature to account for different sizes of the ice-substrate
interface. However, by comparing the average critical shear stress ob-
tained with an 8 mm mold to that of a 14 mm mold, 74, ranges from
1257 + 279 kPa to 358 + 69 kPa, respectively, a 4x difference. Without
any special attention to the execution of the test, the horizontal push test
does not provide a unique value of the critical shear stress of the inter-
face. By using the same substrate, the same environmental conditions,
and by just slightly changing the configuration of the test system, up to 4
times higher ice adhesion values are observed. Taking this into account,
comparing ice adhesion values from different test benches seems even
more problematic.

To have a better understanding of the stress components at the ice-
substrate interface when performing this kind of ice adhesion mea-
surement, a numerical FEM model is developed. Fig. 3c shows the
deformation of the mold (D = 8 mm) and the ice block (H = 10 mm)
when the force is applied at the lowest application point considered in
this study (h = 1 mm). The magnitude of the force applied in the nu-
merical model is equal to the experimental average value for ice
detachment at the same pushing height. The color contours reveal that
even at this low pushing height, there is a clear bending of the mold and
the ice block, as the displacement from the starting position increases
when moving further away from the substrate.

The numerical model also allows plotting the in-plane shear and
tensile stresses at the ice-substrate interface. The shear stresses for h =1
mm and h = 4 mm have been plotted in Fig. 3d, for a load leading to
detachment. Since both plots follow the same color scheme, it can be
appreciated how there are much higher stress concentrations close to the
force application point for h = 1 mm. The maximum shear stress values
in the interfaces are therefore different from each other, showing that
these values cannot be used as a failure criterion.

The ice sample size used in this study (cylindrical ice column with a

1800 T 1800 T
1600 + 1600 +
1400 + 1400 +
_. 1200 + _. 1200 +
© @
£ 1000 + £ 1000 +
4 < 4
g 800 I < e00
600 -+ 600 +
400 + 400 A I
200 + 200 + (—‘
0 04—
1 2 3 4 8 14
h [mm] D [mm]
I 7.3¢6 Max [Pa]
6eb
5e6 h=1mm h=4mm

I

3,6e5 Min

Fig. 3. (a) Schematic of the horizontal push test with bulk ice. The mold has an inner diameter D and the height of the ice is denoted by H. The force probe pushes at
a finite height h from the substrate against the mold containing the ice. Depending on the distance h, the stress composition (shear stress 7 and tensile stress o) at the
ice-substrate interface changes. (b) Experimental ice adhesion results for different pushing heights h (left graph, for constant D = 8 mm) and different mold diameters
D (right graph, for constant h = 1 mm). The average critical shear stress has been calculated as the ratio of the applied force F at the moment of detachment by the
contact area A. (c) Numerical representation of the displacement of the mold (D = 8 mm) and the ice bulk (H = 10 mm) when the load is applied. For illustration
purposes, the displacements have been magnified 30 times. (d) Shear stress distribution at the ice-substrate interface for h = 1 mm and for h = 4 mm, with D = 8 mm
in both cases. The stresses have been computed for a load leading to detachment (determined in (b).
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diameter D = 8 mm) is relatively small compared to other similar test
rigs found in the literature. According to the theories in [53,54,56,63],
one would expect a stress-dominated debonding for this particular test
case. A necessary condition for this debonding mechanism would be that
in all 4 cases, one of the stress components (shear or tension) reaches the
critical stress level over the whole ice-substrate interface. To understand
this mechanism more in detail, an in-depth analysis of the individual
stress components is proposed.

Fig. 4a and b plot the numerically calculated shear and tensile
stresses along the centerline of the ice-substrate interface in the case of a
mold with diameter D = 8 mm (Fig. 4, inset). The Z-coordinate describes
the position along the centerline, with Z = —0,004 m being the closest to
the force application point and Z = 0,004 m the farthest. Each line
corresponds to the stress distribution for the force, experimentally
determined, needed to detach the ice. Mesh independence is confirmed
and is presented in the SI (Section S5).

The maxima of the shear stress curves in Fig. 4a at location Z =
-0,004 m vary from 1,09 MPa for h = 4 mm to 5,46 MPa for h = 1 mm,
which corresponds to a relative difference Azpuy/Tmix = 401%. The
minimum values, on the other hand, go from 588 kPa for h = 1 mm to
675 kPa for h = 3 mm, with a relative difference of only Atyiy/Tmin =
14%. The complete results are summarized in Table 3. This way, the
minimum shear stress seems to be the common stress state among all the
considered cases. As described in [53,55], in a stress-dominated fracture
mechanism the critical stress needs to be exceeded over the whole
interface. Therefore, what should be considered as the critical shear
stress of the ice-substrate interface is not the average shear stress
(typically calculated as force divided by contact area), but the minimum
shear stress.

It is usually not possible to measure the minimum shear stress
directly, however, it can be calculated by knowing the Shear Stress In-
tensity Factor (SSIF) of the test bench (Table 3). This factor needs to be
computed numerically for the test bench configuration and is defined as
the average shear stress divided by the minimum shear stress. A similar
stress concentration factor was introduced by Lou et al. [51]. Once the
SSIF is known, it can be used to characterize any kind of solid surface, as
it does not depend on the load applied. The SSIF only depends on the
geometrical parameters of the test bench (ice diameter D, ice height H,

<

— h=1mm
— h=2mm

h =3mm
— h=4mm

—0.004 —0.002 0.000

Z (m)

0.002

0.004
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Table 3

Analysis of the shear stress values for four test cases with a mold of diameter D =
8 mm and ice height H = 10 mm. The Shear Stress Intensity Factor (SSIF) is
defined as the average shear stress divided by the minimum shear stress and is
found to not depend on the applied force, but only on the geometrical param-
eters of the test system (D, H, and h). Once the SSIFs for a certain test system are
defined, it is possible to retrieve the values of the minimum shear stresses by
measuring the average (F/A) shear stress values.

h [mm)] Tmax [KPa] Tmin [kPa] Tave [kPa] SSIF [Tave/rmin]
1 5460 588 1120 1,91

2 3317 646 1013 1,57

3 1874 675 883 1,31

4 1086 606 694 1,14

At/t 401% 14% 61%

and pushing height h). It will be sufficient to measure the average shear
stress experimentally and know the SSIF to characterize the minimum
shear stress of the ice-surface interface.

Experimentally, the stress-dominated fracture mechanism can be
characterized by a sudden, instantaneous fracture and by a removal
force that depends on the interface area. On the other hand, for a
toughness-controlled fracture mechanism, the propagation of a crack
along the interface is observed. In the latter case, the force required to
debond the interface is independent of the ice sample size [52,53,55].
The experimental tests with sample size D = 8 mm have all shown a
stress-dominated fracture behavior (refer to Fig. 6 and video in the SI).
The question that now arises is what kind of stress is involved in the
failure mechanism.

Fig. 4b shows the tensile stress results. Here, the curves follow a
similar behavior in all 4 cases, with a relative difference of the maximum
tensile stress of Aomax/0max = 35%. ¢ shows a positive value (tension)
only over half of the interface, while the remaining part is in a
compression state. This is incompatible with a tensile stress-dominated
fracture mechanism, given that, for the full detachment, the critical
stress level needs to be reached over the entire interface. Keeping the
above considerations in mind, the tensile stress cannot act as a failure
criterion, as detachment always happens instantaneously over the full
interface.

(b)

—— h=1mm
—— h=2mm

o [Pa]
o

-4

—0.004 —0.002 0.000

Z (m)

0.002 0.004

Fig. 4. Numerical calculations of the shear stress (a) and tensile stress (b) distribution along the symmetry line of the cylindrical ice samples with diameter D = 8
mm. Each line corresponds to the stress distribution at the experimentally determined maximum force. The dotted lines represent curve fittings for the stress values
close to the force application point, as numerical mesh dependence was observed at Z = —0,004 m. Apart from the edge values, mesh independence was confirmed
and presented in the SI (Section S5). Inset: shear stress distribution at the ice-substrate interface. The red line indicates the symmetry line from which the stress values

were taken.
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Fig. 5. (a) Numerical 2D analysis of the shear-stress and strain energy distri-
bution. A force F is applied on the outside of the mold, similarly to the 3D
model. The displacement while applying the force is denoted by x (see inset
image). (b) Displacements x to reach the critical shear stress (z. = 600 kPa) and
the critical strain energy (G, = 3 J/m?) plotted for different crack lengths. For
shear stress-dominated detachment, the point where the full surface reaches the
critical shear stress (blue square) must be met before the critical strain energy is
reached (red square). The theoretical derivation of this graph is presented in the
SI (Section S6).

3.2. Fracture mechanism
The previous results are all obtained with a mold diameter D = 8 mm,

for which all the experimental tests have shown a shear stress-
dominated fracture behavior. The following analysis also considers the

Stress-dominated

Toughness-dominated
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bigger mold size (D = 14 mm) and the critical strain energy to investi-
gate the toughness-controlled fracture mechanism.

A 2D version of the previously presented numerical 3D model was
used for this analysis (Fig. 5a). The mold thickness, the force application
area, and the contact conditions were not changed. The numerical model
provides the detailed shear stress and strain energy distribution, as a
function of the applied force. For convenience, the following graphs are
presented as a function of the displacement x imposed by the linear
actuator. Displacement x and force F are, however, directly proportional
(linear elastic model), and the result of the analysis does not change if
reported as a function of F or x. By taking a critical shear stress of 7, =
600kPa (determined in section 2.1) and a critical strain energy for an
ice-aluminum interface of G. = 3J /m2 (for mode II detachment of
freezer ice on aluminum substrate, value taken from [56]), it is then
possible to draw the graph shown in Fig. 5b. Additional details on the
theoretical derivation of this graph can be found in the SI (Section S6).

The plot compares the displacements x to reach the critical shear
stress value (blue line) with the ones to reach the critical strain energy
for different crack lengths (red line). If the displacement x required to
reach the critical stress value over the entire surface of the ice sample
(blue square in Fig. 5b) is smaller than the displacement required to
reach the critical strain energy (red square in Fig. 5b), then the
detachment is shear stress-dominated. Otherwise, there is a value of
displacement for which the coupled criterion [52,65] is met and an
initial partial crack corresponding to the minimum of the G, curve will
occur before the full detachment by stress [66]. The detachment will
thus be toughness-dominated.

This 2D-version of the numerical model is used to investigate the
four-fold difference of the average shear stress that is observed between
the ice sample with D = 8 mm and H = 5 mm and the one with D = 14
mm and H = 3 mm (Fig. 3b, right plot). The simulation has been run for
both geometries and the results are summarized in Fig. 6a and Fig. 6b.

In the case of the ice sample with diameter D = 8 mm, the simula-
tions show that the stress condition for full detachment is indeed met
before the critical strain energy condition (the blue square is reached for
lower x than the red square). Therefore, the model predicts an instan-
taneous detachment of the entire ice-substrate interface. On the other
hand, for the ice sample with D = 14 mm, slower crack propagation
dominated by the critical strain energy is expected. This difference also
explains the dissimilar average shear stress values obtained for the two
cases, as in only one of the two cases the detachment is entirely
controlled by the critical shear stress.

The presence of two different detachment mechanisms is verified

Fig. 6. Comparison of the displacements
to reach the critical shear stress and crit-
ical strain energy for an ice sample with
(a) D = 8 mm and H = 5 mm and with (b)
D = 14 mm and H = 3 mm. (c) Experi-
mentally visualized instantaneous crack of
the entire ice-substrate interface (full
\ detachment) for the ice sample with D =

T=Tc 8 mm and H = 5 mm. High-speed imaging
and image subtraction allow visualizing a
detachment of the entire surface in less

2,0€:05 -
2,0€:05 g
(@)
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0

than 0,17 ms. (d) Visualization of the
crack propagation (partial detachment)
for the D = 14 mm and H = 3 mm ice
sample. The process from crack onset to
complete detachment takes approximately
4 ms.

Background sub.
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experimentally by using high-speed imagery (6000 fps) to visualize the
crack propagation at the ice-substrate interface (Fig. 6¢). Images are also
presented with background subtraction (using the previous frame as
background) to enhance the crack front visibility. In the case of the D =
8 mm ice sample (Fig. 6¢), the full detachment process takes less than
0,17 ms (1 frame) and the whole interface appears white in the sub-
tracted image, which is typical for a stress-dominated detachment
mechanism. On the contrary, for D = 14 mm (Fig. 6d), the crack prop-
agation front is observed for the duration of 4 ms (24 frames) and only a
minor part of the interface appears white on the subtracted image. This
indicates a slower and gradual crack propagation, due to toughness-
dominated detachment mechanism. The full videos can be found in
the Supporting Information.

Note that the toughness-dominated detachment (t ~ 4 ms) is
significantly slower than the stress-dominated detachment (t < 0.17
ms); however, both timescales are too low to be differentiated by eye in
real-time. It is therefore essential, when performing the ice adhesion
measurements with the push test, to be aware of the mechanism regime
and report it together with the measured adhesion forces and stresses.

3.3. Optimization of the push test

The above results have been obtained by measuring ice adhesion on
aluminum alloy, but most of the time this kind of push test is used to
characterize the ice adhesion of novel coatings or surfaces, which have
different critical strain energy (or toughness) and critical shear stress
values. The above analysis has shown how even for relatively small ice
samples (D < 15 mm), it is possible to be in a detachment regime
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governed by the critical strain energy and, therefore, the measured
critical shear stresses can be misleading. To determine the critical shear
stress of an interface with the method shown in section 2.1, it is
necessary to stay in a regime of full instantaneous detachment. While
testing different surface coatings with this test method, it could happen
that the detachment mechanism changes and that the critical shear
stress is no longer the minimum shear stress over the entire interface, but
only over a fraction of it [52]. To this end, an optimization of the push
test is carried out numerically, and practical suggestions are given to
reduce the risk of partial detachment while determining the interface’s
critical shear stress.

The optimization analysis of the push test has been carried out for a
mold with a diameter D = 8 mm, as it has previously been shown that
with this mold size, it is possible to have a shear stress-dominated
detachment. The goal of this analysis is to optimize the ice sample
height H and the pushing height h, keeping all the other geometrical
parameters constant. Fig. 7a shows the total strain energy in the ice
sample for different crack lengths and different ice sample heights H,
normalized by the square of the displacement x2 It can be seen how
more strain energy is accumulated in the ice for lower heights H. Due to
this increased deformation, the critical strain is reached for lower dis-
placements x, or, in other words, for lower pushing forces.

A lower ice height H also reflects on the shear stresses at the ice-
substrate interface. As can be seen from Fig. 7b, bigger displacements
x are required for H = 2.5 mm to reach the point where the full surface
experiences the critical shear stress, compared to H =5 mm or H = 10
mm. Thus, to facilitate stress-dominated detachment, the ice height H
should be at least 5 mm for this case.
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Fig. 7. (a) Strain energy in the ice sample normalized by the square of the displacement x? for different crack lengths and different ice sample heights H. The higher
the strain energy, the more probable the detachment due to critical strain energy. (b) Displacements to reach the critical shear stress and the critical strain energy
plotted versus the crack length for D = 8 mm, h = 1, and different ice sample heights H. (c) Mode II (sliding) failure energy (G) over the total (Gy) failure energy. The
closer the value to 100% (red dotted line), the more dominant the second mode of failure. The relevant values are between 0 and 40% of crack length, where the
minima of the critical strain energy are observed. (d) Displacements to reach the critical shear stress and the critical strain energy plotted versus the crack length for

D = 8 mm, H = 12.5 mm, and different pushing heights h.
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Before studying the influence of the pushing height h on critical shear
stress and critical strain energy, it was important to verify up to which
point the failure mode is dominated by a sliding motion (mode II) [64].
The reason for this is that the critical strain energy considered in this
study (G. = 3J/m?) is valid only for mode II failure. The Virtual Crack
Closure Technique (VCCT) allows investigating the contribution of each
of the different crack opening modes, and therefore, comparing G; to G
strain energy. According to [56], the total strain energy Gt can be
calculated as Gr = G; + Gy, meaning that the closer Gy /Gr to 1, the
higher the sliding component of the fracture.

Fig. 7c plots the value of Gy/Gr for different crack lengths and
different pushing heights h. The area of the graph that is relevant to this
study has been highlighted in light green. In this area, Gy /Gr is higher
than 80% and, at the same time, the crack length is smaller than 40%.
Considering only crack lengths below 40% is motivated by the fact that,
in the previous analyses (Fig. 5b and Fig. 7b), the minimum critical
strain energy is always found in this region. Only the cases h = 1 mm and
h = 2 mm satisfy these conditions, while for the other two cases, the
failure mode is generally a mixed opening mode and, therefore, not
suitable for an analysis that assumes pure shear conditions.

By comparing the critical shear stress and critical strain energy for h
=1 mm and h = 2 mm (Fig. 7d), an interesting mechanism is revealed:
by pushing the ice block at h = 2 mm, the critical strain energy at the
interface is reached only at higher displacements x (Fig. 7d, the curve is
pushed upwards). At higher pushing distances, the strain energy is
accumulated more in the bulk of the ice cylinder and less at the ice-
substrate interface. Simultaneously, the critical shear stress is reached
for lower x, favoring a stress-dominated detachment.

In conclusion, to reduce the risk of partial detachment (as shown for
example in Fig. 6d) and enable a more precise measurement of the in-
terface’s critical shear stress, the ice height H should be at least 5 mm,
the diameter D should be kept ideally below 10 mm and the pushing
height h should be comprised between 1 and 2 mm, preferably closer to
2 mm.

4. Conclusions

Assessing ice adhesion on solid surfaces is a crucial step in charac-
terizing both standard materials and coatings designed to reduce ice
adhesion. However, ice adhesion tests are often misunderstood: on one
hand, the average shear stress, 74, = F/A, measured during ice
detachment, is confused with the critical shear stress, 7.; on the other
hand, tests are usually performed without clarifying the fracture
mechanism (stress- or toughness-dominated).

In this study, we conducted complementary experimental and nu-
merical investigations, for a traditional horizontal push test, the most
commonly used ice adhesion measurement system, using aluminum as a
reference substrate. By altering the test conditions, we demonstrated by
high-speed camera visualization that ice detachment can occur through
either stress-dominated or toughness-dominated mechanisms. In a
stress-dominated mechanism, detachment occurs not when the average
shear stress, F/A, exceeds a critical value, i.e., 74pe > 7, as hypothesized
in several studies, but when the critical stress is exceeded over the entire
interface, Tmin > 7.. Under a stress-dominated mechanism of ice
detachment, the critical shear stress, 7., can be calculated by knowing
the shear stress intensity factors (which are a characteristic of the
measurement setup and the ice shape). These factors express the ratio
between the average stress value, 74, and the minimum stress value
Tmin-

In contrast, in the case of a toughness-dominated mechanism,
detachment is controlled by strain energy release instead of stress.
Therefore, the determination of the critical shear stress, 7., is only
meaningful under a stress-dominated detachment mechanism. Since the
two mechanisms cannot be distinguished by eyes, experiments should be
conducted with care, as the detachment time scales are too low, in the
order of 0.1 ms and 1 ms for stress-dominated and toughness-dominated

Applied Surface Science 641 (2023) 158462

mechanisms, respectively.

As a practical guideline for the design of experiments, we have
proposed a simple fracture model that facilitates differentiation between
the two detachment regimes. Generally, the stress-dominated detach-
ment regime can be favored by reducing the ice-block diameter,
increasing the ice-block height, and spacing the distance between the
force probe and substrate appropriately, as this reduces the strain energy
accumulated at the ice-substrate interface.

To conclude, we aim to increase awareness of the common mis-
understandings related to ice adhesion testing, with the objective of
improving the reliability and reproducibility of tests. This is particularly
relevant in the development and production of icephobic coatings and
materials designed to reduce ice adhesion and contrast icing on solid
surfaces.
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