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Abstract 

Ice accretion on industrial structures and instruments can endanger both the 

equipment and human life. To cope with icing hazards, low ice adhesion coatings 

are utilized, either alone or alongside active de-icing systems. This interest in 

icephobic surfaces has led to efforts to standardize processes and parameters for 

assessing ice adhesion, aiming to identify an equivalent method to contact angle 

measurements in the evaluation of wetting properties. The average shear stress is 

generally reported by studies as a measure of ice adhesion, which is the ratio of the 

force required to remove the ice to the ice-substrate contact area. This measure, 

however, does not take into account important aspects such as stress 

concentrations or the nature of the fracture mechanism. As a result, there can be 

variations up to an order of magnitude between ice adhesion results from different 

laboratories, even on traditional surfaces such as aluminum or steel. 

Specifically, there are two main known fracture mechanisms at the interface 

between materials: stress- or toughness-dominated fractures. The often-used 

average shear stress in ice adhesion tests is only relevant when the test is conducted 

in a stress-dominated regime; otherwise, the measured ice adhesion is 

underestimated and misleading. The interfacial toughness, which is relevant for 

toughness-dominated fractures, receives less attention, probably because its 

measurement is less intuitive and not as straightforward.  

Lack of differentiation between ice fracture mechanisms is one of the main 

sources of error in the literature and can lead to significant discrepancies. This work 

presents an in-depth analysis of the horizontal shear test, one among the most used 

ice adhesion test systems. An assessment method for both the stress- and the 

toughness-dominated fracture mechanism is developed, with the aim of improving 

the accuracy of the ice adhesion measurement. The conceptual framework 
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developed here is based on a combination of experimental and numerical 

approaches and it can be applied to any type of mechanical push test.  

An interlaboratory study of different horizontal shear tests is conducted, 

highlighting the importance of harmonizing test conditions and reporting force 

versus time curves in mechanical push tests. The adhesion strength value alone is 

not necessarily sufficient to detect differences in terms of the fracture mechanism 

or coating degradation. Finally, a comparison with a dynamic de-icing test system 

is proposed, showing consistent trends with those reported in the literature. 

However, a quantitative comparison between ice adhesion values of test systems 

with different operating principles remains complex. 

This work represents a step forward in the accurate measurement of ice 

adhesion, paving the way to a thorough and comprehensive evaluation of surface 

icephobicity through a standardized protocol. 
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Sommario 

L'accumulo di ghiaccio su strutture e strumenti industriali rappresenta un rischio 

sia per l’integrità delle apparecchiature che per la sicurezza delle persone. Per 

contrastare i rischi legati alla formazione del ghiaccio vengono utilizzati sempre più 

frequentemente rivestimenti a bassa adesione al ghiaccio, spesso in combinazione 

con sistemi di sghiacciamento attivi. Per la valutazione dell’adesione del ghiaccio di 

nuovi substrati ghiaccio-fobici sono stati proposti processi e parametri di misura 

standardizzati, con l'obiettivo di identificare un metodo intuitivo e immediato, 

simile alle misure dell'angolo di contatto nella valutazione della bagnabilità. Negli 

studi è generalmente riportato lo sforzo di taglio medio, che è il rapporto tra la forza 

applicata e l'area di contatto ghiaccio-substrato. Questa misura, tuttavia, non tiene 

conto di aspetti importanti come le concentrazioni di sforzo o la natura del 

meccanismo di frattura. Di conseguenza, le variazioni tra misure effettuate in 

laboratori diversi possono raggiungere anche un ordine di grandezza, persino su 

materiali tradizionali come l’alluminio o l’acciaio. 

La frattura all’interfaccia tra due materiali può essere controllata dallo sforzo o 

dalla tenacità. Lo sforzo di taglio medio spesso utilizzato nei test di adesione del 

ghiaccio è rilevante solo quando la prova è condotta in un regime controllato dallo 

sforzo. Altrimenti, in un regime di frattura controllato dalla tenacità, lo sforzo di 

taglio medio esprime un’adesione del ghiaccio sottostimata e fuorviante. In 

generale, la tenacità interfacciale riceve meno attenzione in letteratura, 

probabilmente perché la sua misurazione è meno intuitiva e non altrettanto 

semplice. 

Una delle principali fonti di errore in letteratura è la mancata differenziazione tra 

i diversi meccanismi di frattura del ghiaccio. Questo lavoro presenta un’analisi 

approfondita della prova di taglio orizzontale, uno dei sistemi di prova di adesione 

del ghiaccio più utilizzati. Viene sviluppato un metodo di valutazione per entrambi 
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i principali meccanismi di frattura, con l’obiettivo di migliorare l’accuratezza della 

misura di adesione del ghiaccio. Il quadro concettuale qui sviluppato si basa su una 

combinazione di approcci sperimentali e numerici e può essere applicato a qualsiasi 

prova di spinta meccanica.  

Sono stati confrontati i risultati di diverse prove di taglio orizzontale provenienti 

da tre diversi laboratori di ricerca, evidenziando la necessità di armonizzare le 

condizioni di prova il più possibile e di riferire le curve forza-tempo nelle prove di 

spinta meccanica. È stato inoltre evidenziato come il valore dello sforzo di taglio 

medio non è sufficiente per rilevare differenze in termini di meccanismo di frattura 

o di degrado del rivestimento. Infine, viene proposto un confronto con un sistema 

di prova dinamico di sghiacciamento, che mostra tendenze coerenti con quelle 

riportate in letteratura. Tuttavia, rimane difficile stabilire un confronto quantitativo 

tra i valori di adesione del ghiaccio ottenuti con sistemi di prova con principi di 

funzionamento diversi. 

Questo lavoro pone le basi per un protocollo di misurazione standardizzato 

dell’adesione del ghiaccio e sottolinea la necessità di una valutazione completa e 

approfondita della ghiaccio-fobicità dei substrati. 
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1 Introduction and Motivation 

In cold regions, the formation of ice can compromise people’s daily activities 

such as walking or driving. The most prominent example is glaze or “black” ice on 

public roads, but also flight delays and cancellations are common during the cold 

months. Indeed, ice on aircrafts can lead to an increase in weight, aerodynamic 

disturbances and blocking of sensors or mechanisms, to the point where it is no 

longer possible to fly safely [1,2]. Other industrial areas affected by icing are the 

naval sector (icing of ship decks and navigation systems), offshore structures, 

communication systems (e.g. parabolic antennas), and power systems (e.g. ice 

accretion on power lines and wind turbines) [3–5]. Even domestic appliances, such 

as refrigerators, can be affected by unwanted ice accretion.  

Traditionally, the ice is removed from surfaces by mechanical (e.g. direct 

scraping), thermal (i.e. heating the iced components), or chemical means. On most 

commercial aircrafts, for example, the ice is removed during on-ground operation 

by chemical de-icing, while thermal de-icing (generally bleed air heating systems) is 

used during the flight to keep the aircraft structures free from ice. De-icing fluids, 

however, can be environmentally harmful, as they are generally based on glycols [6]. 

Thermal de-icing, on the other hand, can be energetically demanding. Therefore, it 

is not a viable option for low power applications, such as UAVs or electric 

aircrafts [7,8]. 
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To overcome these limitations, there has been an increasing interest in new 

icephobic materials in the last two decades. The above mentioned anti- or de-icing 

strategies are active removal methods, in the sense that they require an energy input 

or external de-icing fluids. An icephobic material or coating ideally does not require 

any external input and can therefore be considered a passive ice mitigation method. 

Such materials or coatings do not necessarily have to be used as a stand-alone 

solution, but they can be combined with existing active anti-icing or de-icing 

methods, reducing the energy consumption and the environmental harmfulness of 

traditional ice protection systems [9–11]. 

An icephobic surface can be widely characterized by at least one of the following 

three properties: low ice adhesion [6,12], delayed freezing [13,14], and high water 

repellency, i.e. superhydrophobicity [15–18], if it leads to shedding of the water 

before freezing. Depending on the application, however, an icephobic surface does 

not need to exhibit all three properties simultaneously. For example, in refrigerators 

ice formation is generally tolerated, but an easy removal from the affected surfaces 

is desired. In this case, an icephobic coating might be optimized to reduce ice 

adhesion, without mitigating the formation of ice.  

Among the properties of icephobic surfaces, low ice adhesion is arguably the 

most important one. Even if a surface effectively repels and sheds supercooled 

water drops before freezing, it is likely that in extreme weather conditions ice 

nucleation and freezing will eventually take place. Therefore, minimizing ice 

adhesion is necessary to facilitate ice shedding from the surface.  

The first tests of ice adhesion to aircraft structures date back to 1930 when 

qualitative adhesion tests at the National Advisory Committee for Aeronautics 

(NACA) icing wind tunnel were made [19,20]. Despite the long history of research 

and testing related to ice adhesion, a standardized method for evaluating the 

performance of icephobic coatings and materials has yet to emerge. Over the years, 

an impressive amount of ice adhesion test methods has been developed [21–25], 

but the efforts to compare adhesion results from different test benches have been 
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limited, resulting in unclear definitions of the properties that an ideal icephobic 

surface should have. 

In the broad literature of icephobic surfaces, the generally accepted way to 

express ice adhesion is † ὊȾὃ, where †  is the shear adhesion strength („  

in the case of tensile tests), Ὂ is the force necessary to remove the ice from the 

substrate and ὃ is the ice-substrate interface area [26]. A material or coating is 

typically referred to as icephobic if its adhesion strength is below the arbitrary 

threshold of 100 kPa [12]. In comparison, structural materials such as aluminum or 

steel have an ice adhesion strength of up to 1600 kPa [27], whereas to remove ice 

by natural forces, such as wind or gravity, an ice adhesion strength below 10 kPa is 

required [12,28]. Accordingly, an icephobic material should exhibit a reduction in 

ice adhesion of one to two orders of magnitude. 

In the last few years, however, several studies have highlighted the limitations of 

this simple way of measuring ice adhesion. Systematic tests on the same test bench 

and identical surfaces have shown that an inherent scatter of ±20 % is expected for 

all ice adhesion tests [29]. Different literature reviews have shown that the 

discrepancies between different test methods can easily reach an order of 

magnitude [22,25]. Finally, a recent round-robin study on a total of 15 test facilities 

(both static and dynamic tests) with harmonized test parameters and ice types has 

shown how difficult it is to compare ice adhesion results from a wide range of test 

typologies [30]. The test systems involved were pull, push, tension, and centrifuge 

tests. Some tests employed freezer ice while others relied on impact ice (wind tunnel 

ice). The authors have assessed ice adhesion in the usual way of dividing the removal 

force by the interface area and have concluded that with the traditional methods, it 

is unlikely that a unified test standard for ice adhesion measurements can be 

established. 

Ice adhesion is expressed as † ὊȾὃ throughout the literature regardless of 

the nature of the test method (static or dynamic), the ice block size, the ice type 

(freezer ice or impact ice), or the fracture mechanism (sudden detachment or crack 
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propagation) [22,25]. By calculating the adhesion strength as ὊȾὃ [Pa], it is assumed 

that the fracture is always controlled by the critical stress, which is known not to be 

always true [31–33]. It is tempting to express ice adhesion in a standardized way, 

similar to the contact angle measurements for wetting properties; however, if the 

fracture mechanism is not understood, the ὊȾὃ value represents an over-

simplification and can be misleading.  

The purpose of this thesis is to provide an overview of the most important 

aspects of ice adhesion testing. In particular, it discusses the relevant ice-substrate 

fracture mechanics on laboratory-scale static push tests, such as the horizontal shear 

test. By combining experimental and numerical methods, a conceptual framework 

is proposed for a complete and comprehensive assessment of surface icephobicity. 

Finally, this work attempts to raise awareness of common mistakes and 

misconceptions related to ice adhesion testing. More reliable and reproducible tests 

are relevant to the design and fabrication of coatings and materials based on low 

ice adhesion to contrast icing.
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1.1 Research Objectives 

The main ambition of this thesis is to understand and reframe the ice adhesion 

mechanisms on a solid surface. For this aim, the following consequential objectives 

are addressed: 

- To analyze the ice-substrate fracture mechanics and to differentiate between 

the relevant ice-substrate fracture mechanisms, developing an assessment 

method for each mechanism.  

- To identify the main sources of errors and misconceptions that lead to the 

large discrepancies observed in the literature and to develop a strategy for 

assessing ice adhesion at the laboratory scale that enables improved 

measurement accuracy.  

- To develop a standardized procedure for reliable ice adhesion 

measurements.  

- To benchmark the ice adhesion values obtained on standard and icephobic 

materials against other ice adhesion measurement systems and to identify the 

sources of errors and misinterpretations.  

The conceptual framework is primarily developed for rigid surfaces, such as 

metals or composites. Elastic or soft substrates, such as rubbers, other soft 

polymeric compounds, or lubricated surfaces are not within the scope of this thesis. 

Nonetheless, the numerical model developed in this thesis has also been applied to 

rigid-soft composite materials [34], already representing an extension of this work 

towards complex and heterogeneous surfaces. 
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1.2 Outline 

Chapter 2 presents an overview of the fundamental aspects and current state of 

the art in ice adhesion testing. In particular, it discusses and compares the main ice 

adhesion test systems found in the literature and investigates the most important 

variables that affect the ice adhesion measurement.  

Chapter 3 describes in detail the experimental and numerical methods used in 

this thesis. Specifically, the ice adhesion test system built for this study and the 

numerical finite element model are discussed in detail.  

Chapter 4 presents the shear strength and interfacial toughness analysis. After a 

brief theoretical introduction, the two fracture mechanisms are analyzed separately. 

In the case of a fracture dominated by shear strength, the failure criterion is 

identified, and a new research approach is proposed to determine the critical 

interface shear strength. An analogous conceptual framework is proposed for the 

toughness-dominated case.  

Chapter 5 discusses the benchmark and comparison tests performed with other 

ice adhesion test systems. Specifically, the first part proposes a comparison with 

two other static push tests, to identify the main sources of error in laboratory 

testing. The second part tries to establish a correlation between a low-complexity 

static setup and a dynamic test rig that is close to the operating conditions of 

vibratory applications, but more challenging to implement. 

Finally, the overall conclusions and outlook are presented in chapter 6.  
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2 State of the Art of Ice Adhesion Testing  

In recent years, there has been a significant increase in research on icephobic 

materials and coatings.  

 

Figure 2.1: (A) Number of publications containing the terms “anti-icing”, “icephobic”, or “de-
icing” from the year 2010 to 2023 (“Scopus” research on April 3rd, 2024). (B) Number of 
patents containing the keyword “icephobic” from 2005 to 2023 (“Google Patents” research 
on April 3rd, 2024).  

A “Scopus” research shows how the number of publications containing the terms 

“anti-icing”, “icephobic”, or “de-icing” has been increasing significantly, reaching 

over 800 in the year 2023 (accessed on April 3rd, 2024, see Figure 2.1A). 
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The number of patents including the keyword “icephobic” has also been 

increasing over the last two decades, indicating significant growth in the field in both 

academic and industrial environments (see Figure 2.1B). This large expansion of the 

number of publications and patents indicates that the development of anti- and de-

icing solutions remains a complex challenge. Icing is a phenomenon that involves 

physical processes across different length scales, ranging from the nanoscale to large 

structures such as wind turbines. Moreover, atmospheric ice can take on various 

shapes and structures.  

Depending on the conditions of ice formation, it can be classified into in-cloud 

icing (typically resulting from the impact of supercooled droplets), precipitation 

icing, and hoar frost (caused by vapor sublimation to ice). Ice can also be categorized 

according to its physical properties, namely in glaze ice (or bulk ice), rime ice, snow 

(wet or dry), and frost [35]. Glaze ice is typically translucent and has the highest 

density (up to 900 kg/m3). It originates from liquid film solidification close to the 

freezing point and presents smooth surfaces. On the contrary, rime ice is formed 

through rapid freezing of supercooled drops (typically below -5 °C). It appears 

whitish due to the large amount of air bubbles trapped in the ice structure and its 

density can range from 150 to 700 kg/m3 [35]. Snow accumulates on surfaces that 

are exposed to low wind speeds. Dry snow has a density ranging from 50 to 100 

kg/m3, while wet snow can have a density up to 850 kg/m3 [35,36]. Frost is formed 

by direct solidification of water vapor on cold surfaces, usually appearing as small ice 

crystals [35].  

Given the variety of ice types and the numerous technological applications where 

icing can be problematic, a wide range of ice adhesion testing methods has been 

developed and described in the literature. However, comparing ice adhesion results 

from different laboratories can be challenging because the data from different test 

benches are usually not directly comparable. The upcoming sections describe the 

main categories of ice adhesion test systems and discuss the key variables that affect 

ice adhesion results.  
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2.1 Ice Adhesion Test Methods 

Ice adhesion test methods are generally developed for a particular ice accretion 

(bulk or impact ice) or ice loading (shear or tension) condition. The test methods 

found in the literature can generally be grouped into three major categories: shear, 

tensile, and centrifugal adhesion tests.  

2.1.1 Shear Tests  

Shear tests are the most commonly used ice adhesion test systems in the 

literature [25]. This sub-group includes horizontal shear tests [27,31,37,38], vertical 

shear tests [39–41], cylindrical shear tests (also called 0° cone test) [42–44], and 

rotational shear tests [45,46] (see Figure 2.2A, B, C, and D, respectively). 

Horizontal or vertical shear tests are generally conducted by freezing a block of 

ice to a substrate using a container (or mold). The mold can be removed or left in 

place, and then the ice is pushed or pulled by a load cell until the ice separates from 

the substrate (see Figure 2.2A and B). The ice adhesion to the substrate is calculated 

by recording the peak force at the moment of detachment. The distance between the 

point of force application and the substrate is generally reduced to the minimum, 

and a pure shear stress condition is assumed at the interface between ice and 

substrate [47]. In the case of vertical shear tests, gravity affects the force applied to 

the ice and the stress distribution at the interface, resulting in a greater dependence 

of the ice adhesion strength on the ice block size and geometry [22]. 

Cylindrical shear tests (or 0° cone tests) are designed such that ice is formed 

between two concentric cylinders (see Figure 2.2C). The inner cylinder is pulled in 

axial direction, effectively creating a shear load at the ice-substrate interfaces. In this 

type of test, the presence of shear and tensile stress concentrations at the edges of 

the ice has to be considered [25]. The maximum recorded force at ice detachment is 

divided by the contact area to calculate the ice adhesion. Typically, the icephobic 
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coating is applied only on one of the two cylinders, so that the ice detaches always 

from the same cylinder. 

 

Figure 2.2: (A) Horizontal and (B) vertical shear test. The ice is frozen on a substrate using a 
container (or mold). A load cell is then pushed against the ice and the maximum force at the 
moment of ice separation is used to calculate the adhesion strength. (C) Cylindrical shear 
test (or 0° cone test) and (D) rotational shear test. In both configurations, the ice is formed 
between two concentric cylinders. In the case of the 0° cone test, an axial force is applied 
on the inner cylinder, while in the rotational shear test, a rotational torque is applied instead. 

Rotational shear tests have in principle an identical geometry to 0° cone tests, with 

the difference that a rotational torque is applied on the inner cylinder instead of an 

axial force (see Figure 2.2D).  
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2.1.2 Tension Tests 

Unlike shear tests, tension tests have not been extensively explored in the 

literature. Consequently, the conceptual designs available are limited. One approach 

involves the formation of ice between two substrate plates and then pulling them 

apart with a perpendicular force [42]. Alternatively, a force transmission rod can be 

inserted into the water while it freezes in a mold (see Figure 2.3). If properly designed, 

this latter approach will cause the ice to detach from the base and remain attached 

to the transmission rod [48–50].  

 

 

Figure 2.3: Tensile test approaches. (A) The ice is formed between two substrate plates and 
a perpendicular force pulls the plates apart until separation. (B) A transmission rod is 
inserted in an ice block formed with a mold. 

A low cost, high throughput tensile test device has recently been developed [51]. 

The performance of the device has been validated, and the study provides a basic 

analysis of the effects of temperature, pull-off speed, substrate thickness, and ice-

substrate interfacial area on ice adhesion.  
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2.1.3 Centrifugal Tests 

In centrifugal ice adhesion testing, the centripetal force is used to detach the ice 

from the substrate (see Figure 2.4). The substrate is usually rotated with a constant 

angular acceleration, resulting in a linearly increasing centripetal force on the ice 

block. When separation of the ice from the substrate occurs, the instantaneous 

angular velocity is recorded and converted into the centripetal force (Ὂ). Generally, 

the adhesion strength is then calculated by dividing the centripetal force by the ice 

interface area (ὃ): † ὊȾὃ [22,25].  

 

Figure 2.4: Schematic of a centrifugal adhesion test. The instantaneous angular velocity 
when the ice separates from the substrate is recorded and converted into a centripetal 
force, used to calculate the adhesion strength.  

Although these systems are very simple and cost-effective to build, they do have 

several disadvantages [22]. Expressing the adhesion strength as force divided by area, 

therefore assuming a uniform stress distribution, might not be accurate, as studies 

have shown that stress concentrations are located at the edge of the ice block and 

that peel stresses are present at the rest of the interface [23]. Another issue is that 

these systems do not allow to record stress-strain curves [25] and the harsh 

detachment of the ice from the substrate might cause unnecessary damage to the 

coatings [52].  
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2.2 Literature Comparison on Ice Adhesion 

Several reviews and studies have attempted to analyze the techniques that are used 

to evaluate ice adhesion and have pointed out discrepancies that arise from different 

measurement techniques and different laboratories. The study of Work and Lian [25] 

is probably the most important review on the measurement of ice adhesion in recent 

years. The authors have analyzed and compared 113 papers in which ice adhesion 

was measured, and extracted the data obtained on common substrates such as 

aluminum, steel, Teflon®, and polyurethane.  

One of the biggest conceptual problems identified in the literature is that the data 

on ice adhesion are rarely corrected with stress concentration factors. The state of 

stress at the ice-substrate interface is generally nonuniform, but most papers analyzed 

ignored this. Of the 113 papers analyzed, only 8 employed Finite Element Analysis 

(FEA) to investigate the stress distributions. As a consequence, different test systems 

do not compare well, resulting in discrepancies up to an order of magnitude [25].  

The work of Schulz and Sinapius [23] draws similar conclusions, highlighting how 

the equations that consider only maximum force and total interface area to calculate 

the adhesion strength miss the effect of local stress concentrations and crack 

nucleation. The accuracy of quantitative data without the correction of stress 

concentrations is limited to one order of magnitude [25] (see Table 2.1). Existing 

tests may require numerical simulations to account for stress concentrations or 

geometry-independent test methods need to be created. 

The paper of Rønneberg et al. [22] highlights the need of standard measurement 

procedures and how the experimentally obtained ice adhesion results are only poorly 

comparable. The authors propose establishing a reference ice adhesion test to serve 

as a benchmarking method between different research institutes. However, the study 

does not provide exact indications on how to implement this reference test.  
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Table 2.1: Literature comparison of ice adhesion strengths on aluminum obtained with 
different adhesion measurement systems. Discrepancies up to an order of magnitude can 
be observed (minimum and maximum value is indicated). 

Test Method Adhesion [MPa] Reference 

Horizontal shear test 0.80 Dou et al. [53] 
Horizontal shear test 0.11 (min) Hejazi et al. [12] 
Horizontal shear test 0.7 – 1.0 Lou et al. [54] 
Horizontal shear test 0.16 – 0.33 Zou et al. [55] 
Vertical shear test 0.49 He et al. [56] 
0° cone test 1.2 (max) Zhu et al. [42] 
Centrifugal adhesion test 0.28 – 0.78 Rønneberg et al. [29] 
Centrifugal adhesion test 0.19 – 0.76 Guerin et al. [57] 
Centrifugal adhesion test 0.32 Laforte and Beisswenger [21] 

 

Comparing ice adhesion results from different literature sources can be 

challenging due to the significant number of variables involved in ice adhesion tests. 

If we compare a selection of well-cited papers, they do not report systematically the 

same variables, making it difficult to replicate the same experimental conditions (see 

Table 2.2). For instance, the humidity or the force probe loading rate are often 

overlooked testing variables. Proper reporting of the experimental variables and 

parameters should not be neglected, as it can facilitate the comparison of ice 

adhesion measurements across different institutes and test systems. 

Based on the analysis of the most comprehensive reviews on ice adhesion and 

reference tests proposed [22,25], two categories of test variables can be defined:  

Á “Primary” variables should always be reported to maximize comparability 

between test systems.  

Á “Secondary” variables that should be reported, as knowing them could 

improve the repeatability of ice adhesion testing. 

The variables are listed and summarized in Table 2.3. 



2.2 Literature Comparison on Ice Adhesion 

45 
 

Table 2.2: Variables and tools that need to be considered for the horizontal shear test for 
accurate adhesion strength measurement. The comparison is made for important, well-
cited papers on ice adhesion of recent years. The items included in the study are indicated 
by the symbol “V”, while “U” indicates an item that was not considered in the study. Adapted 
from [58]. 

 Considers 

† and „ 

Pushing 
height 

Stress 
distributions 

Stress vs. 
toughness 

FEA Crack 
opening 
mode 

Lou et 
al. [54] 

U U V V V U 

Maitra et 
al. [47] 

V V U U U U 

Makkonen 
[26] 

U - V V V U 

Golovin et 
al. [31] 

U U U V U U 

Irajizad et 
al. [59] 

U V U U U U 

Huré et 
al. [32] 

U U V V V V 

 

The variables listed under “primary” have been shown to have a significant effect 

on the measured ice adhesion. For example, in mechanical push tests, the “probe tip 

surface area” and “probe distance from interface” determine the resulting point of 

force application, which has been shown to greatly influence the ice adhesion 

measurement [22,41,47]. This aspect is further discussed in section 4.1.  

The size of the ice sample and the fracture mechanism are variables often 

neglected in ice adhesion testing, with the consequence that the formula † ὊȾὃ 

is used also in cases where it cannot be applied [31–33,60]. Section 4.2 investigates 

this issue in detail.  

The reporting of humidity and temperature conditions at which ice adhesion tests 

are performed have been shown to be extremely important on superhydrophobic or, 

in general, textured surfaces [61–63]. In fact, in high humidity conditions ice 

penetrates the microstructures of textured surfaces, creating a mechanical 

interlocking that increases the ice adhesion compared to smooth substrates [32]. 
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Table 2.3: Variables to be reported: necessary and desirable. 

Primary Secondary 

Probe tip surface area Strain rate 
Probe velocity or acceleration Water resistivity 
Probe distance from interface Ice density 
Humidity Air flow conditions 
Freezing time Water demineralization 
Ice sample size and shape  
Environmental + interface temperature  
Stabilization time  

 

In a recent round-robin study [30] on ice adhesion testing, benchmarking tests 

were performed with identical substrates to broadly compare testing approaches. The 

study involved 15 test facilities, and the test parameters were harmonized as much 

as possible to reduce discrepancies between the test systems. However, comparing 

ice adhesion results was found to be extremely difficult.  

Not only were there discrepancies in the results among different methodologies, 

but also within the same measurement techniques. The harmonization of parameters 

was judged not sufficient, and the authors concluded that unified ice adhesion tests 

are unlikely to be developed. They suggested the use of correction factors and the 

identification of the most relevant test parameters. Their work demonstrates that the 

current state-of-the-art ice adhesion tests do not produce easily comparable results. 
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2.3 Relevant Aspects in Ice Adhesion Testing 

This section examines the physical parameters that have the greatest impact on 

ice adhesion and presents a collection of works that discuss the physics of ice 

adhesion in various aspects. 

2.3.1 Ice Type 

A systematic study on the effect of ice type on ice adhesion has been conducted 

by Rønneberg et al. [29]. They deposited precipitation ice, in-cloud ice, and bulk 

water ice on three identical aluminum substrates and tested them using a centrifugal 

ice adhesion test system. The tests were carried out under similar environmental 

conditions. The adhesion strength measured was 0.78 ± 0.10 MPa, 0.53 ± 0.12 MPa, 

and 0.28 ± 0.08 MPa for precipitation ice, in-cloud ice, and bulk water ice, 

respectively, showing an inverse correlation with the density of ice. The reported 

standard deviations were relatively high, spanning from 15-30% of the mean value, 

even though the authors underline that the tests were performed under identical 

conditions. Other studies also reported similarly high scattering of results [25,64]. 

A potential explanation provided by the same authors in another study [22] is that 

identical freezing conditions may not necessarily result in identical crystal structures 

of the ice. The authors attribute the large standard deviations to the random nature 

of ice, which is difficult to account for during ice adhesion testing, and emphasize 

the importance of large data sets. Studies where ice adhesion is assessed only with a 

small number of measurements may lack accuracy. 
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2.3.2 Temperature 

The literature generally agrees that ice adhesion increases as the substrate 

temperature decreases. This aspect is well summarized by the review paper of Work 

and Lian [25], and is also confirmed by several other papers, including [24,64,65]. 

Theoretically, this phenomenon can be explained by the presence of a liquid film of 

water on the surface of the ice. This same water film is also responsible for the 

slippery sensation we experience when walking on ice [66]. 

The quasi-liquid-layer, which was first observed in 1859 by Faraday [67], is still 

not fully understood. Makkonen [26] theoretically estimated the change of the 

equilibrium melting temperature ‏Ὕ on the surface, using the Lennard-Jones 

potential and the Clausius-Clapeyron equation [26]: 

Ὕ‏ ςωπȿ‎ȟ ‎ȟȿ        (ρ) 

where ‏Ὕ is expressed in °C, ‎ȟ [J/m
2] represents the interface energy of the ice-

liquid interface (‎ȟ ςω ρπ J/m2 can be a assumed [26]), and ‎ȟ is the ice-

solid interface energy [26]. Equation (1) is valid when the surface energy of the ice is 

higher than that of the substrate [26]. Citing from the work of Makkonen [26]: 

òThe theory suggests that the [nanoscale] water film thickness at an interface of ice decreases 

from infinity at 0ÁC to zero at 0ÁC ɀ ‏Ὕ, being proportional to ‏Ὕ Ⱦ.ó (p.420) 

This explanation would qualitatively explain the increasing adhesion strength as the 

temperature of the substrate decreases. 

There have been attempts to exploit this quasi-liquid-layer on low ice adhesion 

surfaces. An icephobic coating that uses a Self-Lubricating liquid Water Layer 

(SLWL) has been developed by Chen et al. [68]. According to the authors, the coating 

utilizes hygroscopic cross-linked polymers within micro-pores, providing mechanical 

durability against abrasion and self-healing abilities [68]. The ice adhesion on the self-

lubricating coating was measured at different temperatures. An increase in ice 

adhesion was recorded at -25 °C and below, which can be attributed to the liquid-
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solid phase transition and the disappearance of the quasi-liquid layer [68]. Amirfazli 

and Antonini [6] have collected other studies that also show the existence of a liquid 

water layer at temperatures as low as -25 °C in stationary conditions. 

 Cohesive breaking within the bulk of the ice, opposed to adhesive breaking at 

the interface, becomes more likely at lower temperatures with the reduction of the 

quasi-liquid water layer [57]. With lower temperatures, ice becomes more brittle and, 

therefore, its mechanical bulk properties can influence ice adhesion results. This 

suggests that rapid cooling may result in temperature-induced cracking of the ice-

substrate interface, in contrast to the disappearance of the liquid water layer, resulting 

in lower ice adhesion at lower temperatures [26]. The ice adhesion increase due to 

the disappearing of the liquid water layer is, however, more pronounced than the 

cracking of the ice induced by low temperatures [26].  

The same work of Makkonen also discusses how the presence of the quasi-liquid 

layer at temperatures close to the freezing point makes the ice ductile (also called ice 

creeping [69]). In this state, the thermal interface stresses are diffused into the bulk 

without fracturing [26]. 

2.3.3 Stress Distributions 

The presence of stress concentrations in ice adhesion experiments makes it 

challenging to compare data from the various measurement methods and test 

systems. It has been hypothesized that stress concentrations are primarily responsible 

for the discrepancies of up to one order of magnitude that can be found in the 

literature (see Table 2.1) [23]. It is acknowledged that for the majority of ice adhesion 

tests, the stress state at the interface is nonuniform, yet this is not typically accounted 

for in most studies [25]. 

Lou et al. [54] were among the first to address the impact of stress concentrations 

on shear adhesion tests. In their study, the ice adhesion strength † , typically 

expressed as ὊȾὃ (removal force Ὂ divided by adhesion area ὃ), is corrected by a 

factor — that accounts for the stress concentrations. The correction factor — was 
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determined by numerical static-stress FEA and the ice detachment was simulated by 

Cohesive Zone Model (CZM), thereby demonstrating the intricacies involved in 

accurately analyzing and assessing ice adhesion.  

Work and Lian [25] have shown that up to date only a limited number of studies 

have investigated the interface stress state with FEA simulations. Consequently, the 

precise manner in which these stress concentrations should be accounted for remains 

unclear.  

Another topic addressed by the literature is the phenomenon of residual stresses 

that are frozen into the ice due to rapid ice accretion [25,26]. These residual frozen 

stresses can influence the cracking behavior and have a time-dependent nature, 

explaining why the timespan between water freezing and ice adhesion testing is 

another important variable to be considered. 

Although stress concentrations are not yet fully understood, recent studies have 

attempted to leverage stress concentrations to facilitate ice detachment, highlighting 

the significance of this topic. It has been demonstrated that hollow structures within 

the bulk material [39,40,70] or the combination of soft and rigid 

materials [34,59,71,72] can reduce ice adhesion. The underlying assumption is that 

stress concentrations promote the formation of micro-cracks at the interface, which 

then help to propagate a macroscopic crack, leading to ice detachment. 

The elasticity discontinuities at the edge between soft and rigid materials have 

recently been shown to facilitate ice detachment, leading to the development of 

discontinuity-enhanced icephobic surfaces [34]. It was found that on soft-rigid 

composite surfaces, the stress is concentrated at the discontinuity line, rather than 

only over the soft or rigid areas. Micro-cracking along the discontinuities then leads 

to macro-cracks first on the rigid and then on the soft areas. In addition, an increase 

in the density of elastic discontinuities further promotes crack initiation and results 

in a decrease in ice adhesion.  

Proving this assumption experimentally is not straightforward as it might seem, 

but there have been attempts to visualize crack nucleation with high-speed [34] and 
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microscope imaging [59]. The presence of stress concentrations along elasticity 

discontinuities has been confirmed by numerical analysis [34].    

2.3.4 Ice-Substrate Interface Area 

In the literature of ice adhesion testing, there is often a lack of clarity regarding 

the ice sample size. This naturally leads to the question of whether the size of the ice 

sample can influence the measured adhesion strength. Schulson [73] has investigated 

the fracture behavior of ice and concluded that for an ice adhesion test to be valid, 

the ice sample should be composed of at least 10 average-sized ice crystal grains. 

This corresponds to approximately 1 cm in each dimension [22,73].  

 By looking at the problem from the point of view of linear elastic fracture 

mechanics, a layer of ice covering a plate of finite thickness can be modeled as a 

“bimaterial bonded joint” [74]. The theory suggests that ice detachment can be 

explained by two competing fracture criteria: the stress and the toughness (or strain 

energy) condition [31,33,74–76]. In general, small interfaces exhibit a behavior 

dominated by stress, where the entire interface fails instantaneously, without visible 

crack propagation [31,32,77] (see Figure 2.5).  

 

Figure 2.5: Small interfaces typically fail by a stress-dominated mechanism. In these 
conditions, the ice separates instantaneously from the substrate, without crack 
propagation. Adapted from [78]. 

In contrast, larger interfaces are controlled by toughness and are characterized by 

a gradual crack propagation [33] (Figure 2.6). Accordingly, the measurement and 
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comparison of adhesion strengths are only meaningful when the conditions are 

known to be stress-dominated. Otherwise, for toughness-dominated fracture, the 

strain energy release controls the crack formation and propagation. Nevertheless, the 

majority of studies do not include any consideration of the conditions under which 

detachment occurs. 

 

Figure 2.6: For larger interfaces, the fracture is typically toughness-dominated. The 
separation from the substrate is gradual in this case, with a visible propagation of the crack. 
Adapted from [78]. 

Golovin et al. [31] have investigated the effectiveness of low interfacial toughness 

(LIT) materials in reducing the required forces to remove extensive areas of ice when 

the fracture is toughness-dominated. The study employed ice samples of constant 

width and height, but varying length ranging from 0.5 cm to 1 m. It was found that 

the force necessary to remove the ice blocks from the tested substrates increased 

only up to a certain critical length of the ice samples. For ice samples that exceeded 

this critical length, the force did not increase but remained constant [31]. This 

experiment demonstrates the relationship between ice removal force and ice-

substrate interface area. When the ice samples have a length below the critical value, 

the detachment is controlled by stress, and a constant ratio between the force Ὂ and 

the interface area ὃ can be found (constant average shear stress). In contrast, the 

removal force for longer ice samples does not follow this dependency between Ὂ and 

ὃ, as the detachment is toughness dominated. The critical length ὒ is a function of 

the interfacial toughness and the elastic modulus of the ice (Ὁ ) [31]: 
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ὒ ςὉ ɜὬȾ†          (2) 

where ɜ stands for the interfacial toughness, Ὤ for the height of the ice block, and † 

for the adhesion strength (ὊȾὃ). 

2.3.5 Fracture Mechanism 

The stress-dominated fracture regime is characterized by a stress value that 

surpasses the critical threshold across the entire interface:  

† †ȟᶅὼɴ Ὓ          (3) 

or, depending on the stress state, 

„ „ȟᶅὼɴ Ὓȟ         (4) 

where ὼ is a point of the interface Ὓ [74] (see Figure 2.5). In general, this fracture 

behavior is observed in ice layers where the stress is uniformly distributed at the ice-

substrate interface, without significant stress concentrations. Typically, this condition 

is met for short and thick ice blocks [32].  

A characterization of the critical adhesion stress of an ice-substrate interface must 

be conducted based on the minimum stress, †  or „ , as these quantities 

correspond to the critical stress values (see Equations (3) and (4)). Common ice 

adhesion tests, such as the horizontal shear test, typically record the force necessary 

to remove the ice Ὂ  and use it to calculate the average adhesion strength †

Ὂ Ⱦὃȟ where ὃ is the ice-substrate interface area. It should be noted, however, that 

this average shear stress †  cannot be considered a pure surface property. Rather, 

it depends on a number of geometric parameters, including the shape of the ice block 

and the load application mode. To have a pure characterization of the adhesion 

strength, †  needs to be derived from † . This process depends on the test 

system and is discussed in detail in chapter 4.  

At high stress concentrations and low ice layer thicknesses [32], a toughness-

dominated fracture is favored. Crack growth and the separation of the ice from the 
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substrate is controlled by strain energy (or interfacial toughness) instead of stress. In 

this case, the toughness expresses the resistance to crack propagation at the interface, 

or, alternatively, the maximum amount of strain energy that can be stored before 

failure of the joint. The higher the toughness, the more strain energy is required to 

propagate the crack. 

This kind of fracture mechanism starts in the vicinity of a stress concentration 

point [33]. The crack is initiated by an opening (or separation) of finite area ɝὛ 

between the ice and the substrate. This opening is only partial, in the sense that ɝὛ 

is less than the total interface area Ὓ [74]Ȣ For this initial opening to occur, both stress 

and strain energy must reach their respective critical thresholds. This condition is 

called “coupled criterion” [74]: 

† †ȟᶅὼɴ ɝὛ        (5) 

ɝὡ ὋɝὛ         (6) 

where Ὃ is the interfacial toughness, while ɝὡ  ὡ π ὡ Ὓ denotes the 

change in potential strain energy between the uncracked state and the state following 

the initial opening. After crack initiation, the separation of the ice from the substrate 

is only controlled by the interfacial toughness [32,74].  

To explain the mechanism of crack propagation along the interface after the initial 

opening has occurred, the energy criterion proposed by Griffith [33,79] can be 

employed. Here, the crack is propagated by ‬Ὓ (see Figure 2.6) along the interface 

and causes a change in potential strain energy ‬ὡ. This results in the formulation 

of the differential energy release rate: 

Ὃ Ὃ         (7) 

The crack propagates along the interface if Ὃ Ὃ holds for every incremental 

interface area ‬Ὓ.  

The existence of two distinct fracture mechanisms implies that ice adhesion 

cannot be expressed with only one value, which in the literature is mostly † ὊȾὃ. 
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Ice adhesion can only be expressed in the units of stress (Pa) when the detachment 

is stress-dominated. For toughness-dominated fractures, strain energy (J) controls 

the detachment of the ice, and the average adhesion strength becomes meaningless. 

An interface fracture in three dimensions can be approximated by two surfaces 

joined by a straight line, the crack front. If this line is straight and if the fracture 

occurs along the interface plane, the crack propagation can be adequately described 

by a two-dimensional projection [80]. However, heterogeneities in the material 

structure can locally increase the resistance to crack propagation, resulting in a 

distortion of the crack front line. In this case, a two-dimensional description of 

interfacial fracture is not sufficient to capture the complexity of the fracture 

behavior [81–83]. 

 Fracture propagation occurs by initial nucleation of a localized crack. At this 

stage, the crack front will exhibit high local curvatures. Subsequently, the crack front 

will rapidly expand in the transverse direction, resulting in a straightened crack 

propagation line. The velocity of expansion in transverse direction depends on the 

degree of the initial distortion. Very large distortions can induce transverse velocities 

close to the Rayleigh wave velocity, while for smaller distortions, lower transverse 

velocities are observed [80,84]. 

The presence of heterogeneities, or asperities, along the crack path can also be 

described in terms of localized waves, called “front waves”, that fundamentally affect 

the dynamics of a crack front. Front waves are elastic waves that are generated when 

a crack encounters a material heterogeneity, and they propagate along the moving 

crack front. It has been shown that these waves locally impart inertia to the crack 

front, while under ideal conditions a crack can be considered “massless” [84]. The 

higher the number of interactions between the crack front and material 

heterogeneities, the more irregular the crack front profile becomes.  

Another important aspect when analyzing the detachment of ice layers from 

substrates is that an interface can be subjected to different loading conditions. Each 

type of loading induces a distinct relative movement of the fractured surfaces. The 
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three crack opening modes that can be identified are [85]: (I) normal, (II) in-plane 

shearing or sliding, (III) out-of-plane shearing or tearing (Figure 2.7). 

 

Figure 2.7: Representation of three distinct crack opening modes: (I) normal, (II) in-plane 
shearing or sliding, and (III) out-of-plane shearing or tearing. Adapted from [58]. 

In homogeneous and isotropic solids, cracks can be propagated in pure mode I 

(normal) opening conditions. In this case, the toughness, i.e., the resistance to crack 

propagation, corresponds in this case to a purely normal strain energy, Ὃ. In 

contrast, when a crack appears at the interface of two dissimilar materials, the crack 

path is constrained to the interface plane [32,86]. This implies that the crack is no 

longer free to propagate in a pure normal mode (I), as it would be for a homogeneous 

material. The asymmetry of material properties at the interface induces a mixed-

mode crack propagation, including mode (II) and mode (III) opening [32].  

Understanding and recognizing the dominant opening mode is essential in designing 

ice adhesion experiments. To measure the critical shear stress at the interface, for 

example, it is necessary to select a configuration in which the sliding (II) mode is 

dominant. This is further discussed in chapter 4.  
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3 Experimental and Numerical Methods 

This chapter introduces the experimental and numerical methods used in this 

thesis to perform the shear strength and toughness analysis presented in chapter 4. 

Specifically, the ice adhesion test system utilized in this study and the numerical finite 

element model are discussed in detail.  

3.1 Experimental Setup 

The experimental test system used in this work is of the “horizontal shear test” 

type, as presented in section 2.1.1. The test rig was designed and assembled in-house 

and is composed of an environmental chamber, a sample cooling system, and an 

actuation and force measurement system (see Figure 3.1). The environmental 

chamber has a volume of approximately 6 L, and it is employed to establish a 

nitrogen environment for the ice adhesion tests, to prevent excessive frost formation 

on the cooled components. The frame of the chamber is built with ITEM aluminum 

profiles and plexiglass sheets are used to close the sidewalls and top side of the 

chamber. The nitrogen gas is directly withdrawn at ambient temperature from a 

supply line of the laboratory. This allows the creation of a constant environment 

(ambient temperature Ὕ ςπ Јὅ, relative humidity ὙὌ σϷ) inside the 

chamber. A temperature and humidity sensor (TC Misure e Controlli S.r.l.) is 

connected to a “CompactDAQ” data acquisition system (National Instruments) to 

continuously monitor the conditions inside the chamber. 
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Figure 3.1: Top view of the horizontal shear test. Nitrogen gas is directed into an 
environmental chamber to prevent frost formation during ice accretion and testing. A force 
gauge, attached to a linear actuator, is employed to measure the maximum adhesion force 
of the ice sample. The substrate cooling system is adjusted through a PID-controller.  

A sample cooling system that serves also as a test base is placed inside the 

chamber. The cooling system is built in a sandwich configuration: on the bottom, 

there is an aluminum block with copper serpentine, the thermoelectric cells (or 

Peltier cells) form the middle layer, and another aluminum plate is placed on top of 

the thermoelectric cells (see Figure 3.2A). Eight screws in total are used to press the 

slimmer aluminum plate against the Peltier cells, ensuring good thermal contact. To 

further minimize thermal conduction losses, silicon-based thermal grease (RS-PRO) 

has been applied on both sides of the thermoelectric cells. The aluminum block on 

the bottom serves as a liquid-cooled heat sink for the thermoelectric cells, to remove 
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the excess heat. On the top side, the aluminum plate is in contact with the cold side 

of the thermoelectric cells and serves as a sample holder.  

 

Figure 3.2: (A) Close-up of the sample cooling mechanism. The two thermoelectric 
elements are positioned below the sample holder (the location is indicated by the red dotted 
box). (B) A cylindrical Nylon mold encases the water frozen on the top of the substrate that 
is to be tested. 

Precise control of the sample surface temperature is achieved with two 5k-Ω 

thermistors. One thermistor is used to control the sample temperature, while the 

other one is used to gain additional information about the temperature distributions 

in the cooling system and/or ice sample. During operation, the heat sink is kept at 

5°C using a circulation chiller (Thermo Fisher ThermoChill II), and the power that 

goes to the Peltier cells is controlled using a PID controller (TE-Technology TC-36-

25-RS232). The bi-polar (heat and cool) temperature controller is able to modulate 

the power input from 12V to 36V, at currents of up to 25A. The chosen 

thermoelectric modules (CUI CP85-2) have a maximum output power ὗ  of 

51.6W and a maximum temperature difference ЎὝ of 85°C. Two modules are 

mounted in parallel, i.e. side by side, to ensure cooling over an area equal to 40 x 80 

mm2. The heat sink (ATS-TCP-1001) has been over dimensioned and is able to 

remove up to 300W in combination with the circulation chiller. 
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Ice is formed on the substrates using cylindrical nylon (PA.6) molds with inner 

diameter ranging from 8 to 14 mm (see Figure 3.2B). To conduct the ice adhesion 

tests, different freezing protocols can be used. With the standard protocol used in 

this work, the sample surface is brought to the desired freezing temperature, and 

then the water is poured into the nylon mold. Approximately 20 minutes of 

conditioning time is necessary to ensure complete freezing of the water column 

inside the mold. 

The ice is removed from the substrate by applying a force on the outside of the 

nylon mold, inducing stress at the ice-substrate interface. A linear actuator (Newport 

LTA-HL with Conex-CC Controller) is used to push the force sensor (Mark-10 

model M5-20) towards the ice column. The total displacement of the linear actuator 

is 25 mm. The force sensor is connected to a metallic rod that is equipped with a 

circular-segment shaped tip of about 1 mm size (see Figure 3.2B). This rod enters 

the chamber through a narrow hole in the plexiglass sidewall. The peak force that 

can be registered is 100 N with a resolution of 0.01 N. The force sensor allows to 

record a force vs. time graph at a sampling frequency of 50 Hz, while the peak 

rupture force is sampled at a frequency of 7000 Hz.  

The linear actuator allows to move the rod with a constant velocity against the 

mold and, therefore, the applied force on the ice is increased linearly. In this work, 

the actuator is operated at a speed between 5 and 20 µm/s, a quasi-static regime 

where dynamic effects can be excluded (see Appendix A.1). By applying such a low 

displacement speed, the deformation of the ice under load (strain rate) can be 

recorded.  

For the classification of the fracture mechanism, the detachment of the ice from 

the substrate was recorded using a high-speed camera (PHOTRON NOVA 

FASTCAM S6) equipped with a Venus Laowa 100 mm f/2.8 2x Ultra Macro lens 

and a JJC Focus Extension Tube (20 mm). 
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3.2 Numerical Model 

Numerical FEA is used to calculate the ice-substrate interface stresses and the 

strain values for the experimental setup. The model simulates the main components 

of the ice adhesion experiment: the ice column, the nylon mold, and the substrate 

(see Figure 3.3).  

 

Figure 3.3: Schematic of the numerical model utilized in this thesis. The dimensions of the 
model (A) can be changed and adapted to the investigated experimental case. The force 
applied on the mold is simulated as a force that acts homogeneously on an area of 1 x 1 
mm2. Adapted from [58]. 

The dimensions of the model reflect the real geometry of the experimental setup 

and can be adapted to the corresponding experimental case. The external force is 

modeled as a force distributed over an area of 1 x 1 mm2 on the outside wall of the 

mold (see inset in Figure 3.3B). This area corresponds approximately to the contact 

area between the head of the rod and the nylon mold. A “bonded” contact condition 

was chosen between the ice column and the mold and between the ice and the 

substrate. In contrast, a “frictionless” condition was selected between mold and 

substrate. Table 3.1 shows the linear elastic and isotropic material properties utilized 

in the numerical model. 
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Table 3.1: Density, elastic modulus, and Poisson’s ratio of the modeled materials. The values 
for ice have been taken from [87] and correspond to those of “freezer ice”.  

Material ” (kg/m3) Ὁ (GPa) ’ 
Ice 897 9 0.31 
Nylon 1140 1.5 0.39 
Aluminum 2700 68 0.36 

 

To retrieve the interface stresses and the strain energy (toughness), a transient 

structural model is employed (Ansys Mechanical 2022 R1). Two different approaches 

are employed, depending on whether the stress state or the toughness is being 

evaluated. For stress state calculations, the model is used in a “uncracked” 

configuration, whereby the actual detachment of the ice is not simulated. In this case, 

the experimentally measured force is utilized as an input parameter for the numerical 

model, which then returns the static distribution of the ice-substrate interface 

stresses for the given force. A APDL code for the Ansys Environment was written 

to read out the stress values at every node of the ice-substrate interface. This allowed 

easier and more in-depth data analysis.  

In contrast, to calculate the strain energy differences between two cracked states 

(i.e., the toughness), a crack was modeled at the interface and its length is 

automatically changed from fully attached to fully detached. To simulate the 

propagation of the crack, the ice block is divided into two sub-bodies: the part that 

is assumed to be already detached from the substrate (the part that appears in green 

in Figure 3.4A), and the part that is still considered attached to the substrate (yellow 

sub-body in Figure 3.4A). The crack is simulated only at the ice-substrate interface; 

thus, the two parts of the ice block are set as bonded to one another. The detached 

part of the ice block is characterized by a frictionless contact condition with the 

substrate, while the attached part is set to be bonded to the substrate. The crack 

propagation line is assumed to be straight and perpendicular to the force application 

line (Figure 3.4B). Throughout the simulation, the position of the crack line is moved 
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in the direction of the force application line, thereby simulating the propagation of 

the crack. 

 

Figure 3.4: (A) To simulate crack propagation and calculate the toughness value, the ice 
block is divided into two sub-bodies. The detached body appears in green and has a 
frictionless contact condition with the substrate. The attached body appears in yellow and 
is considered bonded with the substrate. (B) Top view of the numerical model. The crack 
propagation line is assumed to be straight and perpendicular to the force application line. 
Adapted from [78].  

The crack front is assumed to be straight, meaning that the surface is considered 

ideal, without heterogeneities (see section 2.3.5). Moreover, the nucleation of the 

crack is not modeled, but it is assumed to occur at the closest location to the force 

application point.  

The assumption that the crack propagation line is straight and perpendicular to 

the force application line was verified experimentally by high-speed imaging (see 

Appendix A.2). A mesh independence study for the developed numerical model is 

available in Appendix A.3. Additionally, a validation of the stresses calculated by the 

numerical model is proposed in Appendix A.4. 
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3.2.1 Interfacial Toughness Calculation Method 

The interfacial toughness is calculated using a simplified J-Integral 

method [88,89]. In the experimental setup, the actuator is operated in a quasi-static 

regime, where dynamic mechanical loading can be neglected (see Appendix A.1). An 

energy balance of the three-component system (ice column, nylon mold, and 

substrate) leads to: 

ὡ ὡ Ὀ        (8) 

where ὡ  is the work performed by external forces, ὡ  is the 

mechanical potential energy (e.g., strain energy), and Ὀ  is the mechanical energy 

dissipated due to the propagation of the crack. The equation number (8) can be 

reformulated as: 

ὥ ὥ  ὥ       (9) 

        (10) 

where ὥ is the crack propagation speed and Ὠὥ is the crack increment. 

The propagation speed of the crack front was experimentally determined to be in 

the order of m/s (see Appendix A.5), while the actuation velocity of the force probe 

is in the order of µm/s (see section 3.1). The load can therefore be considered static, 

and ὡ π. The potential energy is thus directly and entirely used to 

propagate the crack along the interface. Additionally, the terms in equation (10) can 

be divided by the width of the material ὦ, resulting in: 

        (11) 

where ὦ Ὠὥ ὨὛ is the new crack surface area formed by the crack increment Ὠὥ. 

The right-hand side of the equation (11) corresponds to the definition of the 

differential energy release rate [79] presented in section 2.3.5. The final equation thus 

becomes: 
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Ὃ        (12) 

where Ὃ is defined as the energy release rate. 

To impose the ὡ π condition in the numerical model, a constant 

displacement of the force rod contact area has been imposed. A constant 

displacement of the mold results in a stationary elastic deformation of the bodies, 

and this is equivalent to a static force applied on the selected area; thus, no external 

work is done on the system. The crack line is then moved along the interface, from 

fully attached to fully detached, and at every intermediate point of the crack 

propagation, the elastic strain energy is calculated. 

 Based on the theoretical background introduced in section 2.3.5, the strain energy 

release Ὃ can be derived in two slightly different ways, depending on the fracture 

process that is described. At the initial crack opening, the strain energy release Ὃ is 

defined over a finite area ɝὛ, as previously described by equation (6). In this instance, 

the interfacial toughness is defined as the strain energy released by the initial crack 

opening over the crack area of the opening. A simplified 2D version of the numerical 

model is developed and presented in section 4.2.1. The purpose of this 2D model is 

to investigate how the force pushing height and the ice column height determine 

which fracture mechanism is initiated. Given that the 2D analysis concerns the 

opening of the crack, not its propagation, the calculation of the strain energy release 

rate was done between uncracked and cracked state (according to equation (6)).  

The 3D numerical model is used in section 4.2.3 for the dimensional analysis of 

the interfacial toughness and it was developed to assist the experimental 

measurement of the interfacial toughness. Experimentally, it is more convenient to 

measure the force required to propagate the crack along the entire ice-substrate 

interface, rather than to initiate the crack. For this reason, the dimensional analysis 

was carried out based on the differential strain energy release rate. The strain energy 

release rate is therefore calculated according to equation (7) and (12), by dividing the 

difference of strain energy between two successive crack states by the newly formed 

crack area.  
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For a crack to propagate along the entire interface, the differential strain energy 

release rate must exceed a critical value Ὃ Ὃ in every point of the interface. Figure 

3.5 represents graphically how the interfacial toughness is calculated with the 

numerical model. A constant force is applied at the outside of the mold and then the 

crack is propagated along the entire interface, as described in section 3.2 and Figure 

3.4. The energy release rate is then calculated between successive crack positions, 

and this results in the graph shown in Figure 3.5. It is assumed that the constant 

force Ὂ applied at the outside of the mold is the lowest force for which the crack 

propagates along the entire interface. In this case, the interfacial toughness is defined 

as the minimum of the calculated energy release rate, Ὃ Ὃ (shown as a green 

dotted line).  

 

Figure 3.5: For a given force applied at the outside of the mold, the interfacial toughness is 
calculated as the minimum of the energy release rate. The Z-axis represents the centerline 
of the ice-substrate interface, and the force is applied at Z = -0.006 m. The part of the graph 
in the red area is not considered due to mesh dependent results.   

From the mesh independence study in Appendix A.3, it is evident that close to 

the edges of the ice-substrate interface, the numerical model shows a clear 

dependence on the mesh cell size. The red area in Figure 3.5 is therefore not 

considered for the interfacial toughness calculations. The mesh dependence can be 
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attributed to the insufficient mesh refinement close to the interface edges. At the 

time the simulations were carried out, however, the computational resources 

available were insufficient to obtain a high enough resolution to capture the edge 

effects.  

To calculate the characteristic quantities for stress- and toughness-dominated 

fractures (†  and Ὃ , respectively), the first row of cells around the interface edge 

was excluded from the calculations, as were the first 20% of cells of the interface 

near the point of force application. However, the values of †  and Ὃ  are not 

calculated from the fraction of cells that are excluded. The minimum shear stress, 

† , is expected to be found in the central region of the interface, away from the 

edges, as the stress peaks are generally concentrated in the near-edge regions [23]. At 

the same time, the minimum energy release rate, Ὃ , is found where the interface 

has the greatest width. Therefore, the cells near the point of force application can be 

excluded from the toughness calculations. While the model is capable of capturing 

the differences in fracture regimes, it is not suitable for analyzing the near edge stress 

distributions. 

The method described in this section allows to calculate the interfacial toughness 

in a highly efficient way with respect to computational resources. However, the 

method does not allow to differentiate between different opening modes (normal or 

in-plane shear opening), as previously described in section 2.3.5. In fact, the 

numerical model used in this work calculates the total change in potential elastic 

energy (Ὃ), without considering the normal (Ὃ) and shear opening (Ὃ) component. 

For this reason, the Virtual Crack Closure Technique (VCCT) [90] is used on the 2D 

version of the numerical model. This computational tool assumes that the energy 

released during crack opening is equivalent to the energy input necessary to close the 

crack and allows to investigate the contributions of normal (Ὃ) and shear opening 

(Ὃ) to the total strain energy (Ὃ). Consequently, Ὃ can be calculated as Ὃ Ὃ

Ὃ  [32], and the magnitude of the sliding component can be expressed as ὋȾὋ.  
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4 Results and Analysis on Shear Strength 

and Interfacial Toughness 

In chapter 2 it was discussed that in the literature ice adhesion is often quantified 

with a measure of the average critical shear stress † ὊȾὃ. This expression of ice 

adhesion already includes the interface area ὃ, and thus it is often assumed that this 

measurement is independent of the ice-substrate interface area [21–23,91]. As 

previously discussed, there is no standard procedure or a universally accepted 

method for measuring ice adhesion. Attempts have been made to reduce the test 

system dependence of ice adhesion measurements, such as the Adhesion Reduction 

Factor (ARF) [59], but the comparison of ice adhesion measurements remains 

challenging [30].  

This work attempts to verify the area independence of the average shear strength 

† ὊȾὃ. The horizontal shear described in chapter 3 is used to perform ice 

adhesion tests on a commercially available aluminum alloy, Al-6060. This substrate 

was chosen due to the large availability of ice adhesion data in literature and its non-

degradable nature. The tests were performed using cylindrical ice columns and nylon 

molds. Throughout the tests, the ambient conditions were not changed, and the 

substrate temperature was kept constant. The ambient temperature inside the 

environmental chamber was Ὕ ςπЈὅ, the relative humidity was kept constantly 

below 3%, and the substrate temperature is set to Ὕ  ρπЈὅ. After the water 



4 Results and Analysis on Shear Strength and Interfacial Toughness 

70 
 

was poured into the molds, the substrate was cooled down to Ὕ  ρπЈὅ, and a 

freezing time of 20 minutes was ensured before conducting the ice adhesion tests.  

 

 

Figure 4.1: Schematic of the horizontal push test with cylindrical glaze ice samples. The 
characteristic dimensions of the setup are indicated as Ὤ (vertical distance between the 
pushing rod and the substrate), Ὄ (ice filling heights), Ὀ (diameter of the mold), and ά (mold 
thickness). Adapted from [78].  

The analysis of the interface stresses and detachment mechanisms starts from the 

parameters and characteristic dimensions of the horizontal shear test. Figure 4.1 

shows a schematic representation of the test setup including its characteristic 

dimensions. Once the freezing process is completed, a force probe is pushed against 

the nylon mold at a distance Ὤ from the substrate, and the force Ὂ necessary to 

remove the ice is recorded. The ice adhesion values on the aluminum alloy sample 

were obtained by performing several experiments at different pushing heights Ὤ. 

Additionally, molds with inner diameters Ὀ of 8 and 14 mm were used to form the 

ice column on the substrate. For each combination of Ὤ and Ὀ, at least five 

measurements were performed. 

From a mechanical point of view, a variation of the pushing height Ὤ changes the 

bending moment at the ice-substrate interface, and thus induces a different stress 

distribution at the interface (see Figure 4.2).  
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Figure 4.2: The composition of the stress components at the interface († for shear stress and 
„ for the tensile stress) changes depending on the pushing height Ὤ. Adapted from [58]. 

The ice adhesion results of this study are shown in Figure 4.3. The average shear 

strength † ὊȾὃ is given as a function of the pushing height Ὤ and the diameter 

of the mold Ὀ. In the case where different pushing heights Ὤ were tested, a mold 

with diameter Ὀ = 8 mm was utilized. In contrast, the tests with different mold 

diameters were performed at a fixed pushing height of Ὤ = 1 mm. 

 

Figure 4.3: Experimental results of ice adhesion measurements on aluminum alloy for 
different pushing height Ὤ (left graph, results obtained with constant Ὀ = 8 mm) and mold 
diameters Ὀ (right graph, obtained with constant Ὤ = 1 mm). The average shear strength is 
obtained by dividing the ice removal force Ὂ by the interface area ὃ. Adapted from [58]. 

It is evident that by changing the pushing height Ὤ, the stress components have 

different distributions, and thus the average shear strength is not constant. As the 

distance Ὤ increases, the resulting value of † ὊȾὃ decreases. This initial 

experiment highlights how †  is not exclusively a material property; it also depends 

on the experimental technique and the specific set of parameters. The question if 
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and how †  can be used to compare ice adhesion results from different materials 

and test systems rises spontaneously. 

The literature commonly expresses the average shear strength as † ὊȾὃ to 

normalize the measured ice adhesion to the interface area. However, a comparison 

of the average shear strengths obtained with ice block diameters of 8 and 14 mm 

shows that †  changes from 1257 ± 279 kPa to 358 ± 69 kPa, a 4-fold difference. 

From these first results it can be concluded that the †  values obtained with the 

horizontal shear test are heavily dependent on the geometrical parameters of the test 

system. Even a relatively minor change in the configuration of the test system, with 

the same substrate and constant environmental conditions, can result in errors in the 

ice adhesion measurement of up to 400%. Consequently, a comparison of ice 

adhesion values from different test systems appears even more difficult.  
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4.1 Stress Analysis 

The stress components at the ice-substrate interface have been investigated with 

the numerical FEA-model presented in section 3.2. Figure 4.4 shows a simulation of 

the ice adhesion test performed with the experimental system. In this example, the 

deformations of the mold (Ὀ = 8 mm) and the ice block (Ὄ = 10 mm) under an 

arbitrary load Ὂ (Ὤ = 1 mm) have been calculated and visualized.  

 

Figure 4.4: Representation of the simulation results. The color contours show the 
displacement of the mold (Ὀ = 8 mm) and of the ice column (Ὄ = 10 mm) when the load Ὂ is 
applied (Ὤ = 1 mm). To improve the visualization of the deformation, the displacements have 
been magnified 30 times. Adapted from [58]. 

The color contours on mold and ice block show the displacement compared to 

the initial position. It can be seen that even when the force is applied at the lowest 

point considered in this study (Ὤ = 1 mm), there is a clear bending of the mold and 

the ice block. In fact, the displacement increases with increasing distance from the 

substrate.  

The numerical model is also capable of calculating the shear and tensile stresses 

at the ice-substrate interface. The average ice removal forces determined 

experimentally (Figure 4.3) are employed as an input for the force Ὂ applied in the 

numerical model at the same pushing height. This enables the numerical model to 

provide a “photograph” of the stresses at the precise moment the ice detached from 

the substrate.  
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The in-plane shear stresses for pushing heights Ὤ = 1 mm and Ὤ = 4 mm are 

plotted in Figure 4.5. In both cases, the load leading to detachment in the respective 

experiments (Ὂ = 63.2 N for Ὤ = 1 mm and Ὂ = 36.4 N for Ὤ = 4 mm) was applied. 

The same color scheme has been used, so that the differences in the stress 

distribution can be appreciated. It is evident that much higher stress concentrations 

close to the force application point are visible for Ὤ = 1 mm. At the point of failure, 

the maximum shear stress values at the interfaces were different from each other, 

showing that this is not the correct failure criterion to determine the detachment of 

the ice from the substrate.   

 

Figure 4.5: Distribution of the ice-substrate interface shear stresses forЮὬ = 1 mm and Ὤ = 4 
mm, with Ὀ = 8 mm for both cases. The respective forces leading to detachment have been 
determined experimentally (Ὂ = 63.2 N forЮὬ = 1 mm and ὊЮ= 36.4 N for Ὤ = 4 mm, see Figure 
4.3) and have been applied to the numerical model. Adapted from [58]. 

The cylindrical ice columns of Ὀ = 8 mm used in this study are relatively small 

when compared to the configurations used in other shear test systems found in the 

literature. For this particular test case, a stress-dominated fracture mechanism is 

expected [31,32,75,77]. As already mentioned in section 2.3.5, for a stress-dominated 

mechanism to occur, the shear or the tensile stress component must reach the critical 

stress level across the entire interface. In the results shown in Figure 4.3, the substrate 

does not change throughout the experiments and, therefore, also the critical stress 

threshold is not expected to change. If the fracture mechanism is stress-dominated 
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in all four experiments performed with the Ὀ = 8 mm ice columns, then the same 

stress threshold should be found.  

 

Figure 4.6: (A) Shear and (B) tensile stress distributions calculated with the FEA-model at 
the ice-substrate interface. The curves represent the stresses along the symmetry line of the 
cylindrical ice samples with diameter Ὀ = 8 mm. For each case (for Ὤ = 1 mm to 4 mm), the 
corresponding experimental ice removal force has been applied in the numerical model. 
Close to the force application point (ὤ = -0.004 m), mesh dependence was observed (see 
Appendix A.3). Therefore, the curves have been replaced by exponential curve fittings 
(dotted lines). Inset: Shear stress distribution at the ice-substrate interface of cylindrical ice 
columns. The symmetry line is indicated by the red line. Adapted from [58]. 

The stress distributions were analyzed using the FEA-model previously described. 

Figure 4.6 shows the shear and tensile stresses along the symmetry line of the 

cylindrical ice samples with Ὀ = 8 mm. For each case (for Ὤ = 1 mm to 4 mm), the 

corresponding experimental ice removal force has been applied in the numerical 

model. The Z-axis is the coordinate along the symmetry line, where ὤ = -0.004 is 

closest to the point where the force is applied and ὤ = 0.004 the farthest. The stress 

values near the point of force application have been extrapolated by fitting of an 

exponential function (dotted lines). Additionally, the stress values in the very last row 

of cells near the interface edges have been replaced by fitted values due to mesh-
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dependent results. The mesh independence of these results is analyzed in Appendix 

A.3.  

Analyzing the shear stress distribution (Figure 4.6A), it is clear that the maxima 

of the curves change drastically when the pushing height is changed from Ὤ = 1 mm 

to 4 mm, respectively from 5.46 MPa to 1.09 MPa.  This corresponds to a relative 

difference expressed as ɝ† Ⱦ†  of 401%. On the contrary, the minimum values 

show a relative difference ɝ† Ⱦ†  of only 14%, and a non-monotonic behavior. 

In fact, for Ὤ = 1 mm the curve minimum is 588 kPa, and 675 kPa for Ὤ = 3 mm. 

The complete results are reported in Table 4.1. 

Table 4.1: Interface shear stress analysis for the cases with pushing height Ὤ from 1 mm to 4 
mm and with Ὀ = 8 mm. The average shear stress †  is divided by the minimum shear stress 
† , defining the Shear Stress Intensity Factor (SSIF). The SSIF is specific to a test system 
and can be used to retrieve the minimum shear stress by knowing the average shear stress 
(ὊȾὃ). Adapted from [58]. 

h [mm] ʐmax [kPa] ʐmin [kPa] ʐave [kPa] SSIF [† Ⱦ†   

1 5460 588 1120 1.91 

2 3317 646 1013 1.57 

3 1874 675 883 1.31 

4 1086 606 694 1.14 

ῳ†Ⱦ† 401% 14% 61%  

 

In the four experimental cases considered, the minimum interface shear stress has 

reached a similar level when the ice detached from the substrate. According 

to [31,33], a stress-dominated fracture mechanism is characterized by a stress level 

that exceeds the critical value in every point of the interface. Consequently, what 

should be taken as the critical stress in stress-dominated ice adhesion experiments is 

the minimum interface stress, not the average stress.  

The tensile stress analysis is shown in Figure 4.6B. In all four cases, the curves 

show a comparable distribution of tensile stress. The relative difference of the 

maximum stress values is ɝ„ Ⱦ„  = 35 %. The initial portion of the interface is 



4.1 Stress Analysis 

77 
 

in a tensile state, while the remaining part is in a compression state. In all the 

experimental cases with Ὀ = 8 mm, an instantaneous detachment was observed (see 

also section 4.2.1). The condition for an instantaneous detachment, where the stress 

level needs to exceed a critical threshold over the entire interface, can therefore never 

be reached, as there will always be an interface region where the tensile stress is 

approximately zero. In light of these considerations, the tensile stress does not act as 

a failure criterion in the horizontal push configuration employed in this study. 

In contrast to the average shear stress (ὊȾὃ), the minimum shear stress cannot be 

obtained experimentally without the use of FEA. Therefore, a new Shear Stress 

Intensity Factor (SSIF) is defined, which can assist experimental measurements 

(Table 4.1). The SSIF is derived numerically, and it is defined as the average shear 

stress divided by the minimum shear stress. This stress intensity factor is dependent 

only on the geometrical parameters of the specific test bench configuration, as will 

be shown in section 4.1.2. Once it has been computed, it is valid for any load applied. 

A novel research approach based on the SSIF to correctly assess the ice adhesion 

strength is proposed in the next section.  

4.1.1 Proposed Research Approach 

The experimental results on anodized aluminum have shown how the average 

shear strength, † , is not an absolute surface property. Rather, it depends on the 

conditions and the configuration of the test bench with which it was measured. For 

comparative measurements, †  can still provide valuable information once the 

fracture mechanism has been identified. However, efforts should be made to provide 

a critical shear stress, †, that is possibly independent of the test system.  

A novel research approach for the accurate measurement of adhesion strength is 

summarized in Figure 4.7 in form of a flow chart with the needed experimental and 

numerical steps. The process can be adapted to any kind of ice adhesion test setup; 

however, it has been here applied to the horizontal push test employed in this study. 

The process has been designed to favor a stress-dominated fracture mechanism, to 
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avoid an unvoluntary change into a toughness-dominated mechanism and, 

consequently, a wrong interpretation of the maximum adhesion force. The input 

parameters are the design rules identified in section 4.2.1 and the SSIF for the used 

test system configuration.  

 

Figure 4.7: Flowchart of the proposed research approach. The hybrid experimental and 
numerical approach aims to increase the accuracy of the adhesion strength (†) 
measurements with the horizontal push test. The orange boxes highlight the experimental 
steps, the input and output parameters are colored in cyan, and the numerical steps are 
shown in blue. Adapted from [58]. 

In principle, the SSIFs can be derived for any test system geometry using 

structural FEA. For the cases with pushing height Ὤ from 1 mm to 4 mm and for 

cylindrical ice columns with Ὀ = 8 mm, the SSIF values have been reported in Table 
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4.1. In section 4.1.2, a dimensional analysis for the stress-dominated case is proposed, 

where the dependence of the SSIF on geometrical variables such as the diameter Ὀ, 

ice filling height Ὄ, and ice pushing height Ὤ is analyzed. Additionally, the value of 

the SSIF is plotted for different combinations of the above geometric variables, 

providing a complete characterization of the interfacial shear stress for the horizontal 

shear test with cylindrical ice columns. 

4.1.2 Stress Dimensional Analysis 

In general, a physical function written in the following form [92]: 

ώ ὪὨȟὨȟȣȟὴȟὴȟȣ         (13) 

where ώ is the quantity to be modeled, the geometrical dimensions of the problem 

are expressed by Ὠ, and ὴ are the boundary conditions. The dependent variable is 

ώ in this case, and Ὠ, and ὴ are the independent variables.  

By applying the Buckingham Π-Theorem [93,94], equation (13) can be expressed 

as: 

“ Ὂ“ȟ“ȟȣȟ“          (14) 

where ή is the number of dimensionless variables “. The value of ή is found as ή

ὲ ά, where ὲ is the number of variables involved and ά is the number of 

independent physical units. Following this structure, the dependent variable ώ can be 

expressed dimensionless as: 

“ ώБὨ ὴ          (15) 

The exponents ὥ and ὦ of Ὠ and ὴ, respectively, are chosen in a way that “ is 

dimensionless. Equation (14) can now be interpreted such that if the dimensionless 

numbers “ᶰρȟȣȟή of the function Ὂ are constant, then also “ must be constant. 

A stress-dominated interface fracture can be modeled by the characteristic 

equation: 
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ὪὈȟὬȟὌȟ          (16) 

Since † and Ὂ show a direct proportionality, †ȾὊ is considered a single dependent 

variable. In addition, Ὀ, Ὤ, and Ὄ indicate the geometric parameters of the test 

system, according to Figure 4.1, and Ὁ  and Ὁ  are the Young’s moduli of the 

substrate and of the ice, respectively. The relationship ή ὲ ά  3 can be 

considered for equation (16), leading to: 

Ὢ ȟȟ          (17) 

The left-hand side of equation (17) can by multiplied by a dimensionless constant, 

resulting in: 

Ὢ ȟȟ         (18) 

And finally ending with,  

Ὢ ȟȟ          (19) 

Note that the left-hand side of equation (19) corresponds exactly to the definition of 

the SSIF and that the right-hand side depends on ὬȾὈ, ὌȾὈ, and Ὁ ȾὉ . The 

validity domain of this relationship is analyzed in Appendix A.7. The model is here 

developed for cylindrical ice columns, but the same theory can also be applied to 

other ice sample shapes (see section 4.2.4). For rigid surfaces with Ὁ  35 GPa 

and for glaze ice with Ὁ  4.5 GPa, the value of the SSIF no longer depends on 

the Young’s moduli of the substrate and of the ice, and equation (19) can be further 

simplified to: 

Ὢ ȟ          (20) 

This result suggests that value of the SSIF only depends on the aspect ratios of the 

geometric variables of the test system, respectively ὬȾὈ and ὌȾὈ. Equation (19) can 

still be used also for softer surfaces with Ὁ  35 GPa, however, the calculated 
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SSIF are only valid for that specific pair of Ὁ  and Ὁ  values. The function 

described by equation (20), on the other hand, only depends on two variables and 

can therefore be represented in a 2D graph, providing a stress intensity map to be 

used in experimental adhesion strength measurement for all the substrates with 

Ὁ  35 GPa. A validation of the dimensional analysis for the stress- and for the 

toughness-dominated cases is presented in Appendix A.8. 

The numerical model described in section 3.2 is used to calculate the values of 

the SSIF for distinct combinations of ὬȾὈ and ὌȾὈ. For each pair of geometrical 

variables, a structural simulation with an arbitrary force applied was executed, and 

the ratio of the average shear stress, † , over the minimum shear stress, † , was 

determined. Both †  and †  are calculated at the interface mesh nodes (see 

Appendix A.4 for the validation of the stress calculation method).  

 

Figure 4.8: (A) The dimensionless SSIF is defined as the ratio of the average shear stress over 
the minimum shear stress at the ice-substrate interface. The graph shows an example of the 
shear stress distribution along the central axis of the interface. (B) Shear stress intensity 
map (SSIF) shown as a function of the geometrical variables ὬȾὈ and ὌȾὈ (see Appendix 
A.6). Inset: Schematic of the horizontal shear test and its geometrical dimensions. Adapted 
from [78]. 
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Figure 4.8A provides a schematic representation of the definition of the SSIF. 

For visualization purposes, the graph shows the stresses along the central axis of the 

interface; however, the SSIF is calculated based on the entire interface. The SSIF 

map is shown in Figure 4.8B. The single simulation points were interpolated using a 

cubic method to construct the complete map of contour lines (see Appendix A.6 for 

the plotting method).  

The contour map presented in Figure 4.8B graphically represents equation (20) 

obtained with the dimensional analysis. The SSIF depends on the ice filling height 

only up to ὌȾὈ  0.5. After this threshold, equation (20) can be further simplified 

to:  

Ὢ          (21) 

In experimental testing, the SSIF can be determined solely based on the pushing 

height ὬȾὈ, if ὌȾὈ  0.5. Knowing the average shear strength †  from the 

maximum ice removal force Ὂ and the corresponding SSIF, the minimum shear 

stress is determined as: 

†            (22) 

The contour map of the SSIF (Figure 4.8) was validated experimentally through 

a series of ice adhesion tests conducted on Al-6060 aluminum alloy. During the 

experiments, the geometry of the test system, i.e., the pushing height ὬȾὈ and the 

ice column shape (Ὀ and ὬȾὈ), was varied. Each measurement is carried out in a 

stress-dominated fracture regime, and thus, a constant minimum shear stress value, 

† , should be found by the model throughout the experiments. This value is 

determined solely by the substrate and is independent of the geometric parameters 

of the test system. 

The ice adhesion results are presented in Table 4.2. The same Al-6060 sample 

substrate was used throughout the measurements. A considerable variation of the 

applied force and measured average shear stress can be noted, with a standard 
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deviation of ± 38.7 % and ± 13.6 %, respectively. In fact, the geometry of the test 

system influences the measured ice adhesion. With the help of the numerical model, 

however, it is possible to account for the differences in test system configuration, 

resulting in an almost constant minimum shear stress, † , which reduces the 

standard deviation of the measurement to ± 7.5 %. 

Table 4.2: Experimental validation of the SSIF map. For each test system configuration, the 
numerical model is used to calculate the minimum shear stress, † , which is only 
dependent on the substrate and not on the test system geometry. The ratio of the standard 
deviation to the mean value („ὼȾὼӶ) was calculated for †  and † .  Adapted from [78]. 

 Ice 
Diameter 

[mm]  

▐Ⱦ╓ ╗Ⱦ╓ Applied 
Force 
[N]  

SSIF = 
Ⱳ╪○▄Ⱦ
Ⱳ□░▪ 

Ⱳ╪○▄ 
[kPa] 

Ⱳ□░▪ 
[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 

„ὼȾὼӶ      13.6% 7.5% 
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4.2 Toughness Analysis 

The analysis of the interface shear stresses was conducted on the experimental 

results with a constant mold diameter of Ὀ  8 mm. In this first set of tests, the ice 

detachment mechanism was consistently observed to be shear stress-dominated, 

manifesting as an instantaneous detachment from the surface, without crack 

propagation. In the following sections, the second set of tests with ice columns of 

Ὀ  14 mm is considered, and the toughness-controlled fracture mechanism is 

analyzed.  

4.2.1 2D Model 

A simplified 2D version of the numerical model is developed to understand the 

role of geometrical parameters such as force pushing height and ice filling height on 

the initiation of the toughness-dominated fracture mechanism. Furthermore, the 2D 

model is employed to assess the relative contributions of the various crack opening 

modes (normal or in-plane shear opening) with the VCCT in a resource-efficient 

way.  

 

Figure 4.9: Numerical 2D model for the investigation of shear stress and interfacial 
toughness. The force is applied on the mold, in a similar way to the 3D model. A constant 
deformation ὼ results in a force Ὂ on the mold. Adapted from [58]. 
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In the 2D model, the same mold thickness, force application point, and contact 

conditions as in the 3D model were imposed. The numerical model allows to draw 

the shear stress and strain energy distribution at the ice-substrate interface and inside 

the bodies, for a given applied force Ὂ. To ensure that the numerical analysis is 

performed under static conditions (see section 3.2.1), a constant deformation ὼ is 

imposed on the outside of the mold (see Figure 4.9).  

The plot in Figure 4.10 can be constructed with a critical shear stress value of 

†  600 kPa (taken from section 4.1) and an interfacial toughness of Ὃ  3 J/m2 

(taken from [32], for in-plane shear opening of an ice-aluminum interface). The 

theoretical background for the construction of the graph in Figure 4.10 can be 

found in Appendix A.9. 

 

Figure 4.10: The plot shows the critical shear stress († φππ Ὧὖὥ) and interfacial 
toughness (Ὃ σ ὐȾά ) as a function of the crack length and deformation ὼ on the mold. 
The deformation ὼ for which the critical shear stress is reached over the entire interface 
(blue square) is compared to the one necessary to reach the minimum of the interfacial 
toughness curve (red square). If the blue square is met for a lower ὼ, then the detachment is 
stress-dominated. Otherwise, the detachment will be toughness-dominated with an initial 
crack opening corresponding to the surface percentage of the red square. Adapted 
from [58]. 

The plot examines the deformation ὼ required to reach a shear stress-dominated 

or toughness-dominated detachment. The point at which the entire interface reaches 

the critical shear stress is represented by a blue square, while the point at which the 
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critical strain energy condition is met is depicted by a red square. When the 

deformation ὼ required to reach the critical stress condition (blue square) is smaller 

than the one necessary to reach the minimum of the critical strain energy curve (red 

square), then the detachment is stress-dominated. Contrarily, there is a deformation 

ὼ at which the conditions for the coupled criterion (see section 2.3.5) are met before 

the interface fails by stress-dominated detachment. In this case, the detachment will 

be toughness-dominated, and an initial partial crack of surface percentage 

corresponding to the minimum of the critical strain energy curve will occur [95].  

The second set of experimental results presented in Figure 4.3 compares the 

apparent average shear strength of an ice sample with dimensions Ὀ  8 mm and 

Ὄ  5 mm to that of an ice column with dimensions Ὀ  14 mm and Ὄ  3 mm 

(Figure 4.11). The four-fold difference in adhesion strength that was observed is here 

analyzed with the 2D version of the numerical model.  

The results of the simulations presented in Figure 4.11 show that in the case of 

the ice column with a diameter of Ὀ  8 mm, the point where the entire interface 

reaches the critical shear stress † (blue square) is reached for a lower deformation ὼ 

compared to the critical strain energy condition (red square). Thus, a stress-

dominated fracture mechanism is predicted by the model (Figure 4.11A). 

 

Figure 4.11: Comparison of the deformation ὼ necessary to reach a stress- or toughness 
dominated fracture regime for an ice column with (A) Ὀ  8 mm and Ὄ  5 mm and with (B) 
Ὀ  14 mm and Ὄ  3 mm. Adapted from [58]. 
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Contrarily, a toughness-dominated fracture mechanism is predicted in the case of 

an ice sample with a diameter of Ὀ  14 mm, where the critical strain energy 

condition is met (Figure 4.11B).  In this case, the detachment is expected to be 

characterized by a gradual crack propagation, as opposed to instantaneous 

detachment typical of the stress-dominated regime. The model suggests that the 

significant difference in ice adhesion between ice columns of Ὀ  8 mm and Ὀ  14 

mm can be attributed to a change in the fracture mechanism.   

 

Figure 4.12: High-speed visualization of the interface fracture for the cases of ice columns 
with dimensions (A) Ὀ  8 mm and Ὄ  5 mm and for (B) Ὀ  14 mm and Ὄ  3 mm. An 
instantaneous detachment in less than 0.17 ms can be observed for the ice column with a 
diameter of Ὀ  8 mm, while a gradual crack propagation in 4 ms is observed for a diameter 
of Ὀ  14 mm. Adapted from [58]. 

The results obtained with the numerical model are verified experimentally by 

visualizing the interface fracture and crack propagation with a high-speed camera at 

6000 frames per second (Figure 4.12). The images show that in the case of the ice 
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sample with a diameter of Ὀ  8 mm, the interface fracture occurs in less than 0,17 

ms (Figure 4.12A), whereas the fracture propagation of the ice sample with Ὀ  14 

mm has a total duration of 4 ms (Figure 4.12B). The detachment of the ice from the 

substrate can be identified by a more whitish appearing interface. Furthermore, the 

images have undergone post-processing via image subtraction, to highlight the 

portion of the interface detaching between two image frames. In Figure 4.12A, the 

entire interface appears white in the subtracted image, indicating full detachment of 

the interface after one frame. Conversely, in Figure 4.12B only a minor portion of 

the interface appears white in the subtracted image, suggesting a slow and gradual 

crack propagation, which is typical of a toughness-dominated detachment. 

The difference in time scales between stress- and toughness-dominated fracture 

is more than one order of magnitude in this case. However, on certain substrates and 

in certain conditions, even the slower, toughness-dominated fracture mechanism can 

be too fast to be differentiated by eye without special equipment. The lack of 

differentiation between fracture regimes represents a major source of error. It is 

therefore essential to identify the mechanism and to report it together with the 

measured adhesion forces and stresses.  

4.2.2 Optimization for Adhesion Strength Measurements 

The above study was conducted on an Al-6060 substrate. However, the horizontal 

push test is typically employed to assess the ice adhesion of a diverse range of 

surfaces, which often exhibit different critical shear stress and toughness values.  

Previous experiments have demonstrated that relatively small ice samples with 

diameters below 15 mm can trigger both stress- and toughness-dominated fracture 

mechanisms.  

When expressing ice adhesion as a shear adhesion strength, it is essential to ensure 

that the detachment is effectively stress-dominated. Otherwise, the measured 

adhesion strength may be misleading. To use the SSIF for correct determination of 

the adhesion strength, the detachment needs to occur instantaneously over the full 
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interface. Given that different surface coatings have different critical stress and 

toughness values, it is possible that the same test system geometry may trigger 

different fracture mechanisms depending on the substrate that is investigated. To 

improve the reliability of adhesion strength measurements, and reduce the risk of 

toughness-dominated interface detachments, the geometric parameters of the push 

test are optimized numerically in this section, and practical suggestions are given. 

The geometry of the push test is optimized for a diameter of Ὀ  8 mm, as this 

mold size was observed to lead to a stress-dominated fracture regime. The objective 

is to identify test system design parameters for the pushing height Ὤ and ice sample 

height Ὄ, with the aim of promoting a stress-dominated detachment regime and 

reducing the likelihood of misinterpretation of the ice adhesion measurements due 

to an unwanted transition into the toughness-dominated regime.  

The released strain energy per square of the deformation ὼ by the ice column is 

shown in Figure 4.13A. The curves are plotted as a function of the crack length and 

for different heights of the ice column Ὄ. It can be noted that more strain energy is 

released with lower ice column heights Ὄ and, consequently, the critical strain energy 

release (toughness) is reached for lower pushing forces. In other words, the lower 

the ice column height Ὄ, the more a toughness-dominated fracture is favored.  

Figure 4.13B shows the influence of the ice height Ὄ on the interface shear 

stresses. It can be observed that, the lower the ice height Ὄ, the higher the 

deformation ὼ (i.e., the applied force) required to reach the critical shear stress over 

the entire interface. Therefore, also from the point of view of the interface stresses, 

a reduction in the ice column height Ὄ increases the likelihood of a toughness-

dominated fracture. To favor a stress-dominated fracture, the ice height needs to be 

Ὄ  5 mm for this case. 
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Figure 4.13: (A) The released strain energy per square of the deformation ὼ by the ice 
column as a function of the crack length and for different ice heights Ὄ. The lower the ice 
height Ὄ, the more a toughness-dominated fracture is favored. (B) The effect of the ice 
column height Ὄ on the interface shear stress distribution. A higher deformation ὼ is needed 
to reach the critical shear stress over the entire interface for lower ice height Ὄ. Adapted 
from [58]. 

 In this optimization of the push test, a mode II (in-plane shearing) fracture 

toughness of Ὃ  3 J/m2 has been taken from Huré et al. [32]. To study the 

influence of the pushing height Ὤ on the fracture mechanism, it is important to 

remain in a failure mode dominated by in-plane shearing. Otherwise, the assumption 

of a constant toughness value is no longer valid. To this end, a VCCT analysis is 

carried out to investigate the relative contribution of the normal (Ὃ) and of the 

shearing (Ὃ) strain energy to the total strain energy (Ὃ). In accordance with [32], 

the total strain energy (Ὃ) can be calculated as the sum of the normal and shearing 
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strain energy (Ὃ Ὃ Ὃ). Consequently, for an opening of the ice-substrate 

interface purely dominated by a shear motion, the ratio of ὋȾὋ is equal to 1. 

 

Figure 4.14: (A) In-plane shear (mode II) opening energy (Ὃ ) over the total opening energy 
(Ὃ ). A value close to 1 (red dotted line) indicates a shear dominated fracture. The analyses 
presented in Figure 4.10 and Figure 4.11 have shown that the minima of the critical strain 
energy curves are found between 0% and 40% of crack length. (B) Comparison of different 
pushing heights Ὤ and their effect on critical shear stress and critical strain energy. Adapted 
from [58]. 

The ratio of ὋȾὋ is calculated with the VCCT method for different crack 

lengths and pushing heights Ὤ in Figure 4.14A. The relevant area of the graph is 

evidenced in light green and corresponds to a ratio ὋȾὋ  80% and to a crack 

length smaller than 40 %. The analysis of Figure 4.10 and Figure 4.13B shows that 

the minimum of the critical strain energy curve is consistently observed between 0% 

and 40%, justifying the choice of considering only crack lengths below 40%. 
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 The only two lines that enter this relevant area are those corresponding to Ὤ  1 

mm and Ὤ  2 mm. Conversely, in the cases of Ὤ  3 mm and Ὤ  4 mm a mixed 

opening mode is observed and, therefore, these cases are irrelevant for an analysis 

based on pure shear conditions.  

Figure 4.14B compares the curves of the critical shear stress and interfacial 

toughness for pushing heights Ὤ  1 mm and Ὤ  2 mm. Interestingly, the interfacial 

toughness curve is pushed upwards for Ὤ  2 mm, suggesting that a greater 

deformation ὼ is necessary to reach the conditions where a toughness-dominated 

condition is reached. This can be explained by considering that at higher pushing 

distances, a bigger portion of strain energy is accumulated within the bulk of the ice 

column, while less is accumulated at the interface. At the same time, higher pushing 

distances require a lower deformation ὼ to reach the critical shear stress over the full 

interface, thereby favoring a stress-dominated fracture.  

In summary, to improve the reliability of the adhesion strength measurements 

and prevent partial detachment of the interface (see Figure 4.12B), it is recommended 

that the ice column be at least 5 mm high, the diameter Ὀ be less than 10 mm, and 

the point at which the force is applied to the ice column be between 1 and 2 mm 

from the substrate, ideally closer to 2 mm. 

4.2.3 3D Model - Toughness Dimensional Analysis 

In sections 4.2.1 and 4.2.2, the 2D toughness model is used to qualitatively 

understand how the geometry of the test system affects the transition between stress- 

and toughness-dominated fracture. The resulting design rules can be of practical use 

in experimental testing, to gain more control over the occurrence of the two fracture 

regimes. However, the 2D numerical model is not sufficient for quantitative 

toughness measurements using the horizontal push test.  

 In this section, a similar approach to the stress dimensional analysis is employed 

to develop a quantitative toughness measurement method. The toughness can be 

expressed by its characteristic equation applied to the horizontal push test: 
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ὫὈȟὬȟὌȟάȟ ȟ
 

       (23) 

where ὋȾὊ is considered a single dependent variable, given the direct 

proportionality between Ὃ and Ὂ (see Appendix A.10). By applying again the 

Buckingham Ʉ-Theorem, and recalling equations (14) and (15), equation (23) can be 

written as: 

Ὁ Ὣ ȟȟȟ ȟ        (24) 

where a value of ή ὲ ά  5 is considered (refer to 4.1.2). Ὃ stands for the 

interfacial toughness, Ὂ is the force required to propagate the crack along the entire 

ice-substrate interface, the geometrical parameters of the test system are indicated as 

ὬȟὌȟὈȟά, and Ὁ ȟὉ ȟ and Ὁ  are the Young’s moduli of the ice, the mold, and 

the substrate, respectively. The left-hand side term of equation (24) is referred to as 

“Toughness Parameter” (TP): 

Ὕὖ Ὁ           (25) 

To obtain contour lines for the TP, similar to Figure 4.8, the function Ὣ of 

equation (24) needs to depend on only two variables. In this work, only bulk ice is 

considered, and the material of the mold is always nylon. The ratio of Ὁ ȾὉ  is 

therefore a test system constant and can be removed from the equation. Similar to 

the stress-dominated case, equation (24) is no longer dependent on the Young’s 

modulus of the substrate when Ὁ  35 GPa (see Appendix A.7). In the general 

case of a rigid substrate, Ὁ ȾὉ  can therefore be removed from the relationship. 

Equation (24) can still be used also on soft surfaces, however the function Ὣ depends 

on the specific ratio of Ὁ ȾὉ , which cannot be excluded from the equation.  

The dependence of the function on the mold thickness is addressed by plotting 

different graphs for each άȾὈ ratio considered in this study. The diameters of the 

molds used were 10, 12, and 14 mm, with a constant wall thickness of 2 mm. This 
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results in three different values of άȾὈ, 0.2, 0.167, and 0.143, respectively. This 

distinction between the different cases of άȾὈ allows to reduce equation (24) to: 

Ὕὖ Ὁ Ὣ ȟ         (26) 

Reducing the number of variables introduces constraints to the validity of the 

toughness parameter plots (see Figure 4.15). The calculated TP function is only valid 

for cylindrical ice blocks and only when nylon molds with the same άȾὈ ratios are 

used. Additionally, equation (26) is only applicable to rigid surfaces (Ὁ  35 GPa) 

and to glaze ice (Ὁ  4.5 GPa). Nevertheless, the conceptual framework can be 

extended to other ice block geometries or mold properties, without losing validity 

(refer to section 4.2.4).  

 

Figure 4.15: Toughness parameters (TP) calculated numerically for (A) άȾὈ = 0.2, (B) άȾὈ = 
0.167, (C) άȾὈ = 0.143. The presented values of άȾὈ correspond to a mold thickness ά of 
2 mm and a diameter Ὀ of 10, 12, and 14 mm, respectively. The areas where the pushing 
height ὬȾὈ is higher than the ice column height ὌȾὈ have been shaded in gray. The red 
dotted lines indicate the limit for which ὌȾὈ < 0.25. Refer to Appendix A.6 for the plotting 
method. Adapted from [78]. 

The 3D numerical model is used to simulate crack propagation with different 

combinations of ὬȾὈ, ὌȾὈ, and άȾὈ. For each geometric configuration, the TP 

(according to equation (26)) is calculated and represented in the contour plot in 

Figure 4.15. 
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During experimental testing, the TP plots can be used to calculate the interfacial 

toughness of the tested surface by measuring the force Ὂ required to propagate a 

crack along the entire interface. Based on the geometric parameters ὬȾὈ, ὌȾὈ, and 

άȾὈ, the correct TP is selected from the contour plot and equated to the left-hand 

side of equation (26). Knowing the elastic modulus of the ice block Ὁ  (typically 9 

GPa for bulk ice), the interfacial toughness Ὃ can be calculated.  

For the horizontal push test, it is not recommended to select a pushing height 

ὬȾὈ greater than the ice column height ὌȾὈ [48]. The areas in Figure 4.15 

corresponding to these cases are shaded in gray.  

A series of preliminary tests were conducted on Al-6060 aluminum alloy (see 

Appendix A.11 for details). The results demonstrate that for an ice column height 

ὌȾὈ greater than 0.25, the fracture mechanism is consistently stress-dominated. 

Toughness measurements should therefore always be performed with a test 

configuration for which ὌȾὈ  0.25. These findings are also confirmed by the 

literature, which shows that a low thickness-to-length ratio of the ice layer favors 

toughness-dominated detachment [31,32,96].  

This result also suggests that it is possible to control the fracture mechanism 

simply by changing the thickness of the ice sample. In experimental testing, both the 

adhesion strength as well as the interfacial toughness can be measured with the same 

test system by controlling the thickness of the ice layer. However, not considering 

this variable in the experimental design may result in an uncontrolled fracture 

mechanism, introducing a significant source of error in the ice adhesion 

measurement.  

Depending on the substrate, especially on rigid materials such as metals, the 

propagation of the crack can be so rapid that it is not recognizable by the unaided 

eye (see Appendix A.5). In such conditions, visualization by high-speed camera may 

be required to confirm the type of fracture mechanism. Another method to 

determine the fracture mechanism is to carry out ice adhesion tests with ice blocks 

of different characteristic lengths. As already shown in the literature [31,32,77], the 
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ice removal force Ὂ scales with the interface area only up to a certain point when the 

ice block size is increased. After this critical size, a further increase of the interface 

area does not correspond to an increase of the force Ὂ. Only if the direct 

proportionality between the removal force Ὂ and the interface area ὃ is maintained, 

the fracture is stress-dominated [31,32,77].  

The experimentally determined toughness values on aluminum that can be found 

in the literature are typically Ὃ values. Experimental toughness values found in the 

literature for aluminum substrates and bulk ice are summarized in Table 4.3. The 

total toughness Ὃ of various surfaces was measured with the horizontal push test 

by Golovin et al. [31]; however, aluminum was not included in the set of tested 

substrates.   

Table 4.3: Experimentally determined interfacial toughness values for aluminum substrates 
and bulk ice found in the literature. Adapted from [78]. 

Reference Test Method Toughness 

(╖╘╬) [J/m 2]  

Yeong et al. [97] Pressurized air ice 
fracture test 

0.72 ± 0.11 

Palanque et al. [76] Electro-mechanical de-
icing 

0.38 ± 0.09 

Pervier and Hammond [98] Pressurized air ice 
fracture test 

0.95 ± 0.45 

 

The numerical model is validated experimentally by a series of ice adhesion 

measurements on aluminum alloy (Al-6060). The test conditions were chosen such 

that a toughness-dominated fracture is favored and the required ice removal force Ὂ 

was measured. The results of the experiments are summarized in Table 4.4.  

Compared to the stress-dominated case, the applied force Ὂ to remove the ice 

shows less variation between the different ice block dimensions. In fact, 

independence from the interface area can be observed, confirming the presence of a 

toughness-dominated fracture regime.  
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For each experimental case, the Toughness Parameters (TP) are retrieved with 

the numerical model, which are used to calculate the interfacial toughness based on 

the required ice removal force Ὂ. The so calculated interfacial toughness for the Al-

6060 aluminum alloy is Ὃ  0.46 ± 0.12 J/m2, which is in the range of the interfacial 

toughness values found in the literature (see Table 4.3).  

Table 4.4: Computed interfacial toughness values Ὃ  based on the experimental ice 
adhesion measurements on Al-6060 aluminum alloy. The numerically calculated TPs are 
used to convert the crack propagation force into an interfacial toughness value. The 
standard deviation over the mean value („ὼȾὼӶ) is added to the table for the toughness 
value (Ὃ ). Adapted from [78]. 

 Diameter 
[mm]  

▐Ⱦ╓ ╗Ⱦ╓ Applied 
Force [N]  

TP Toughness 

(╖╣╬ [J/m 2]  

 10 0.1 0.2 41.12 2.4 0.45 

 10 0.1 0.25 53.98 2.1 0.68 

 12 0.08 0.22 51.94 2.5 0.43 

 14 0.07 0.19 59.74 2.8 0.40 

 14 0.07 0.21 54.70 2.7 0.32 

„ὼȾὼӶ      26.4% 

 

4.2.4 Conceptual Framework 

The numerical models presented in this work have been developed for cylindrical 

ice columns with nylon molds. The presented contour plots for stress- and toughness 

dominated fracture case are thus only valid for the specific ice column shape and 

mold material. 

The conceptual framework developed in this work can be generalized and is 

applicable to any type of mechanical push test. For each shape of ice sample, the 

functions Ὢ and Ὣ (see equations (20) and (24)) must be newly defined with numerical 
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analysis. In particular, the SSIF and the energy release rate per crack length must be 

recalculated for different test system geometries, that is, for different values of ὬȾὈ 

and ὌȾὈ. Subsequently, contour plots analogous to those depicted in Figure 4.8 and 

Figure 4.15 can be generated by fitting the SSIF and TP for each combination of 

ὬȾὈ and ὌȾὈ.  

This generalized approach is summarized in Figure 4.16. The workflow for both 

the stress and toughness analyses are divided into two parts: an experimental phase 

and a numerical phase.  

 

Figure 4.16: Representation of the conceptual framework for (A) stress- and (B) toughness 
measurements. The combined experimental and numerical approach can be extended to 
other ice sample geometries and remains valid. Adapted from [78]. 

In both cases, the ice removal force Ὂ is determined experimentally, and the 

geometric parameters are used to find the corresponding SSIF or TP. The desired 

quantity, †  or Ὃ, is then calculated accordingly. The force Ὂ is related to †  or 

Ὃ through the functions Ὢ and Ὣ, which are determined by FEA.  
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4.3 Chapter Conclusions 

The traditionally used average adhesion strength (ὊȾὃ) has been shown to be not 

a sufficient measure of ice adhesion, because it does not consider the effect of stress 

concentrations on smaller interfaces or the effect of crack propagation on larger 

interfaces.  

In this work, a novel conceptual framework is proposed for the horizontal shear 

test to accurately assess the adhesion of ice on solid substrates. The two fracture 

mechanisms, stress- and toughness-dominated, are described in detail and for each 

case, a numerical correction factor (SSIF and TP) is proposed to limit the 

dependency of the ice adhesion value on the test system geometry. The SSIF allows 

to calculate the true adhesion strength † of the ice-substrate interface, while the TP 

relates the force required to propagate an interface crack to the total toughness Ὃ, 

providing a complete assessment of the substrate material. 

The novel methodology is developed for a specific set of experimental cases (i.e., 

cylindrical ice shape and fixed mold material), and it does not differentiate between 

opening modes (normal Ὃ and shear opening Ὃ). Nonetheless, this novel 

framework is an important step towards the standardization of ice adhesion 

measurements.  
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5 Interlaboratory Analysis of Ice 

Adhesion Testing 

5.1 Benchmarking of Shear Tests 

Data reported in this section are the result of a collaborative study between 

research teams at the University of Milano-Bicocca (UNIMIB, Italy), KU Leuven 

(KUL) and Sirris (Belgium). The ice adhesion tests were conducted by Luca 

Stendardo at UNIMIB, by Navid Mostofi Sarkari at KUL, and by Bram Cloet at 

SIRRIS. The “needle-in” contact angle measurements were conducted by Luca 

Stendardo at UNIMIB, while the static and tilting contact angles were measured by 

Navid Mostofi Sarkari at KUL. Data interpretation and curation was done jointly by 

Luca Stendardo and Navid Mostofi Sarkari.  

This section presents a comparison and benchmarking analysis of three different 

ice adhesion test systems situated in different laboratories. The benchmarking tests 

include three different measurement systems (two small desktop systems, one 

custom-built and one commercial, and one based on ice accretion in a climatic 

chamber) to gain a deeper understanding of the source of the large discrepancies in 

ice adhesion values found in the literature. All three systems employed for this study 

were horizontal shear tests. The adhesion tests were conducted on samples that were 

centrally fabricated and then distributed to the different institutions. The ice 
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adhesion measurements were carried out simultaneously to avoid the influence of 

sample aging on the test results. To assess the mechanical or chemical degradation 

of the samples, contact angle measurements were conducted prior to and following 

the ice adhesion tests. 

5.1.1 Materials and Methods 

5.1.1.1 Samples Preparation 

Three types of commercial icephobic coatings were used: (i) HIREC® 100, a 

superhydrophobic coating from NTT Advanced Technology Corporation, (ii) a 

silicon-based 2K elastomeric R-2180 coating from NuSil® (Avantor, Inc.), and (iii) 

an elastomeric anti-icing coating from Elemental Coatings (formerly SurfEllent). 

These coatings are referred to as HRC, NUS, and SRF, respectively. Additionally, a 

control sample of uncoated aluminum (Al5005A, AlMg1, supplied by Rocholl) was 

tested. All coatings were applied at the SIRRIS coating laboratory on Al5005A 

substrates (35 mm × 35 mm × 2 mm) following the manufacturers’ specifications. 

5.1.1.2 Surface Characterization 

The wetting properties of the test surfaces were examined using two devices: (i) 

at the University of Milano-Bicocca (UNIMIB), a custom-built device featuring a 

PHOTRON NOVA FASTCAM S6 High-speed Camera and a Liquid inlet (Pump 

11 Pico Plus Elite from Harvard Apparatus), along with the Dropen open-source 

contact angle measurement software [99], and (ii) at KU Leuven (KUL), a 

DataPhysics OCA50 optical contact angle measuring and contour analysis system 

(from DataPhysics Instruments GmbH). Both devices were used to measure the 

advancing/receding contact angle using the needle-in droplet expansion/retraction 

method. This involved dispensing an initial volume of 5 µl of deionized water on the 

surface, followed by adding 5 µl (at 1 µl/s) and removing 4 µl (at 2 µl/s). 

Measurements included the advancing (—  ), receding (—  ), 

and hysteresis (—  ) contact angles. KUL also measured additional 

wetting parameters such as the static contact angle (SCA) using a 10 µl droplet, and 
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parameters based on the tilting method, including advancing (—  ), receding 

(—  ), hysteresis (ɝ— ), and sliding angle (SA). For the tilting method, a 

TBU accessory from DataPhysics Instruments GmbH was used, where a 20 µl 

droplet of deionized water was deposited, and the sample stage rotated at 1°/s until 

the droplet slid. 

The coating durability was evaluated through a series of icing and ice-detachment 

cycles. Variations in shear ice adhesion strength and force-time plots were recorded 

during the push-off process until ice detachment. Changes in the needle-in wetting 

characteristics before and after the icing and ice-detachment cycles were assessed by 

UNIMIB and KUL. Additionally, durability was assessed in terms of morphology 

and surface chemistry changes after the icing and ice-detachment cycles by KUL. 

5.1.1.3 Ice Adhesion Test Methods 

This benchmarking study utilized three test benches situated at the University of 

Milano-Bicocca (UNIMIB, Italy), KU Leuven (KUL, Belgium), and SIRRIS 

(Belgium). These benches are categorized as “horizontal shear tests” or “horizontal 

push tests” [25,48]. The test systems at UNIMIB and KUL are small-scale laboratory 

setups that employ thermoelectric cooling elements. In these setups, bulk ice (also 

referred to as freezer ice [87]) is generated on the substrates within a small 

environmental chamber with controlled humidity. Conversely, the SIRRIS test bench 

is housed in a large climate chamber and uses water sprays to form ice on the 

substrates. The KUL and SIRRIS test systems are described in detail in Appendix 

A.12. 

5.1.1.4 Testing Protocol 

The UNIMIB and KUL test benches followed a similar ice formation protocol. 

Since both test methods use bulk ice, the use of a common freezing protocol 

minimized the differences in ice structure. The surface sample was first cooled to  

-3°C and was kept at this temperature for 3 minutes. Water was then poured inside 

the molds (in UNIMIB by adding 10 drops of water with a pipette and in KUL by 

adding 180 µl of water with an automatic dispenser at a rate of 15 µl/s). After the 
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water was completely deposited, the temperature was kept constant at -3°C for an 

additional 3 minutes. The temperature was then lowered to -6°C and held for 5 

minutes. Finally, the temperature was further reduced to -10°C and after 5 minutes 

of holding, the pusher was applied to the specimens. The ice blocks were visually 

inspected prior to the start of the test cycle. This was to ensure that the ice was 

completely frozen in the mold. 

Five different testing protocols were defined. UNIMIB and SIRRIS each had one 

test condition, and KUL had three test protocols (referred to as KUL-P1, KUL-P2, 

and KUL-P3). Benchtop-specific information for each participant is shown in Table 

5.1. 

Table 5.1: Five test protocols for the ice adhesion tests. 

Protocol 
name 

Base 
shape 

Base 
dimensions 

Base 
area 
[mm2] 

Thickness Humidity 
Push 
speed 
[mm/s] 

UNIMIB circle d=8 mm 50 5 mm < 2% 0.01 

KUL-P1 circle d=8 mm 50 5 mm 5-10 % 0.01 

KUL-P2 square a=6 mm 36 5 mm 5-10 % 0.01 

KUL-P3 square a=6 mm 36 5 mm 25-30% 0.01 

SIRRIS rectangle l=150mm 15’000 > 3 mm n.d. 0.01 

 

For UNIMIB, five ice adhesion tests were carried out on 5 different samples (for 

each ice adhesion test was carried out on a new sample). The ice adhesion strength 

for a coating type was determined as the average of five measurements on new 

samples. To assess durability against icing/ice-detachment cycles, additional five 

consecutive ice adhesion tests were performed on the same sample. At KUL, at least 

nine tests on fresh samples and an additional five tests on the same sample were 

carried out. For SIRRIS, a minimum of 13 samples were tested for fresh spots, and 

for same-spot icing/ice-detachment cycles, five repetitions per spot were carried out. 
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5.1.2 Results and Discussion 

Figure 5.1 offers a comprehensive overview of the ice adhesion tests. The shear 

ice adhesion strength (ὊȾὃ) for each tested coating and test system is illustrated in 

Figure 5.1A, B, and C. A review of the ice adhesion tests conducted on the HRC 

coating (Figure 5.1A) reveals that the results obtained at UNIMIB and KUL are 

relatively similar, with UNIMIB recording values of 799 ± 72 kPa and KUL 

recording values of 647 ± 25 kPa, 755 ± 57 kPa, and 773 ± 118 kPa. The 

representative force versus time plots (Figure 5.2A) illustrate a sharp decrease in ice 

adhesion force at the point of detachment, which is indicative of a rapid delamination 

process that is characteristic of stress-dominated detachment [31]. The influence of 

frost formation on the substrate during testing can be appreciated by looking at the 

results of test condition KUL-P3. Due to the elevated humidity levels in the testing 

chamber, higher standard deviations compared to the other testing protocols are 

observed. 

Conversely, approximately eight times lower ice adhesion was measured at 

SIRRIS facility, registering only 100 ± 31 kPa. This discrepancy can be attributed to 

the significantly larger ice sheet, measuring 100×150 mm², that covered the sample, 

in contrast to the tests conducted at UNIMIB or KUL. Larger ice samples are more 

likely to exhibit a toughness-dominated detachment mechanism, whereas smaller 

samples tend to detach in a stress-dominated mode [31,33,58]. In the case of SIRRIS 

test, the ice layer was thin relative to the interface length (ὬȾὒ = 0.02), which 

promotes a toughness-dominated fracture in shear mode [32]. Calculating the ice 

adhesion as ὊȾὃ assumes that the ice detaches due to a critical stress condition; 

however, in a toughness-dominated fracture regime, detachment is governed by 

critical strain energy. Consequently, the measurement of a critical stress becomes 

irrelevant [78]. 
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Figure 5.1: Shear ice adhesion strength values for (A) HRC, (B) NUS, and (C) SRF coatings for 
each measurement protocol. 

On NUS and SRF, it can be noticed that differences in terms of the force vs. time 

peaks start to appear, depending on the environmental conditions the tests are 

performed in (Figure 5.2B and Figure 5.2C). For example, on both the NUS and SRF 

coatings, the testing protocol with higher humidity conditions (KUL-P3) produces a 

curve with a smoother shaper, indicating a gradual detachment of the ice, similar to 

a peel movement, a characteristic of soft surfaces [100]. However, a similar behavior 

was not observed with the KUL-P1 and KUL-P2 protocols. Given that the only 

difference between the protocols KUL-P2 and KUL-P3 is the humidity value in the 

testing chamber, these experiments highlight the importance of maintaining a 

controlled environment during testing and meticulously reporting all test variables. 

A closer analysis of the KUL-P2 and KUL-P3 protocols on the NUS coating 

shows how higher humidity led to a reduction in ice adhesion, which is not 

commonly reported in the literature. In fact, many studies report the opposite trend, 

with higher humidity typically correlating with higher ice adhesion, especially on 

textured, superhydrophobic surfaces [61,62,101–103]. Such an increase in ice 

adhesion under high humidity conditions was indeed observed on the HRC coating. 

However, the NUS coating is smoother and softer, which may have contributed to 

the reduced ice adhesion at higher humidity. In fact, on smooth surfaces, 

condensation of water vapor into the asperities and frost formation are minimized, 
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thus avoiding mechanical anchoring of the ice to the substrate. In addition, the 

presence of humidity can favor the formation of an aqueous lubrication layer on soft 

polymers, contributing to a smoothening of the surface and ultimately reducing the 

ice adhesion strength [53].   

The results of the three test benches on the NUS sample (Figure 5.2B) show how 

misleading it can be to compare only the peak values recorded during the adhesion 

tests. Notably, the tests with similar force vs. time curves (UNIMIB, KUL-P2, and 

SIRRIS) show close ice adhesion values with 224 ± 74 kPa, 171 ± 23 kPa, and 148 

± 42 kPa. Therefore, analyzing the force versus time curves can provide valuable 

information on the detachment mechanism and on the substrate’s response to the 

applied load. 

On the SRF coating (Figure 5.2C), rounded force vs. time curves (gradual 

detachment) were observed on UNIMIB and KUL-P3, while on KUL-P2 and 

SIRRIS, a sharper detachment was recorded. The latter two cases also exhibit the 

highest adhesion values measured on the coating. 

 Reporting the force vs. time curves next to the shear adhesion strength (ὊȾὃ) can 

help to reduce the discrepancies among different ice adhesion tests. This comparison 

has shown that tests performed under similar environmental and detachment 

conditions show adhesion strength values with less variations.  

The durability study of the coatings was done by carrying out successive icing/ice-

detachment cycles and recording the ice adhesion strength (ὊȾὃ). The tests were 

performed by accreting the ice every time at the same spot on the substrate, to 

maximize the degradation. Figure 5.3 summarizes the results and no clear trend in 

the ice adhesion values can be seen. Generally, a degradation of the coating is 

associated to an increase of the ice adhesion strength. By considering only the shear 

adhesion strength (ὊȾὃ), no wear of the coating can be detected. The measured ice 

adhesion values show significant variations in the case of the KUL-P1 protocol on 

the SRF coating and with the KUL-P2 protocol on the HRC coating. 
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Figure 5.2: Representative force vs. time curves for (A) HRC, (B) NUS, and (C) SRF for each 
measurement protocol. The force values were normalized, so that all the curves have the 
same peak height.  

Before and after the ice adhesion tests, the water contact angles were measured 

(Table 5.2). The base material of the sample was a hydrophilic aluminum [104,105], 

therefore,  degradation of the coatings was expected to lead to an increase in 

wettability and thus an increase in contact angle hysteresis. Also in this case it was, 

however, not possible to observe any significant trend. After 5 icing/ice-detachment 

cycles, the contact angle hysteresis stayed within the standard deviation determined 

before the ice adhesion tests. No clear signs of degradations were observed also by 

analyzing the advancing and receding contact angles. 
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Figure 5.3: Results of the successive icing/ice-detachment cycles for different testing 
protocols (A) UNIMIB, (B) KUL-P1, and (C) KUL-P2. For each protocol, the single ice adhesion 
values on HRC, NUS, and SRF coating are reported. 

The force vs. time curves of the first and last icing/ice-detachment cycle carried 

out with the KUL-P1 protocol on SRF are shown in Figure 5.4.  In this particular 

example, the shear adhesion strength in both cases are practically identical, 

respectively 99 kPa and 88 kPa, considering also the typical scattering of ice adhesion 

measurements of ± 20% [22]. 

The force vs. time curves, however, reveal a different response of the coatings to 

the applied force. The successive icing and ice detachment cycles have, in fact, 

induced a mechanical degradation of the coating surface. The change of the surface 

morphology has been verified by SEM analysis and compositional EDX analysis has 

revealed a reduction in the coating thickness (analysis performed by KUL). The 

durability of icephobic coatings is not necessarily well described just by looking at 
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the peak force value. The prolonged sliding motion close to the peak force value 

shown in cycle five is attributed to the structural failure of the coating. 

Table 5.2: Contact angle analysis before and after five icing/ice-detachment tests. The static 
contact angles and the tilting contact angles were measured at KUL, while the needle-in 
contact angles were measured at UNIMIB. 

Sample 
 Needle-in Tilting 

SCA Ᵽ╪▀○ Ᵽ►▄╬ ╒═╗ Ᵽ╪▀○ Ᵽ►▄╬ ╒═╗ SA 

HRC 146±3 157±5 143±7 13±3 152±5 118±4 35±5 9±1 

NUS 115±2 121±2 87±3 34±5 119±2 62±2 57±3 29±2 

SRF 113±2 109±2 79±5 30±6 114±2 74±6 40±8 18±3 

After 5 icing/ice-detachment cycles 

HRC 131±9 150±5 137±8 13±5 130±5 103±5 26±9 11±4 

NUS 103±2 117±2 88±4 29±5 104±2 80±7 23±5 16±4 

SRF 104±5 109±1 80±2 29±2 116±4 73±2 43±6 28±1 

 

 

Figure 5.4: Comparison of the force vs. time curves of the first and last icing/ice-detachment 
cycle carried out with the KUL-P1 protocol on SRF coating. 

In summary, presenting the force vs. time curves of ice adhesion experiments 

alongside the adhesion strength can provide crucial insights into the ice detachment 

mechanism and the durability of the coatings under investigation. Particularly for 

softer coatings, the distinction between instantaneous and gradual detachment can 

be discerned by examining the shape of the force versus time curve, where a rounded 

curve shape typically indicates a gradual peeling detachment. Additionally, the force 

curves can aid in understanding the coating’s behavior over multiple icing/ice-

detachment cycles, with mechanical degradation often resulting in a change in the 

curve shape. 
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5.2 Dynamic and Static Test Methods: 

Quantifying the Shear Strength 

Comparing the performance of different ice adhesion test methods is far from 

trivial [48]. Each measurement method has usually been developed for a specific ice 

removal or accretion condition, which means that the results are often not easily 

transferable. An experimental ice adhesion test setup can be very sophisticated and 

suitable for mimicking real in-flight conditions, for example, but this generally 

increases its complexity and price [48]. Therefore, correlating ice adhesion values 

obtained from low-complexity static experimental methods with those obtained with 

more complex and dynamic test systems can be of practical and economic advantage. 

This section compares the ice adhesion values obtained using a static and a 

dynamic test system. The study was carried out as a collaboration between the 

University of Milano-Bicocca and ISAE-SUPAERO in Toulouse, France. Luca 

Stendardo and Giulia Gastaldo contributed equally to this work. Luca Stendardo 

carried out the static ice adhesion measurements and contributed to the dynamic ice 

adhesion experiments. Giulia Gastaldo also contributed to the dynamic ice adhesion 

experiments and performed the numerical analysis. Only the methods and results 

related to the work of Luca Stendardo are reported here. The complete study can be 

found in [106].  

The static system used for this comparison is the horizontal shear test with freezer 

ice, already described in the previous sections of this thesis. To investigate ice 

adhesion with a dynamic experimental method, a vibratory approach developed 

in [76] is used. This method has previously been used to measure the cohesive 

strength and the fracture toughness; however, it is here extended to shear strength 

measurements. The static and dynamic tests are performed under similar conditions 

to allow comparison of the results.   
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5.2.1 Dynamic Test System Measurement Principle 

Electro-mechanical resonant systems are of great interest for the aeronautical 

sector, as these systems allow to reduce the energy consumption with respect to 

traditional de-icing systems, such as thermal ice protection systems or pneumatic 

boots [107]. In particular, systems based on piezoelectric actuators have received 

great attention in the literature [108–111]. Depending on the actuation frequency and 

ice detachment mechanism, two types of piezoelectric de-icing systems can be 

identified: systems based on ultrasonic resonance interface fracture (kHz 

range) [75,107,112] and systems based on interface melting by acoustic waves (MHz 

range) [113,114].  

Piezoelectric actuation by acoustic waves relies on the direct interaction of 

generated acoustic waves with the ice layer. Acoustic waves are typically generated 

by a piezoelectric substrate material via the inverse piezoelectric effect. These 

systems generally operate at resonant frequencies between 3-4 MHz [113], and the 

acoustic wave-induced ice melting process takes about 30-60 seconds to complete 

de-icing. The de-icing process acts at the ice-substrate interface, creating a 

macroscopic water layer that encapsulates the ice and facilitates the shedding of the 

ice block.  

Ultrasonic resonance systems, on the other hand, induce stresses at the ice-

substrate interface, leading to ice detachment without interfacial melting. Actuation 

frequencies typically range from 1 to 20 kHz, with the delamination process 

completing in 1-10 seconds [107]. Structural materials such as titanium or aluminum 

can be used as substrate materials for these de-icing systems, with piezoelectric 

actuators strategically placed to induce the desired detachment mechanism. In 

contrast, systems based on acoustic waves require a piezoelectric substrate material. 

Ultrasonic resonant systems can trigger either stress- or toughness-

dominated fracture mechanisms [75]. 
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Palanque et al. [76,115] introduced a dynamic method for ice adhesion 

measurements that has been employed here for a comparative study. This method 

combines experimental and numerical techniques, utilizing ultrasonic resonant 

excitation and fracture propagation analysis. In this study, this dynamic method has 

been extended to measure ice-substrate shear strength. Adhesive failure is 

experimentally triggered and numerically analyzed. 

 

Figure 5.5: Schematic of the dynamic setup. The titanium plate (“Sample”) is suspended by 
flexible wires, to enable free boundary conditions. The power supply and the vibrometer 
(“Laser”) are placed on the outside of the freezer.  

A plate, possibly covered with a coating, is used as the substrate. A piezoelectric 

actuation system is bonded (glued) to the plate and is used to transmit the vibrations 

to the substrate. The plate is placed in a freezer, where glaze-like ice is formed (see 

Figure 5.5). Additional details about the dynamic test system can be found in 

Appendix A.13. 

The oscillations of the sample are amplified by exciting the plate at its resonance 

frequency. The exact frequency and magnitude of the oscillations at the antinode at 

the moment the ice detaches are measured (see Figure 5.6). Subsequently, a numerical 

analysis is run in the same dynamic conditions, from which the numerical 

displacement at the antinode ὼ  and the value of shear stress †  at the ice-

substrate interface are computed.  
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By linearly rescaling the numerical amplitude ὼ  and stress values † , the 

experimental values can be obtained. This approach is explained in [76,116]. Hence, 

since the experimentally measured displacement ὼ  at the antinode (retrieved using 

the laser vibrometer) is known, using ὼ  and † , it is possible to obtain the 

value of the experimental shear stress † : 

†
 

 
        (ςχ) 

 

Figure 5.6: Measurement of the oscillation speed ὠ vs. the actuation frequency Ὂ. The 
frequency sweep was performed from high frequencies to low frequencies. The drop in 
oscillation speed at 1053.5 Hz corresponded to the detachment of the ice block. 

While performing the experiments, care must be taken that ice shedding occurs 

at the interface without the appearance of any cohesive cracks. In this case, the value 

of the experimentally obtained shear stress corresponds to the shear strength of the 

ice-substrate interface †. As explained in [75], the ice block must be of small 

dimensions to trigger stress-dominated detachment. 
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5.2.2 Materials 

Titanium (TA6V) was used as a test substrate. In total, two plates were used to 

perform the tests. One was used as a bare substrate, while the other one was coated 

with a commercial low-friction coating (Oerlikon Dylyn). According to the 

manufacturer, the coating is based on an amorphous carbon material (a-C:H:Si). 

Plasma-Assisted Chemical Vapor Deposition (PACVD) was used as an application 

technique. The coating hardness HIT is determined as 15-25 GPa and the dry friction 

coefficient as 0.05 - 0.2. Due to this low friction coefficient, the Dylyn coating was 

believed to show a lower ice adhesion strength compared to the bare titanium 

substrate. Additionally, the roughness of both samples was determined using a Veeco 

Dektak 8 profilometer as Ὑ= 0,49 µm and Ὑ= 0,20 µm for the bare and the coated 

sample, respectively. In light of the roughness values, the hypothesis of a lower ice 

adhesion for the coated sample seemed plausible. 

5.2.3 Results and Discussion 

The results of this study are presented in Figure 5.7. For each test method and 

each sample, at least 8 measurements were conducted. The critical shear stress values 

vary greatly between the two test methods. By evaluating them separately, it is 

possible to hypothesize the origin of the discrepancies. For the horizontal push test, 

the static test method adopted in this study, the critical shear stress is traditionally 

calculated as † . However, the force is applied locally on the ice column, on the 

contact point with the pushing rod, resulting in major stress concentrations at the 

ice-substrate interface, as was already highlighted in section 4.1. Consequently, †  

cannot express how the stress is distributed, which is important for test cases where 

the forces are applied locally. As shown in section 4.1, the stress level has to exceed 

the critical value over the entire interface in a stress-dominated regime. Therefore, in 

the presence of high stress concentrations, †  overestimates the shear strength at 

the interface. 
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For the static test method, two bars are depicted in Figure 5.7. The blue bar 

represents the ice adhesion value as the average shear stress † , calculated as the 

ice removal force over interface area (ὊȾὃ). The gray bar shows the critical shear 

stress †, calculated with the corresponding SSIF of the test system configuration.  

 

 

 

Figure 5.7: Shear strength comparison of bare titanium and Dylyn coated titanium. The blue 
and the grey bars correspond to the average shear stress and the corrected critical shear 
stress, respectively. Additionally, the orange bar indicates the average shear stress value 
measured with the dynamic measurement system.  

The adhesion values found with the dynamic measurement method are in line 

with the literature [24,117]. A broad set of data was collected in this regard by Work 

and Lian [25] and Pervier et al. [118]. Their analysis shows that the adhesion values 

obtained with dynamic methods are generally lower than those obtained with static 

methods. Additionally, the results obtained with the dynamic test could be influenced 

by the heating of the sample induced by the vibrations. Soltis et al. [24] have reported 

a decrease in the ice adhesion due to a temperature rise during a rotor-blade 

centrifugal test. The different measurement approach, combined with the effect of 

stress concentrations on the static method could explain this discrepancy. 

If considered individually, the results for both methods and substrates are 

repeatable, as the standard deviations for each set of tests are in the range of 10-20%. 
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As discussed previously in section 5.2.2, the low-friction property of the Dylyn 

coating was expected to lower ice adhesion compared to the bare sample. On both 

test systems, however, the adhesion of ice on Dylyn was not reduced. These results 

cannot be justified by the roughness value, as the coated plate presents a lower 

roughness than the uncoated sample. In contrast, the high ice adhesion may be linked 

to the surface chemistry of the coating. The coating contains silicon, which could be 

detrimental for low ice adhesion. Therefore, low friction alone might not directly 

correlate with low ice adhesion. Additional studies on the topic of silicon-based 

coatings are necessary to investigate this hypothesis. 





 

119 
 

6 Summary, Conclusions, and Outlook 

Despite the long history of ice mitigation research, characterizing ice adhesion on 

various surfaces and coatings remains challenging. On the one hand, the industrial 

areas affected by icing are highly diverse. On the other hand, the approaches and 

materials proposed to address the icing issue can vary considerably. This results in a 

multitude of ice adhesion tests, which may be very close to the final application or 

may be on the scale of a research laboratory for fundamental tests on novel coatings 

and materials. 

   With a few exceptions, the ice adhesion strength is presented as a material 

property, as if its value was independent from the test system employed to assess the 

ice adhesion to substrates. The applied force on the ice is typically divided by the 

interface area (ὊȾὃ), resulting in an expression of the ice adhesion in the units of 

stress (Pa). While conceptually valid, this approach neglects the effect of stress 

concentrations, which depend on the geometry of the test system, and the 

occurrence of different fracture mechanisms. As a result, the ice adhesion values 

expressed as ὊȾὃ found in the literature show large discrepancies between different 

research laboratories. 

In this work, one of the most commonly used ice adhesion test systems, the 

horizontal shear test, was analyzed in depth to understand the sources of the 

discrepancies and to develop a measurement strategy that allows for improved 

accuracy. The analysis showed that the main source of error is the lack of 
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differentiation between the relevant ice-substrate fracture mechanisms (stress- or 

toughness-dominated). Therefore, an assessment method was developed for each 

fracture mechanism.  

A stress-dominated fracture regime is characterized by an instantaneous ice 

detachment. In this state, the entire ice-substrate interface must reach a critical stress 

threshold under load to cause interface failure. This means that when an increasing 

force is applied to an ice block, a stress-dominated interface failure will occur when 

every point of the interface reaches the critical stress, i.e., when the minimum 

interface stress exceeds the critical stress threshold. 

A relationship between average shear stress and minimum shear stress was 

therefore defined for the horizontal shear test. The function depends on various 

geometrical parameters of the test system, such as the dimensions of the ice block 

and the distance from the substrate at which the ice block is pushed. It was 

demonstrated that the so obtained critical shear stress shows lower standard 

deviation and is less dependent on the geometry of the test system than the 

traditional method of calculating the ice adhesion strength, i.e., simply dividing the 

removal force by the interface area. 

In a toughness-dominated fracture regime, the ice detaches from the substrate by 

gradual crack propagation. In this condition, the propagation of the crack is 

determined by the strain energy accumulated by the ice and by the substrate under 

load, while the interface stress plays only a role at the onset of a crack. Therefore, 

quantifying ice adhesion as ὊȾὃ when a toughness-dominated fracture takes place is 

meaningless, as the term ὊȾὃ implicitly assumes a detachment controlled by stress. 

A function similar to that proposed for the stress-dominated case is also derived 

for the toughness-dominated case, where a relationship between a term called 

“toughness parameter” and the geometry of the test system is established. The 

interfacial toughness of an aluminum substrate was determined in this way and found 

to be within the range of the interfacial toughness values found in the literature.  
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For both the stress- and toughness-dominated cases, the experimentally 

determined ice removal force Ὂ is related to the minimum shear stress †  or to the 

toughness Ὃ through functions determined by FEA that depend on the geometry 

of the ice adhesion test. In this way, the measurement of ice adhesion becomes 

independent of the geometrical parameters of the test system, a necessary step to 

obtain values that are only a property of the substrate material. 

The interlaboratory comparison with other horizontal shear tests has shown how 

similar ice adhesion values can be obtained on the same substrates if the test 

conditions are harmonized as much as possible. In addition to the ice block 

dimensions and the environmental conditions of the test, it was shown that it is 

particularly important to report the force vs. time curves. In this way it is possible to 

detect differences in terms of the fracture mechanism or coating degradation, which 

are not necessarily shown when only the adhesion strength value is reported. 

The comparison with a more complex dynamic ice adhesion test system has 

shown the complexity of using a static laboratory shear test to characterize low ice 

adhesion coatings that are intended to be used in dynamic de-icing systems. Although 

the trends observed in the dynamic and static systems appeared to be similar, it was 

not possible to quantitatively compare the ice adhesion values. This is, however, 

consistent with the literature.  

The novel method described in this work was developed for relatively rigid 

surfaces, with a Young’s modulus larger than 35 GPa, such as composite materials 

or metals. The model is also valid only for high density ice samples, with a Young’s 

modulus greater than 4.5 GPa, and it is still limited to a small set of experimental 

cases (i.e., cylindrical ice columns and fixed mold material). In the numerical model 

a straight crack front is assumed, therefore limiting the conceptual framework to 

smooth surfaces where the effect of surface asperities can be neglected. Additionally, 

the toughness analysis does not differentiate between normal (Ὃ) and shear opening 

(Ὃ). It represents, however, a step towards standardization of icephobicity: only by 

understanding, recognizing, and assessing the different fracture mechanisms 
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correctly, it is possible to reduce the discrepancies that can be found in the literature 

about ice adhesion measurements. 

Further research could be conducted to adapt the here developed conceptual 

framework to all kinds of surfaces, in particular soft and composite surfaces. Soft 

surfaces have shown exceptional icephobic properties; however, their 

characterization is mainly based on average stress values, while the toughness values 

and the different fracture mechanisms are still being investigated [100]. Composite 

surfaces, in particular surfaces with elastic discontinuities, have shown promising 

results in leveraging crack nucleation sites to reduce ice adhesion [34]. Numerical 

models have been used successfully to calculate and visualize the concentration of 

stresses close to the hard-soft boundaries, suggesting toughness-dominated 

microcrack propagation. However, the ice adhesion on such surfaces is still 

quantified as the average shear stress (ὊȾὃ) [34,39,40], thus an accurate 

characterization of ice adhesion on such surfaces is still lacking.  

 Another important open question is how to relate or compare ice adhesion 

results obtained with static or quasi-static test benches to those obtained with 

dynamic test benches. Dynamic testing is important from an engineering perspective 

because there is currently a trend in the aerospace industry to replace traditional 

thermal de-icing systems with piezoelectrically actuated vibrational de-icing 

systems [112,113]. Coatings to be integrated into such systems must be tested on 

complex and costly test systems that mimic the component to which the coating will 

be applied. Therefore, there is a practical and economic motivation to relate the 

results of simple static experimental methods to the results of dynamic test methods. 

To conclude, this work aims to increase awareness and address the common 

misconceptions related to ice adhesion testing, to improve the reliability and 

reproducibility of test protocols and to standardize icephobicity. This is particularly 

relevant to the development and production of icephobic coatings and materials 

designed to reduce ice adhesion and contrast icing on solid surfaces. 
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Appendix A:  

Supplementary Material 

A.1 Quasi-Static Actuation Regime 

The effect of different force rod actuation speeds is investigated in Figure A 1. 

The experiments were carried out on commercially available anodized aluminum (Al-

6060) and at four different pushing heights from the substrate. The tested actuation 

speeds were 5, 10, and 20 µm/s. At no point a significant difference between the 

actuation speeds could be observed. In the range of 5 – 20 µm/s, the test system can 

be considered in a “quasi-static” regime, where dynamic effects of the force actuation 

procedure can be neglected. 
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Figure A 1: Comparison of different force actuation speeds at four different pushing heights 
from the substrate. The experiments have been carried out on anodized aluminum. The 
removal forces were not influenced by the actuation speed. 
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A.2 Modeling of the Crack Propagation Line 

For the strain energy and toughness calculation, the crack propagation line was 

assumed straight and perpendicular to the force application line. This assumption is 

verified in this section by high-speed image analysis. The experiments were carried 

out by placing the high-speed camera in a vertical, top-down position over the ice 

column, and the toughness-dominated ice detachment processes were recorded at 

6000 frames per second.  

Figure A 2 summarizes the results of four different experimental cases. Two 

experiments were carried out at mold diameter 10 mm, and two at 14 mm. The 

pushing height from the substrate was 1 mm in all cases, and the ice column thickness 

was comprised between 2 and 3 mm. For each case, the shape of the crack 

propagation line is highlighted by a red, dotted line. In general, the propagation line 

can be approximated as straight and perpendicular to the force application direction. 
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Figure A 2: Experimental analysis of the crack propagation line. Cases (A) and (B) were 
carried out at a mold diameter ? = 10 mm, while for cases (C) and (D), molds of diameter ? 
= 14 mm were used. All the experiments have been carried out at a pushing height of ő = 
1mm, and the ice column height c was comprised between 2 and 3 mm.  
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A.3 Mesh Independence Study 

A mesh independence study for the numerical model is presented in this section. 

The study has been carried out for the stress distributions and for the strain energy 

differences obtained with the model. Each test simulation was repeated with identical 

settings except for the mesh resolution, which was changed from coarse to medium 

to fine. 

The mesh independence study for the shear and tensile stress distributions is 

depicted in Figure A 3. The plots show the stresses along the centerline (in the 

direction of the pushing force) of the ice-substrate interface. The sizing of the mesh 

cells is set to 0.00012 m, 0.0001 m, and 0.00008 m for coarse, medium, and fine 

mesh, respectively. The results obtained are practically identical, with perfectly 

overlapping lines for both shear and tensile stress. The only difference can be seen 

close to the force application point (Z = -0.004 m), where the lines diverge in both 

cases. For this reason, in the stress distributions presented in the main text, the points 

at Z = -0.004 m have been replaced by curve fittings.  

As already described in section 3.2.1, the mesh refinement around the edges of 

the interface was found to be insufficient to capture the effects of different edge 

shapes. However, it was not possible to increase the mesh resolution due to limited 

computational resources. Due to this limitation, the first 20% of the interface cells 

close to the force application point were excluded from the calculation of †  and 

Ὃ . Both quantities, however, are calculated from the central part of the interface, 

were mesh independence was verified (see Figure A 3, Figure A 4, and Figure A 5). 

While the model is not suitable to analyze near-edge stress distributions, it is capable 

of capturing differences in the fracture regimes.  

The energy release rate over an incremental crack length ‬Ὓ is plotted in  

Figure A 4. From Figure A 4 and Table A 1, it is evident that the energy release rate 

Ὃ is not significantly affected by the different mesh cell sizes. For a crack to 

propagate along the entire interface, the energy release rate Ὃ must exceed the 
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toughness (Ὃ) at every point of the interface (Ὃ Ὃ). Consequently, the relevant 

value is the curve minimum, which has been found to be independent of the mesh 

size. However, from Z = -0.006 to -0.004 the numerical results are not coherent and 

some divergence of the Ὃ value can be observed. This aspect is further investigated 

in Figure A 5. 

The plots presented in Figure A 5 show that there is a mesh dependence in the 

20% of the interface closest to the point of force application. For this reason, the 

values of the first 20% of the interface have been excluded in the calculation of the 

toughness Ὃ. The curve minimum relevant for the toughness calculations is, 

therefore, not taken from these first 20% of the interface, but from the remaining 

part of the curve where mesh independence is observed. The so-calculated toughness 

value Ὃ has been verified by a mesh independence study, showing a convergence of 

the calculated Ὃ value for increasing resolution of the computational mesh (Table 

A 1). 
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Figure A 3: Mesh independence study for shear and tensile stress distribution. The same 
geometrical configuration was run three times, with three different mesh resolutions. The 
results show the (A) shear and (B) tensile stress distribution along the symmetry line of the 
ice-substrate interface. 
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Figure A 4: Mesh independence study and plot of the energy release rate (G) for coarse, 
medium, and fine mesh. To propagate a crack, Ὃ Ὃ for every point of the interface. 
Therefore, the relevant value is the curve minimum (or toughness Ὃ), which can be seen as 
independent of the mesh size. 

Table A 1: Value of the minimum energy release rate (toughness) for different mesh cell 
lengths (coarse, medium, and fine). Convergence of the value is verified. 

Mesh Cell Length [m] ╖ [J/m2] 

2.0*10-4 1.10 
1.6*10-4 1.14 
1.2*10-4 1.08 
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Figure A 5: Mesh independence study for (A) Ὀ = 10 mm, (B) Ὀ = 12 mm, and (C) Ὀ = 14 mm. 
The corresponding άȾὈ ratios are, respectively, (A) 0.2, (B) 0.167, and (C) 0.143. It is evident 
that in the 20% of the interface closest to the force application point, the numerical results 
are dependent on the mesh. Consequently, the calculation of the toughness Ὃ was 
conducted in the remaining 80% of the interface.  
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A.4 Validation of the Numerical Model 

The numerical model has been validated by comparing the experimentally 

calculated average shear stress (defined as ὊȾὃ [kPa]) to the numerically calculated 

average shear stress. In the numerical model, the same force Ὂ, as measured 

experimentally on the outside of the mold, has been applied. The average shear stress 

is then computed as the average of all the resulting stresses at the mesh nodes of the 

ice-substrate interface.  The results of this validation are reported in Table A 2. 

Table A 2: Comparison between the numerically calculated and experimentally measured 
average shear stress.  

È [mm] ʐÁÖÅȟÎÕÍ [kPa] ʐÁÖÅȟÅØÐ [kPa] ɝ†Ⱦ† 
1 1120 1257 ± 279 12% 
2 1013 1075 ± 220 6% 
3 883 921 ± 228 4% 
4 694 725 ± 85 4% 

 

It can be seen that the average stress value calculated by the numerical model is 

within the standard deviation of the experimentally calculated values. Additionally, 

the relative error between the average experimental value and numerical value 

diminishes with increasing pushing height from the substrate, from 12% to 4%, 

respectively.  
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A.5 Crack Propagation Speed 

The crack propagation speed in the case of a toughness-dominated fracture on 

anodized aluminum alloy (Al-6060) was calculated with the help of a high-speed 

camera (see specifications in section 3.1) operated at 6000 fps. The experiment was 

conducted on a cylindrical ice column with diameter Ὀ = 14 mm and a visualization 

of the crack is shown in Figure A 6. The total time of crack propagation was 4 ms, 

corresponding to 24 frames, resulting in an average velocity of 3.5 m/s.  

 

Figure A 6: Observation of the crack propagation at the interface between a cylindrical ice 
sample of diameter Ὀ = 14 mm and an aluminum substrate.  
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A.6 Plotting Method 

The mapping of the SSIF and the contour plots to determine the toughness of 

the interface were created with the library “Matplotlib”. The numerical model 

provided single data points in function of ὬȾὈ and ὌȾὈ, which were then fitted 

through a function to obtain the contour plots (see Figure A 7 and Figure A 8 for 

the original data points). For the map that represents the SSIFs, a cubic interpolation 

method on a 100 x 100 points grid was used. Contrarily, the toughness plots have 

been created with the following fitting function: 

Ὢ ὥÓÉÎὦ ὧÃÏÓὨ Ὡ       (A 1) 

where the fitting parameters ὥȟὦȟὧȟὨȟὩ were determined by non-linear least squares 

method. The values of the fitting parameters for each case of άȾὈ are reported in 

Table A 3. 

Pearson’s chi-squared test (…) was performed to check the goodness of the fit 

for each άȾὈ aspect ratio [119]. The test statistic is calculated as follows: 

 … В         (A 2) 

where ὕ is the number of observations of type Ὥ, and Ὁ are the expected (theoretical) 

values of type Ὥ. 

The value of … is calculated from the square of the differences between the actual 

numerically calculated data and the value of the fitted function for each point of the 

100x100 grid. If the calculated value of … is less than the critical value …  based 

on the degrees of freedom (ὲ = 100x100 = 10’000) and on the criteria for statistical 

significance (ὴ = 0.05), then the goodness of the fit is verified. 

The value of …  for the given problem is …  = 10’234, while for άȾὈ values 

of 0.2, 0.167, and 0.143, the … values are 1595, 1392, and 719, respectively. For all 

three cases of άȾὈ, the value of … is such that … < … . The goodness of the fit 

is therefore verified.  
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Table A 3: Values of the fitting parameters ὥȟὦȟὧȟὨȟὩ for each άȾὈ aspect ratio investigated 
in this study. 

□Ⱦ╓ aspect 
ratio 

╪ ╫ ╬ ▀ ▄ 

□Ⱦ╓ = 0.2 -4.59E+0 6.62E+0 5.71E+3 8.78E-2 -5.71E+3 

□Ⱦ╓ = 0.167 3.28E+0 -6.49E+0 7.92E-1 9.82E+0 5.24E+0 

□Ⱦ╓ = 0.143 4.60E+0 -6.90E+0 7.89E-1 1.27E+1 6.77E+0 

  

 

Figure A 7: Data points that have been used to construct the SSIF plot for the shear stress 
dominated case.  



Appendix A 

136 
 

 

Figure A 8: Contour plots for the case of a toughness-dominated detachment. The 
toughness parameters are given for a ratio of άȾὈ of (A) 0.2, (B) 0.167, and (C) 0.143. Both 
for the single points as well as for the contour plot, the same color scheme was used. The 
density of the points is higher in the experimentally relevant zone, to improve the accuracy 
of the fitting (see Figure 4.15 of the main text). 
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A.7 Validity of the Proposed Model 

The validity domain for the elastic moduli of ice (Ὁ , substrate (Ὁ , and mold 

(Ὁ  is analyzed Figure A 9. The effect of the substrate elasticity on minimum 

shear stress †  and elastic strain energy is analyzed in Figure A 9A and B. The base 

case considered for the substrate elasticity analysis is Ὁ Њ. Subsequently, the 

Young’s modulus of the substrate is gradually reduced to 10 GPa. It can be observed 

how the error remains below 10% with respect to the base case for both the 

minimum shear stress and elastic strain energy, down to a substrate with Ὁ  35 

GPa (the 10% limit is represented by a green dotted line in Figure A 9).  

The effect of the elastic modulus of the mold, Ὁ , is analyzed in Figure A 9C 

and D. It can be observed that Ὁ  does not have a measurable impact on the 

computed minimum shear stress. However, it does greatly influence the calculation 

of the elastic strain energy. 

The Young’s modulus of bulk ice, Ὁ , has only a minor influence on the 

minimum shear stress in the range of 4.5 – 9 GPa (Figure A 9E). Contrarily, the 

calculated elastic strain energy is influenced by Ὁ . 
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Figure A 9: Influence of the Young’s modulus of the substrate Ὁ  (A and B), of the mold 
Ὁ  (C and D), and of the ice Ὁ  (E and F) on the minimum shear stress and elastic strain 
energy, respectively. The 10% error limit with respect to the base case is indicated by the 
green dotted line.   
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A.8 Validation of the Dimensional Analysis 

A: Ὁ Ὣ ȟ          (A 3) 

B: Ὢ ȟ          (A 4) 

Table A 4: Validation of the dimensional analysis. The geometric parameters ὬȟὌȟὈȟ and ά 
are kept constant, therefore also the left-hand side of equations A and B should be constant. 
The calculated left-hand side terms are summarized in columns A and B. The standard 
deviation is ± 12% for A and ± 3% for B.  

╖╬ [J/m2] ╕ [N]  ╔░╬▄ [GPa] A B 

0.40 50 9 2.51 5.50 

0.49 50 8 3.27 5.52 

0.69 50 7 3.53 5.53 

0.01 10 9 2.57 5.26 

0.07 20 9 2.80 5.27 

0.32 40 9 3.26 5.41 

0.40 50 9 2.46 5.50 

0.70 60 9 3.06 5.56 

1.36 80 9 3.30 5.69 

2.13 100 9 3.35 5.78 

 

 

  



Appendix A 

140 
 

A.9 Derivation of the 2D òStrain vs. Stressó 

Graphs 

The two-dimensional analysis of the interfacial toughness employs graphs that 

compare the interface shear stress with the crack-opening strain energy release. This 

analysis allows to understand the role of the force application height and the ice 

column height on the detachment mechanism.  

The †Ⱦὼ and ὋȾὼ graphs are the starting point for the derivation of the “critical 

strain vs. critical stress” diagrams. To render the shear stress † and the crack-opening 

energy release rate Ὃ independent of the force applied to the ice column, there 

quantities are normalized by the displacement ὼ (Figure A 10). The expressions of 

†Ⱦὼ (ὫὛ) and ὋȾὼ (ὪὛ) are both re-arranged using the critical shear stress † and 

the critical crack-opening energy release rate Ὃ. In this way, the critical quantities † 

and Ὃ are obtained as a function of the surface area and the displacement ὼ.  
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Figure A 10: The critical shear stress and critical crack-opening energy release rate curves 
are obtained by re-arranging the †Ⱦὼ and ὋȾὼ plots (the quantities are normalized by the 
displacement ὼ). The critical quantities are represented as a function of the surface area (% 
Surface).    
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A.10 Toughness vs. Applied Force Analysis 

 

Figure A 11: Numerical simulation of the value of Ὃ with changing force Ὂ applied on the 
outside of the mold. All the other system parameters, such as ὌȟὬȟάȟὈ, are constant.   
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A.11 Preliminary Tests on Aluminum 

Table A 5: Experimental tests on Al-6060 aluminum alloy. For each diameter Ὀ, the critical 
ice column height Ὄ for the transition from toughness- to stress-dominated detachment is 
found experimentally. For diameters Ὀ  10, 12, and 14 mm, the ὌȾὈ ratio at which the 
fracture mechanism changed was observed to be 0.25. For Ὀ  8 mm, it was not possible 
to observe a toughness-dominated fracture.   

╓ [mm] ▐ [mm] Critical ╗ [mm] ╗Ⱦ╓ 

8 1 - - 

10 1 2.5 0.25 

12 1 3 0.25 

14 1 3.3 0.24 
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A.12 Benchmark Shear Test Devices 

KUL Test Device 

The tests at KU Leuven were conducted using a Jikan IAT 40 Ice Adhesion Test 

Machine (Jikan Group), which comprises three principal components: the main 

tester body, a remote injection unit (Jikan SPM-10), and a thermoelectric chiller 

(Jikan RMC-20). The complete setup is shown in Figure A 12A. The main tester 

body includes a freezing cell measuring 62 mm × 62 mm × 26 mm, isolated from 

the surrounding environment by a durable plastic frame and polycarbonate and 

quartz windows on the front, top, and back. The cooling elements (Peltier cells) are 

situated at the base of the cell and are protected by an aluminum sheet. The left side 

of the cell is equipped with a fixed, thick, resistant wall that serves to support the 

sample fixture, while the right side features an opening through which a trapezoid-

shaped force probe (with a flat 2 mm sample contact point) is connected to a force 

transducer on a ball screw motion system.  

The temperature within the freezing cell is monitored at both the bottom cooling 

stage and the sample surface, utilizing a contact-type thermistor sensor. Additionally, 

humidity is gauged in the vicinity of the sample. The temperature control system is 

based on real-time feedback from sensors located within the cell and on the sample 

itself. Dehumidification is achieved through condensation and nitrogen purging via 

an inlet located on the rear wall of the freezing cell. Once the sample has been placed 

and secured within the freezing cell, the lid is closed with a magnetic lock, thus 

isolating the cell from the surrounding environment throughout the duration of the 

testing process.  

The temperature and humidity are maintained at a controlled level, and water is 

injected remotely from the top inlet of the cell using the dosing unit. The freezing 

cell is mounted on a positioner with calibrated scales, which enables the force probe 

to be adjusted in order to achieve optimal contact with the sample. The ice samples 
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were produced using cuboid-shaped molds made from polylactic acid, with a 

thickness of 1 mm. 

 

Figure A 12: (A) Overview of the test system at KUL, including a side view of the test cell. (B) 
Photograph of the SIRRIS test device which is placed inside the large climatic chamber. (C) 
Schematic of the SIRRIS test device. 

Sirris Test Device 

The Sirris test device is located in a large climatic test chamber of dimensions 10.6 

m x 7 m x 8 m. The temperature of the climatic chamber can be set in a range from 

-60°C to 60°C, with humidity values that range from 5% to 95%. The chamber can 
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be programmed to perform thermal cycling over the whole temperature range. 

Additionally, the chamber is equipped with a water spray system that is used to 

accrete the ice on the substrates at an environmental temperature of -10°C.  

The actual test device is shown in Figure A 12B and is placed inside the climatic 

chamber. It is composed of a base with a moving cart that is used to push the ice 

layer accreted on the sample (see Figure A 12C). The sample of dimensions 10 x 15 

x 0.3 cm is placed on the base in front of the cart. The ice layer is accreted on the 

sample using the water spray system.  

The pushing cart is then moved along the base by a stepper motor and exerts a 

continuously increasing force on the ice layer. The force is applied on the ice layer at 

a height of 0.3 mm from the sample. The thickness of the ice layer is generally kept 

above 3 mm.  
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A. 13 Dynamic Test Device 

Ice is accreted on the opposite side of the plate to where the piezoelectric system 

is attached (see Figure A 13A). A laser vibrometer is used to capture the magnitude 

of the oscillations. Due to some constraints related to the operating temperatures of 

the vibrometer (from +5 °C to +40 °C) and the need to simultaneously preserve the 

iced sample at a temperature of -20°C, an insulating layer made from Styrodur was 

used to physically separate the laser from the cold environment. The laser 

measurements were conducted through a small window (10 x 10 cm²) in the 

insulating layer and wooden rods were used to suspend the plate without limiting its 

movements. A picture of the setup is shown in Figure A 13B. 

 

Figure A 13: Photographs of (A) the titanium sample plate equipped with the piezoelectric 
system and (B) the laser vibrometer placed on top of the insulating layer inside the freezer. 
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Appendix B:  

Capillary-Driven Water Transport by 

Contrast Wettability-Based Durable 

Surfaces 

The following sections have been published as part of the article referenced 

in [104]. Luca Stendardo and Theodoros Dimitriadis are both first authors of the 

article, with equal contributions. Luca Stendardo contributed mostly on the 

characterization of the substrate, the laboratory tests, and the formal analysis, and 

Theodoros Dimitriadis assessed the durability of surfaces. Only the sections relative 

to the work performed by Luca Stendardo have been reported here. 

The study presented in this chapter concerns a surface based on contrast 

wettability for enhanced water transport driven by capillarity [104]. In the context of 

ice removal from surfaces, active de-icing technologies can be used synergistically 

with passive low ice adhesion surfaces to provide complete and reliable protection 

from icing [120]. While the previous parts of this thesis focus on the characterization 

methods for passive low ice adhesion surfaces, this appendix chapter analyzes water 

transport techniques that can support active thermal de-icing technologies by 

effectively removing melted water from the exposed surfaces, ensuring safety and 
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operational reliability of the instruments [121]. Therefore, the contrast wettability 

surface investigated here has not been tested for ice adhesion as the surfaces in the 

previous chapters, but the working principle of the bioinspired pattern has been 

analyzed and the water transport capability has been characterized. 

B.1 Introduction 

Surfaces with contrast wettability, alternating hydrophobic and hydrophilic areas, 

are widespread in nature as they are effective in water transport and 

management [122–124]. As an example, Stenocara sp., a tenebrionid beetle, 

possesses a combined texture and pattern of wettability on its exoskeleton, consisting 

of nonwaxy tips and waxy slopes, to harvest water from the coastal fog-laden wind 

in Namib’s arid desert. The beetle basks in the fog, standing upside down on top of 

sand dunes: water first collects in small droplets, which then roll down the beetle’s 

back toward its mouth, under gravity [122]. Inspired by this and other examples, it is 

possible to create contrast wettability surfaces for many engineering applications 

where the directional transport of liquids is required [125–129]. 

To achieve such contrast with wettable surfaces, various techniques based on wet 

chemistry and dry etching have been proposed [130–134], followed by surface 

modifications [135–137]. Notwithstanding the plethora of techniques available, such 

approaches did not lead to commercial products due to mainly two reasons: first, 

durability issues in real-world applications [138–142] and, second, production 

upscaling concerns related to the use of chemicals or processes that are not 

environmentally friendly (according to REACH, RoHS list, and other environmental 

regulations) [143,144]. 

To overcome these shortcomings, in the present study, we present a biomimetic 

design based on contrast wettability to control water transport on aluminum alloy, 

one of the most common engineering substrates used in industry; this can be applied 

in applications where guided water transport is essential, such as proton exchange 
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membrane fuel cells, digital microfluidics, thermal management of electronics, and 

water harvesting applications [125–129,145,146]. 

The novel surface structure, fabricated by applying a durable powder coating of a 

fluorine-based polymer to anodized aluminum followed by a microtexturing 

technique by a scalable femtosecond laser system [144,145,147–149], leverages open 

capillary-driven water transport: the combination of microscale surface wettability 

laser textures with millimeter-precise radial tracks enables a self-propelled capillary-

driven water transport mechanism. Such an approach allows the fabrication of 

durable and environmentally friendly surfaces, as validated in both laboratory-based 

artificial tests and one-year-long natural weathering in Miami, Florida, USA, a 

location with 4 times more aggressive weathering conditions than in Europe [150], 

which is a crucial factor for extensive evaluation studies before using it on production 

scale. 



Appendix B 

152 
 

B.2 Experimental Section 

B.2.1 Materials and Coatings Fabrication 

Aluminum (Al) alloy with hard anodized aluminum oxide coating (Ḑ40-50 µm) 

has been used as the substrate. A hydrophobic Teflon-like coating that offers —  

100° and ‌  15° has been used as a hydrophobic coating. An industrial 

femtosecond laser has been used to create microscale features on the anodized 

aluminum substrates. 

B.2.2 Methods and Apparatus 

The wettability of the surfaces was characterized via static contact angle (—) and 

slide angle (‌) measurements using the sessile drop method with an in-house 

instrument. Water droplets up to 50 µL volume were deposited gently and vertically 

in atmospheric conditions at room temperature in all measurements. Contact angle 

measurements were conducted using both the free software ImageJ 

(https://imagej.net) and the open-source software tool “Dropen” [99]. The surface 

morphology of the laser-ablated hydrophilic tracks was examined using a field 

emission scanning electron microscope (SEM, Zeiss, Germany) at an accelerating 

voltage of 5.00 kV. Before observation, the samples were sputtered with thin gold 

layers to enhance their contrast since the hydrophobic coating is not electrically 

conductive. 
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B.3 Results and Discussion 

B.3.1 Water Transport on Contrast Wettability Surface 

The innovative concept of contrast wettability is exploited by the Namib desert 

beetle to adeptly collect water from coastal fogladen wind and direct it to its mouth 

as it stands upside down (Figure B 1a). 

 

Figure B 1: Working principles of the bioinspired surface on an application scale. (a) Namib 
desert beetle collects droplets of water using its contrast wettability patterned back, which 
allows it to guide water to its mouth. Its back consists of hydrophilic (nonwax) bumps set 
among hydrophobic (waxy) areas (inset). Its back design and natural forces (wind and 
gravity) help the beetle to harvest water. As the droplets coalesce, they eventually become 
large enough to roll off the hydrophilic island. At that moment the capillary force that 
attaches the droplet to the surface is overcome by gravity. As a result, the droplet rolls to the 
hydrophobic area, eventually leading to its mouth. (b, c) Top and side views of the radial flow 
and phobic-to-philic transition, respectively, two key mechanisms that enable efficient 
displacement of accumulated water. A single tapered track can continuously remove up to 
10 mL/min in completely wet conditions. Adapted from [104]. 

Similarly, the textured surface we have fabricated is made of alternating 

hydrophobic (perfluoroalkoxy) areas next to sections of hard-anodized aluminum 
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alloy with laser fabricated microtextures, which are conversely hydrophilic and allows 

better control of the surface roughness. The combination of hydrophilic and 

hydrophobic areas results in contrast wettability surfaces (Figure B 1b, c). 

As in the case of the beetle, the biomimetic design presented here is based on two 

working principles to direct water on a solid surface: the phobic-to-philic transition 

and the outward radial flow through hydrophilic tracks. Figure B 1b illustrates the 

first key mechanism for enhanced water collection and removal, which involves 

drops on the hydrophobic surface transitioning into the wet, hydrophilic region 

(phobic-to-philic transition). Subsequently, due to the radial flow, water is passively 

pumped outward on the hydrophilic tracks. By growing droplets close to the 

hydrophobic/hydrophilic junction (flow direction perpendicular to the junction 

line), volumes up to 50 µL could be transported by a single hydrophilic track, leaving 

the hydrophobic surface practically free from water. 

The flat-contrast wettability surface creates a radial flow (Figure B 1c) on the laser-

microtextured hydrophilic tracks, allowing for water transport from the center to the 

outer region of the horizontal sample surface through the use of surface tension and 

Laplace pressure differences (discussed in detail in section B.3.3 “Effect of Channel 

Geometry”). The outer edge of the contrast wettability surface remains uncoated, 

leaving the naturally hydrophilic hard-anodized aluminum exposed. Once the 

aqueous liquid reaches the outer edge, the water is drawn away from the hydrophilic 

tracks due to this lack of coating. The hydrophilic surface on the edge of the contrast 

wettability surface acts, therefore, as a gravity-assisted sink to remove the excess 

water from the hydrophilic tracks. The performance of the contrast wettability 

surface was tested by establishing a continuous water flow on the wet hydrophilic 

tracks. Tests demonstrated that up to 10 mL/min can flow in a single hydrophilic 

track. Considering that the full surface includes six tracks, the total water 

displacement capacity is measured to be 60 mL/min, based on dropwise water 

application. However, it is important to note that this capacity should not be 

interpreted as the maximum capacity of the surface to handle continuous exposure 
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to large volumes of water. Nonetheless, the measured capacity exceeds the water 

accumulation rate of heavy-rainfall conditions in a natural environment [151], which 

suggests that the surface may be effective in managing water in engineering 

applications. 

B.3.2 Surface Characterization 

To facilitate the investigation of the contrast wettability surface properties, 

surfaces have been prepared on circular aluminum alloy substrates with a hard-

anodized aluminum oxide coating. Figure B 2a shows a top down image of the 

contrast wettability surface, including SEM images and contact angle Ǧ 

measurements. The base material is coated with a hydrophobic, fluorine-based 

polymer [Teflon perfluoroalkoxy (PFA)]. After the coating process, the laser ablation 

technique was used to generate the hydrophilic/ hydrophobic pattern by selectively 

removing the surface polymer and microtexturing the exposed substrate. 

The hydrophilic tracks do not meet at a single point in the center of the sample 

(see Figure B 2a, center). Instead, they intersect each other in a manner so that they 

define a hydrophobic center. The six tapered tracks diverge over the sample by an 

angle (ɰ), which is set to 15°. The effect of this angle on the surface tension-driven 

force is explained in section B.3.3 “Effect of Channel Geometry”. During the laser-

ablation process, a cylindrical-shaped microstructure was applied to the tracks (see 

Figure B 2a, SEM images) to increase the total surface area, reduce the contact angle 

thus increasing hydrophilicity [152], and simultaneously decrease the pinning effects 

of large volumes of water [153].  

The micropillars have an average height of 68 ± 2 µm, the pitch (center to center) 

distance is 346 ± 2 µm, and the pillar top surface diameter is 143 ± 2 µm. The average 

ablation depth (from the polymeric surface to the pillar bottom) is 141 ± µm. The 

polymer-coating shows an average contact angle of — = 102° ± 3°, while for the 

microstructured aluminum tracks the — was found to depend on the humidity 

conditions. In wet conditions (which are representative of heavy rainfall and in high 
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humidity environments) the measured contact angle on hydrophilic tracks is — = 33° 

± 2°. 

 

Figure B 2: Characterization of the contrast wettability surface. (a, middle) Contrast 
wettability surface comprising the laser-ablation, tapered tracks of hard anodized 
aluminum, bounded by the polymer islands both on the sides of the tracks and in the center 
of the sample. (Top-left) SEM images of the micropillar structure next to the 
hydrophobic/hydrophilic junction and (bottom-left) the micropillar structure on the 
hydrophilic surface away from the junction. (Top- and bottom-right) Water contact angles 
measured on both hydrophobic and hydrophilic surfaces, respectively. (b) EDX mapping of 
the elemental composition on the laser-ablated micropillar structures. The colors refer to 
the dominant peak by EDX. (c) FTIR analysis of the polymer coating. The absorption band in 
the region between 1100 and 1250 cm-1 corresponds to vibration modes of CFǂЮ(ǂЮ= 1-3) 
groups [154]. Adapted from [104]. 

The behavior of changing wetting properties depending on the humidity 

conditions can be explained by taking a closer look at the composition of the pillar 

tops: from the energy-dispersive X-ray analysis (EDX, Figure B 2b) it is evident how 
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the micropillar tops show a high concentration of carbon and fluorine. Due to the 

laser ablation procedure, it has been noticed that pyrolyzed polymer residue (see 

Figure B 2c for the FTIR analysis of the polymer coating) is formed on top of the 

pillars [155]. The presence of combustion residues reduces the hydrophilic 

characteristic of the tracks in dry environmental conditions. 

Nonetheless, during heavy rain and high humidity conditions, the impinging water 

droplets and condensation of water vapor displace the air pockets in the 

microstructure, which enhances hydrophilicity. Under these conditions, the tracks 

exhibit a strong hydrophilic character, irrespective of the polymer residues on the 

pillar top, which proves useful in creating a continuous flow of water from the center 

of the contrast wettability surface toward the outer edge [155]. The capillary driven 

flow on hydrophilic tracks results in exceptional water removal. 

B.3.3 Effect of Channel Geometry 

The droplet movement along the tapered track is driven by the net capillary force 

and the Laplace pressure imbalance. The magnitude of the capillary force is 

determined by the difference between the contact angles on the polymer coating (—) 

and that on the hydrophilic sections (—). The higher the difference between — and 

—, the higher is the capillary force. 

While moving on the hydrophilic tapered track (Figure B 3a), the droplet takes an 

elongated shape, following the edges of the track geometry. However, to determine 

the initial driving force caused by surface tension when a droplet first touches the 

hydrophilic tapered track, the contact line can be assumed as circular. As shown in 

Figure B 3a, the center of the droplet is at a distance Ὠ from the center of the sample 

(i.e., the narrow end of the hydrophilic track). Before taking an elongated shape, the 

droplet contact line touches the hydrophobic/hydrophilic boundary at two points: 

The first point makes an angle ɮ with the centerline of the hydrophilic track, and 

the second point makes an angle ɮ. Assuming that the contact angle changes 
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abruptly at the hydrophobic (—)/hydrophilic (—) junction, the driving force (Ὂ) for 

a water droplet of radius Ὑ can be estimated by the following equation [156]: 

Ὂ ς‎ὙÃÏÓ— ÃÏÓ— ÓÉÎɮ ÓÉÎɮ       (B 1) 

The larger the divergence angle ɰ of the track, the larger is the term (ÓÉÎɮ

ÓÉÎɮ); therefore, a higher driving force is achieved. Assuming a constant diameter 

of the droplet, a greater divergence angle ɰ implies higher initial driving forces due 

to surface tension near the center of the sample (Figure B 3b). However, the driving 

force rapidly decreases as the droplet moves toward the edge of the hydrophilic track 

as shown in Figure B 3b. On the other hand, by narrowing (small ɰ) the hydrophilic 

track, the driving force is lowered, and therefore the water droplet moves slowly 

toward the edge of the surface [156]. In this work, the hydrophilic tapered channels 

have a constant diverging angle (ɰ) of 15°, which allows the capillary force to guide 

the droplet toward the half of the hydrophilic track. 

The capillary force, Ὂ, describes the radial pull that single droplets experience at 

the first contact with the hydrophilic track. In a scenario where the precipitation rate 

is increased, more and more water accumulates on the hydrophilic tracks. In this 

case, a continuous water bulge is formed on the hydrophilic track, from the center 

to the edge of the contrast wettability surface (Figure B 3c, top inset). It is observed 

in these conditions that whenever a new droplet coalesces with the water bulge on 

the hydrophilic sections, a waterfront propagates on the hydrophilic track. The 

hydrophilic track remains completely flooded but continues to displace water from 

the center toward the outer region of the sample. This phenomenon can no longer 

be explained with the capillary force previously presented equation (B1), but in this 

case, a Laplace pressure differential will drive the excess water toward the outer edge 

of the contrast wettability. 
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Figure B 3: Physics of transporting a droplet along a tapered track. (a) Schematic of the initial 
circular droplet placed over hydrophobic/hydrophilic junctions. The angles of the contact 
line at the junctions (ɮ  and ɮ  are relevant for the capillary force. Due to that, the initial 
spherical droplet will eventually move to the hydrophilic tapered track and the covered 
distance depends on the angle ɰ and takes the form of a tadpole droplet. (b) The graph 
shows the link between the net capillary force, Ὂ, and the head angle of the wedge, ɰ. The 
wider (large ɰ) the track, the higher the capillary force is achieved close to the center of the 
sample. In order to achieve a maximum capillary force along the tapered track, it is 
recommended to design a track with variable wedge angles. Ὂ is the gravitational force. (c) 
Schematic of the radii of curvature for water accumulation on hydrophilic tapered tracks, 
which provides insight into the Laplace pressure-based water transport mechanism. The 
diverging shape of the hydrophilic tapered tracks constrains the radius of curvature Ὑ, 
resulting in a water transfer toward the larger portion of the track. The inset figure shows a 
top view of the bulge of water developing over the hydrophilic track, keeping a liquid footprint 
from the center to the edge of the contrast wettability surface. The shape of the bulge was 
analyzed to explain the Laplace pressure difference-driven water displacement. (d) Laplace 
pressure ὖ on a single tapered track as a function of accumulated volume. The dotted lines 
represent Laplace pressures of spherical droplets of different radii. Adapted from [104]. 

To investigate the Laplace pressure-driven radial flow in more detail, a test sample 

with the contrasting wettability pattern is first immersed in water to ensure complete 

wetting and then droplets are deposited at the center of the substrate, where the 
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hydrophilic tracks converge. During the deposition of the water drops, the sample 

was placed on a horizontal surface. The water flows on the hydrophilic tracks and 

forms a bulge over the hydrophilic tracks. The evolution of the water shape is 

recorded by a camera, allowing us to measure of the surface curvature of the bulge 

and calculate the Laplace pressure within the water accumulations. 

In this experiment, millimetric drops (drop diameter of 2 mm, ὠ  5 µL) are 

continuously injected at the center of the sample at a flow rate of 100 µL/min with 

the aid of a syringe pump and a syringe. Before the drop touches the surface, the 

Laplace pressure inside the droplet (ὖ) is Ḑ146 Pa (Figure B 3d, blue dotted line). 

When the deployed droplet coalesces with water on the hydrophilic tracks, this 

pressure (ὖ) is exerted on the previously accumulated water, initiating a liquid flow. 

The liquid driving force is determined by the Laplace pressure difference between 

the droplet (ὖ) and the water accumulation on the hydrophilic tracks (ὖ).  

During dropwise water deployment, there is no continuous water flow from the 

needle to the hydrophilic tracks, and for this reason, the volume of water on the 

tracks between two successive droplet deployments is considered stationary. The 

Laplace pressure value inside the water accumulation is therefore equal at every 

point, making it possible to calculate ὖ at the most convenient location. 

ὖ was calculated by measuring the droplet radius, while ὖ was calculated by 

computing the two radii of curvature Ὑȟ and Ὑȟ of the water shape (Figure B 3c): 

ὖ ‎
ȟ ȟ

          (B 2) 

The pressure curve ὖ (Figure B 3d) is plotted as a function of the collected water 

volume and is compared to the Laplace pressure lines of spherical droplets of various 

radii. The pressure differential exists up to a droplet radius of about 5.5 mm, which 

matches the size of large rain droplets found in nature during rainfall [157]. It is 

therefore expected that releasing any droplet with a radius below 5.5 mm at the center 

of the contrast wettability surface will cause a driving force that can displace the 

excess liquid from the point of deployment onto the hydrophilic sections.  
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As explained earlier in this section, the Laplace pressure term ὖ can be calculated 

at any point of the water volume by considering the two characteristic radii of 

curvature. The sum of the reciprocals of the radii of curvature can therefore be 

considered constant over the entire hydrophilic track. 

ȟ ȟ ȟ ȟ
          (B 3) 

Figure B 3c shows a schematic representation of the shape of the water retention. It 

can be noted how the water line is convex close to the center of the contrast 

wettability surface, near the point of water deployment, and the curvature radius Ὑȟ 

can therefore be considered negative. On the other hand, further toward the outer 

regions of the hydrophilic track, Ὑȟ and Ὑȟ assume positive values (the water line 

is concave). 

For ὖ to be equal in the whole water volume, the following relation holds: 

ȟ ȟ ȟ
         (B 4) 

In order to respect the constant ὖ condition, the tapered shape of the hydrophilic 

tracks transfers water toward the outer region of the contrast wettability surface. 

In conclusion, the inherently hydrophilic hard-anodized aluminum substrate, in 

combination with the microtextured surface, contrast wettability, and geometry of 

the tracks, enhances the capillary driving force and Laplace pressure imbalance and 

promotes the advancement of a water droplet along the hydrophilic/hydrophobic 

boundary toward the edge of the substrate. 
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B.4 Section Conclusions 

In this study, we designed and developed a durable and reproducible bioinspired 

contrast wettability surface, machined by a femtosecond industrial laser. In addition, 

we textured circular micropillar arrays to make the fabrication process easier and 

controllable compared to random textures and microtextures of any other shapes, 

thus making this suitable for large volume production and enhancing wettability 

contrast with the hydrophobic coated parts leading to faster and efficient pumpless 

water transportation. 

In wet conditions such as high humidity or heavy rainfall, results showed that the 

contrast wettability surface is able to displace up to 60 mL/min in the radial direction, 

exceeding the rainfall rate of what is considered “heavy-rainfall” conditions [151]. 

The surface modifications effectively displace water by utilizing the capillary forces 

(due to surface tension and Laplace pressure), which are controlled by the contrast 

wettability and the diverging shape of the hydrophilic tapered tracks. 

As such, the surface wettability contrast can be of interest for a variety of practical 

applications, where water management represents a critical issue, spanning from 

atmospheric water harvesting and collection to water elimination from engineering 

devices and sensors operating in rain conditions. As an outlook, we envision the 

development of such strategies even in icing conditions at low temperatures, where 

a surface approach may help to mitigate ice formation and growth. 
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