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Abstract

The adhesion of ice onto surfaces can lead to many problems in the engineering
world, creating hazards and economic losses. Recently, passive icephobic surfaces
have been developed that can prevent ice build-up on a surface, but the mechanism
of ice adhesion to a surface is still not well understood. For research purposes, the
icephobicity of a material can be characterised by its ice adhesion strength, mainly
affected by the surface topography and chemistry of the material.

This study aims to improve the understanding of the mechanism of ice adhesion
to metallic surfaces. In order to do this, two novel quantitative characterisation
methods were developed to measure ice adhesion strength in two different length
scales. The first method measures macro-scale tensile ice adhesion strength while
the second method quantifies the micro-nano scale shear ice adhesion strength
using a novel nanoscratch method to mechanically shear microscopic ice droplets.
The samples for this study were made using ion implantation technique with Xe+

ions for surface topography modifications and CF+ ions for surface chemistry
modifications on stainless steel substrates. A combination of both treatments on
stainless steel were also investigated.

The results of this study confirm the theory that the ice adhesion strength of a
material is determined by the degree of interaction between ice and the material
at the ice-solid interface. An ice droplet that penetrates into the space between
asperities (Wenzel-type) shows higher ice adhesion strength than an ice droplet
that sits on top of the asperities and microscopic air bubbles (Cassie-Baxter type).
This conclusion was obtained by performing both quantification methods on the
ion implanted stainless steels, and it was suggested that because hydrophobic
substances were implanted near the base of the asperities, the transition of a
Cassie-Baxter water droplet into a Wenzel type ice droplet during freezing was
prevented. With the results of this study, the mechanism of ice adhesion to a
metallic surface was better understood in an effort to achieve practical icephobicity
for engineering applications.
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Chapter 1

Introduction

Small minds are concerned with the extraordinary.
Great minds with the ordinary.

− Blaise Pascal

1.1 Introduction

Ice is a natural phenomenon that causes many challenges in the engineering world.
Build-up of ice on top of surfaces can be simple inconveniences in our everyday
life but can also cause large problems with dramatic consequences. Ice is a hazard
that can induce significant economic losses and impact various sectors of activity
such as transportation [1–3], industrial production [4,5], and power plants [6,7].
Table 1.1 shows some real-world examples of the problems caused by ice build-up
on various surfaces.

Ice strongly adheres onto many surfaces, making a lot of materials prone to ice
build-up. At first glance, this seems counter-intuitive as the surface of ice exhibits
low coefficient of friction (ice is slippery) and one would expect weak adhesion on
ice surfaces, especially under shear force. In 1859 Michael Faraday suggested that
the slipperiness of ice is caused by the presence of a liquid layer between ice and the
contacting surface due to ice melting when pressure is exerted on it and frictional
heating [8, 9]. On the other side, at the underlying substrate-ice interface with
either no liquid layer or a very thin layer of liquid, ice exhibits very strong adhesion
to the substrate. The adhesion energy of ice to four different metals (titanium,
copper, aluminium, and stainless steel) at −20°C was measured to range between
0.093 to 0.104 J·m−2 [10, 11].

1
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For practical applications, the adhesion of ice to the underlying substrate is
usually described in terms of ice adhesion strength of the solid surface and
defined as the shear force required to separate ice from the surface. The ice adhesion
strength of a material has been shown to depend on several properties of the surface
and the ice itself [12]. In many cases, it is impractical to control the formation and
properties of the ice - such as putting additives into the water - and hence many
researchers are trying to modify the solid surface properties instead to manipulate
ice adhesion and solve the problems laid out in Table 1.1.

Table 1.1
Real-world examples of the problems caused by the formation and build-up of ice on
surfaces.

Transportation

• Build-up of ice layers under the fuselage and wings of an aircraft destroys
the aerodynamic flow of air, increasing drag and reducing control and the
lift ability of the aircraft [1, 13].

• More than 500 aviation airframe accidents in the United States between
the years 1982 and 2000 were attributed to icing, causing a total of 819
deaths in 19 years [2].

• A statistical study showed that ice concentration contribute significantly
to the occurrence of severe fishing boat accidents in Atlantic Canada. The
presence of ice adversely affected the stability and mobility of vessels,
leading to loss of control of the vessels [14].

• A layer of ice on the surface of a road reduces the braking and deceleration
capability of automobiles causing roadblocks and accidents [3].

Industrial Production

• Ice fouling is a big problem in industrial refrigeration. The presence of ice
on a subcooled solid surface greatly reduced the heat transfer coefficient
and hence the equipment efficiency [4].

• Ice aggregation on mixer walls and blades in the factory cause non-uniform
recrystallisation of ice during ice cream production, changing the mi-
crostructure and reducing the quality of ice cream produced [5].

Power Plants

• Icing in wind turbines operating at high altitudes or cold regions reduce
the efficiency of power generated [15].

• In areas with extreme winters such as Canada, the accumulation of ice
on power transmission lines can lead to extreme buckling and loss of
electricity [6, 7].
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1.2 Current solutions

Approaches to deal with ice adhesion to surfaces can be categorised into two main
types. Active methods involve expending energy to remove ice from the surface,
usually by thermal [16, 17], chemical [18, 19], or mechanical [20–22] methods, and
passive methods involve creating icephobic surfaces that prevent the accretion of
ice without requiring any external energy input. These icephobic surfaces can be
further categorised into (i) surfaces that prevent formation of water droplets (and
subsequently ice) on the surface (anti-icing) [23, 24] and (ii) surfaces with very low
ice adhesion strength that environmental forces provided by natural phenomena
such as wind and gravity can remove ice from the surface (de-icing) [25,26]. Figure
1.1 summarises the different methods of ice layer build-up prevention as well as
providing some examples in each category.

Figure 1.1. Summary of the different types of methods currently used to prevent ice
build-up on surfaces with examples for each method.

Because active methods are usually very costly and energy intensive [6], re-
searchers have recently been focusing on passive methods. Moreover, ice formation
and accretion are often unavoidable in many real-world situations, and as such
the approach of creating passive de-icing surfaces seems like the most practical
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solution. In spite of this, effective passive de-icing surfaces remain in the research
and development stage and there is to date no commercially available product that
can be immediately applied for most engineering applications.

One of the most common ways to characterise the icephobicity of a passive
de-icing material is by measuring its ice adhesion strength. A material with lower
ice adhesion strength is more likely to have better icephobicity as it is easier to
remove ice from its adherent surface. Literature suggests that a surface can be
categorised as an icephobic surface if that surface has a shear ice adhesion strength
between 150 to 500 kPa [27–29].

Despite the interest in passive de-icing materials, there is little agreement in
the literature on the most suitable method to quantify ice adhesion strength. Some
of these methods are described in Chapter 2, and it was found that the ice adhesion
strength values from these methods rarely agree with each other. In order to better
understand the mechanism of ice adhesion to surfaces, quantification methods
at smaller length scales are more promising as the effects of variables such as
roughness and impurities at large scales can be excluded.

1.3 Research structure

The substrates used for this study were chosen to be metallic surfaces, specifically
stainless steels due to their widespread use in the engineering world [30, 31],
especially in applications where icing can be a problem. As a result, there have
been numerous icephobicity studies carried out with stainless steel substrates
[25,27,32–34].

There are many approaches to create icephobic surfaces and there have been
some debate in the scientific community as to which method is the most effective
for each applications [12, 29, 33]. However, comparing data from one research team
to another can be complicated as the characterisation techniques vary significantly
and sometimes yielded very different results [25,28,32,35–51].

The objective of this study is to better understand the mechanism of ice
adhesion and contribute to the advancement of icephobicity research. This is done
by developing novel characterisation methods to quantify ice adhesion strength of
surfaces in two length scales. The development of standard quantitative methods for
ice adhesion strength measurement can enable more objective comparisons between
different icephobicity studies and help pave the way to practical icephobicity for
real-world applications.

This PhD project was divided into two major tasks:
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1.3.1 Development of a quantitative ice adhesion strength
testing method for various surfaces

Currently, there is no standard method to quantify the ice adhesion strength of a
surface. Various methods have been developed, each with their own advantages
and disadvantages, but the results often give a large scatter of data even for the
same substrate. This is usually attributed to variables that affect macro-scale
results such as loading set-up, impurities and air bubbles within the ice, ambient
conditions, and many more [32,34,36,45,46,51].

This part of the project focused on developing novel ways to quantify the ice
adhesion strength of different surfaces that are reliable and repeatable by removing
many of the variables that would affect the results. The methods were developed
in two different length scales to validate the effect of different variables on the
ice adhesion strength of a surface. The macro scale testing was done with in
situ freezing to avoid warming of samples during transfer from the freezer to the
testing rig. The set-up was designed to measure tensile ice adhesion strength of the
sample without being affected by the shear components. Micro-nano scale testing
was done by shearing microscopic ice droplets from the surface of the sample
and then measuring the shear force required to separate the ice from the surface.
By measuring with microscopic ice droplets, variables such as air bubbles and
impurities within the ice can be eliminated.

1.3.2 Quantification of the ice adhesion strength of different
surfaces

The second part of the project involved creating new surfaces with different
surface topographies and chemistries and quantifying their ice adhesion strength.
Undertaking controlled surface modification can help to better understand the
mechanism of ice adhesion as well as providing a useful case study in which to
apply the characterisation methods developed in the first part. The application
of the two characterisation methods on different samples can give new insights
on how surface properties affect the adhesion strength. In order to create these
different surfaces, nano-scale surface treatments were performed on stainless steel
substrates to modify their surface properties.

The first treatment was the bombardment of stainless steel surfaces with Xe+

ions to induce atomic sputtering and create nano-scale features on the surface.
Literature has suggested that an ion implantation process with a noble gas source
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can create nano-scale ripple and pillar patterns on a surface without changing
its microstructure [52–54]. This treatment produced nano-scale roughness on the
surface of the steel that modified its water wettability and consequently its ice
adhesion strength.

The second treatment was the ion implantation of stainless steel substrates
with fluorine rich hydrocarbon ions CxHyFzq+ (shortened as CF+ ions) in order
to change the surface chemistry of the steel and reduce its surface energy. The
CF+ ions were extracted from a mixture of butane and perfluoro(methyldecalin)
vapours. The change in surface chemistry resulted in a change in the water contact
angle of the steel that in turn was thought to affect the ice adhesion strength of
the material.

A combination of the first and second treatment was also done to create
stainless steel surfaces that were first bombarded with Xe+ ions to create nano-
scale features and then implanted with CF+ ions to modify its surface chemistry.
By quantifying the ice adhesion strength of these samples, the relationship between
surface roughness, surface chemistry, and ice adhesion strength can be better
understood. All ion implantation treatment was done in GNS Science, Lower
Hutt [55].

1.3.3 Scope of the thesis

This thesis is laid out in the following format:

• Chapter 1 introduces the background and motivation of ice adhesion
strength research and the structure of how the whole PhD project was
organised.

• Chapter 2 reviews the current state of ice adhesion strength research. It
covers the theory of ice adhesion, current methods of ice adhesion strength
testing, and current methods to minimise the ice adhesion strength of various
surfaces.

• Chapter 3 describes the various material characterisation techniques used
in this research project. This includes optical profilometry, Atomic Force
Microscopy (AFM), nanoindentation, Scanning Electron Microscopy (SEM),
X-ray Photoelectron Spectroscopy (XPS), X-Ray Diffraction (XRD), and
water contact angle (WCA) measurement.
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• Chapter 4 describes the development process for macro-scale tensile ice
adhesion strength testing with a set-up located in GNS Science, Lower Hutt.
The development process is explained from first concepts through to multiple
prototypes until finally a repeatable and reliable procedure was established.

• Chapter 5 describes the development process for micro-nano scale ice
adhesion strength testing with the Hysitron TI-950 Triboindenter located at
the University of Auckland. The development process included the creation
of a small thermoelectric nanoscratch cooling stage to enable testing at
subzero temperatures and the development of the measurement procedure
until reliable ice adhesion strength values were obtained.

• Chapter 6 describes the process of bombarding a stainless steel substrate
with Xe+ ions and CF+ ions in order to modify its surface properties. Atomic
sputtering from Xe+ ions created nano-scale topography features on the
surface while the implantation of CF+ ions changed the surface chemistry.
A combination of both treatments was also performed. By performing the
methods outlined in Chapters 4 and 5 on the ion implanted stainless steels,
the effects of surface chemistry and surface roughness on the ice adhesion
strength of a material can be better understood.

• Chapter 7 summarises this thesis, providing conclusions drawn from the
results and laying out the foundation for future work on the subject.





Chapter 2

Current state of icephobicity
research

I know that I do not know.

− Socrates

This chapter describes the current knowledge in the field of ice adhesion and
the prevention of ice build-up on various surfaces. The chapter focuses on the
theory behind the solid surface properties that affect ice adhesion, the current
testing methods to quantify ice adhesion strength of various materials, and the
methods used to prevent ice layer build-up.

2.1 Ice adhesion theory

At present, the theory of ice adhesion to a surface has not been developed enough
to allow purely theoretical estimates of the adhesion strength of ice to a surface [12].
There are many complex variables that affect the adhesion strength of ice to a
surface, both from the solid substrate that the ice adhered to and the properties of
the ice itself.

In most real-world applications, it is generally impractical to control the
properties of the ice, and hence many icephobicity studies have aimed to control
the surface properties of the solid instead. The primary strategies of achieving
passive icephobicity on a surface often involve modifying the surface chemistry
and topography of a material [28,33,38,46,56]. Therefore, this review is focused
on understanding how the adhesion of ice to surfaces is affected by the surface
properties.

9
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2.1.1 Surface chemistry

The surface chemical composition of a material affects its surface energy, which
in turn affects the way water droplets form on the surface, also known as its
water wettability. The water wettability of a surface is usually characterised by
the material’s static water contact angle θ. It is generally agreed upon in the
scientific community that surfaces with a static water contact angle of θ < 90° are
classified as hydrophilic and surfaces with θ > 90° are classified as hydrophobic [57].
With recent advances in the surface science community, it has also been agreed
on that textured surfaces with θ > 150° are classified as superhydrophobic and
surfaces with θ = 0° are classified as superhydrophilic, although the definition
of superhydrophilicity is still debatable [58]. Studies have shown that the water
wettability of a material correlates well with its ice adhesion strength with more
hydrophobic materials (higher θ) having lower ice adhesion strength [28,38,46].

Figure 2.1. Schematic of a water droplet on a surface showing the quantities used in
Young’s equation.

Figure 2.1 shows a schematic of a water droplet sitting on top of a surface with
a static water contact angle of θ. γl, γs, and γsl refer to the surface energy of the
liquid-vapour, the solid-vapour, and the solid-liquid interface respectively. In the
equilibrium situation, the Young’s equation [59] states that:

γsl + γl cos (θ) = γs. (2.1)

The surface energy is defined as the work required to increase the surface area of
a phase, and it is related to the Young’s equation (Equation 2.1). When the material
is liquid, the surface free energy is also known as the surface tension [60–63]. In
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order to quantify the surface free energy of a solid surface (γs), an estimate of the
interfacial surface energy (γsl) is required. Fowkes [62] studied this and divided
the total surface free energy (γ) into two parts, the dispersive part (γd) and the
non-dispersive or polar part (γp). In other words:

γ = γd + γp. (2.2)

Owens and Wendt [61] proposed the following relation between the dispersive
and polar surface free energy of the solid (γsd and γsp), the dispersive and polar
surface free energy of the liquid (γld and γlp) and the surface free energy of the
solid-liquid interface (γsl):

γsl = γs + γl − 2
√
γsdγld − 2

√
γspγlp. (2.3)

Substituting equation 2.3 to the Young’s equation 2.1, the following relationship
can be found:

γl(1 + cos θ) = 2
√
γsdγld + 2

√
γspγlp. (2.4)

By measuring the static contact angles (θ) of two liquids with known surface
tension components (γl,γld, and γlp) on the surface of the solid and substituting
the values into equation 2.4, the surface free energy of the solid (γsd and γsp) can
be determined. There are other approaches to determine the surface free energy
of a solid surface, but these methods typically give results in the same order of
magnitude [63–67].

Now consider the case where this water droplet freezes into an ice droplet. The
work of adhesion of ice to the surface (Wa) is defined as the energy required to
break the bond between the ice-solid interface and create two new surfaces (ice and
solid). By assuming that the surface energies of water and ice are approximately
the same and that the interfacial energies of ice-solid and water-solid are also
approximately the same, Makkonen [12] found that the thermodynamic work of
adhesion can be approximated from Equation 2.1 as:

Wa ≈ γl(1 + cos θ). (2.5)

It can be seen from Equation 2.5 that theoretically, the thermodynamic work of
adhesion of ice to the surface Wa can be reduced by increasing the static water
contact angle θ of the surface.
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When considering real-world situation of mechanically removing the ice from
the surface with a shear force F (x), the actual work spent Ws can be described as:

Ws =

∫ δx

0
F (x)dx (2.6)

where δx is the distance at which the two surfaces of ice and solid are considered to
be separated. With an ideal surface with no roughness and no deformation, the me-
chanical work required to remove the iceWs should be equal to the thermodynamic
work of adhesion of ice Wa shown in Equation 2.5. In the real world, however, the
solid substrate deforms when adhesional failure occurs, both in the case of brittle
and ductile failure. Non-planar failure planes and micro-cracks within the ice can
also form during the mechanical removal of ice. All of these increase the work that
must be done to detach the ice from the surface, and hence it is typically observed
in macro-scale testing that Ws �Wa.

Aside from measuring the static water contact angle, the wettability of a surface
can also be characterised by its dynamic water contact angle. When the water
droplet is made to spread and the solid-liquid interface area increases, the contact
angle measured is known as the advancing water contact angle (θadv). Conversely,
when the solid-liquid interface area is reduced, the contact angle measured is known
as the receding water contact angle (θrec). The difference between θadv and θrec is
defined as the contact angle hysteresis [68]. There are multiple ways of making
the droplet spread and recede [69], such as increasing and reducing the volume of
the droplet [70, 71], shearing the droplet from the surface [72–74], or tilting the
substrate until the droplet rolls off [75,76]. Processes for measuring dynamic water
contact angles are illustrated in Figure 2.2. In most real world applications, it is
more likely for a water droplet to hit the surface with an initial velocity than for
the droplet to sit gently on the surface. This could cause the water droplet to
spread and recede depending on the impact conditions [76, 77].

For icephobicity studies, especially for passive anti-icing surfaces, a surface with
high droplet mobility is desirable as it can lead to the water droplets sliding off the
surface before they freeze [23, 77]. High droplet mobility surfaces are characterised
by the high velocity movement of water droplets when the surface is tilted to an
angle where the water droplet starts sliding (α in Figure 2.2). The advancing water
contact angle (θadv), contact angle hysteresis (CAH), and the sliding angle α were
also correlated well with the droplet mobility of the surface, and superhydrophobic
surfaces typically have very high droplet mobility. Literature has also shown that
a surface with high water contact angle hysteresis would have higher ice adhesion
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Figure 2.2. Schematic showing how advancing and receding contact angles can be
measured by (a) adding and removing some volume of liquid from the droplet, (b) shearing
the water droplet from the surface, and (c) tilting the substrate until the droplet rolled
off. The contact angle hysteresis (CAH) is defined as the difference between the advancing
and receding contact angle of the liquid.

strength due to the increased solid-ice interface area during removal of the ice
droplet [73,78].

2.1.2 Surface topography

In the real world, a perfectly smooth and rigid surface is impossible to achieve. The
true contact area always has a different value than the apparent contact area. Many
researchers have shown that the ice adhesion strength of a surface not only depends
on the water contact angle and surface energy but also the surface roughness of
the substrate and how the water droplet sits on top of the asperities before it
freezes [38,48,56,79].

Generally, the wetting behaviour of a droplet on a surface can be categorised
into either the Wenzel state [80] or in the Cassie-Baxter state [81]. In the Wenzel



14 Current state of icephobicity research

state, the droplet is in full contact with the solid surface as it penetrates into the
openings between the asperities. On the other hand, in the Cassie-Baxter state,
the surface tension of the liquid may cause the droplet to sit on the solid substrate
and air bubbles are present within the spaces between the asperities. A droplet in
the Wenzel state would then have a higher true water-solid contact area than one
in the Cassie-Baxter state for the same apparent contact area. This is illustrated
in Figure 2.3 with water as the liquid and uniform pillar asperities representing
the roughness features of a real surface. Because γl is generally very high for water
in comparison with γsl, a water droplet in the Cassie-Baxter state generally has a
higher observed static water contact angle than one in the Wenzel state.

Figure 2.3. Different wetting behaviours of a non-smooth surface showing a water
droplet in the Wenzel state and the Cassie-Baxter state.

When cooled below the melting point of water, whether this droplet will then
freeze and form an ice droplet in the Wenzel or Cassie-Baxter state depends on
many factors. These include the surface topography and chemistry of the substrate,
the velocity or dynamics of the water droplet during impact with the substrate,
ambient temperature and humidity, and the cooling rate of the droplet [74, 82–84].
It has been reported that a surface with hierarchical micro-nano scale features and
low surface free energy will tend to form a droplet in the Cassie-Baxter state as
air bubbles are trapped within the asperities [85,86].

If the ice freezes in the Wenzel state, the ice droplet would be interlocked
with the surface asperities of the substrate. Removal of this ice droplet using a
shear force will result in a combination of adhesive and cohesive failure, leading
to higher measured ice adhesion strength. On the other hand, if the ice freezes in
the Cassie-Baxter state, the failure is purely adhesional between the ice droplet
and the surface asperities of the substrate. Hence, the ice adhesion strength should
theoretically be lower for an ice droplet in the Cassie-Baxter state than one in the
Wenzel state. This is illustrated in Figure 2.4.
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Figure 2.4. Schematic showing how shear removal of ice in the Wenzel state can lead to
a combination of adhesive and cohesive failure whereas ice in the Cassie-Baxter state fails
in a purely adhesional manner.

For icephobicity purposes, it is clear that an ice droplet in the Cassie-Baxter
state is more desirable as it will lead to lower ice adhesion strength and easier
removal of the ice. Because of this, there have been many studies carried out to
characterise the icephobicity of superhydrophobic surfaces that are more likely
to form Cassie-Baxter water droplets [29, 43, 82, 87]. However, many real-world
situations are more likely to produce Wenzel ice droplets rather than Cassie-Baxter
ice droplets, even for a superhydrophobic surface. These include situations where
a supercooled water droplet impacts the surface with an initial velocity, so that
the water droplet may penetrate into the asperities and form a Wenzel state
ice droplet [77]. Condensation of microscopic water droplets inside the asperities
can also lead to the formation of Wenzel ice on a superhydrophobic surface [88].
Asperities on the surface may also act as anchor sites that strongly adhere the
ice to the surface [89]. Moreover, the normal pressure exerted when ice expands
on rigid surfaces at −20°C has been found to be more than 117.7 MPa and this
could cause the ice to expand into the asperities during freezing and form a
Wenzel ice droplet [90]. This leads to the general conclusion that a greater surface
roughness would usually lead to higher ice adhesion strength as there would be
more interfacial bonding and hence higher interfacial bonding strength. Accordingly,
the icephobicity of superhydrophobic surfaces is still under much debate in the
literature [24,91].

2.1.3 Other factors

The ice adhesion strength of a material has also been shown to depend on variables
that are not inherent to the solid surface. Ice adhesion is strongly affected by
the temperature of the ice and the solid substrate. At temperatures close to the
freezing point of ice, a thin liquid-like layer is formed at the solid-ice interface,
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and it has been observed that this liquid-like layer fails easily in shear but not in
tension [35,36]. The shear ice adhesion strength of the surface is observed to be
weaker when the thickness of this liquid-like layer increases. The thickness of this
layer decreases with decreasing temperature as liquid water solidifies, and hence
the ice adhesion strength increases with decreasing temperature up to the point
where this liquid film completely freezes [12]. This temperature is often observed
below the freezing point (for example 0°C for pure water) due to an imbalance
of atomic forces across the interface that in turn applies pressure to the interface
and lowers the freezing point [9]. The effect of temperature on the ice adhesion
strength of a material is illustrated in Figure 2.5.

Figure 2.5. The effect of temperature on the ice adhesion strength of a surface, illustrated
with steel as the substrate. Adapted from [12].

If a complete solid-ice interface forms at the time of freezing and the temperature
decreases even further, this solid-ice interface is cooled in the solid state and
thermal contractions of both ice and the solid substrate occur. This induces micro-
cracks within the interface if the ice and the substrate have different thermal
expansion coefficients. In most scenarios, the thermal expansion coefficient of ice
(50× 10−6 °C−1) is much larger than that of the substrate (such as steel with a
thermal expansion coefficient of 11×10−6 °C−1) [92]. This would then cause brittle
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adhesional failure of the solid-ice interface, reducing the ice adhesion strength at
very low temperatures [12,93].

The ice adhesion strength of a material has also been shown to be affected by
the properties of the ice itself, such as the salinity [94, 95], the crystal structure
of the ice [96], and the size of the droplet [73, 78]. However, the present study
only considers the manipulation of surface properties to achieve icephobicity as
it is usually quite impractical to control variables inherent to the accreted ice in
real-world situations.

2.2 Icephobicity testing

With the rise of interest in creating icephobic materials, there have also been
many approaches used to characterise the icephobicity of different surfaces. These
characterisation techniques can be categorised into anti-icing tests and de-icing
tests. Anti-icing tests measure the ability of the surface to prevent water droplet
and ice formation on the surface, either qualitatively or quantitatively. De-icing
tests measure the ice adhesion strength of a material, or how much force is required
to remove ice from the surface. In the present study, we have focused on developing
quantitative de-icing tests to measure the ice adhesion strength of surfaces.

2.2.1 Anti-icing tests

In most cases, ice is formed from the solidification of liquid water on the surface of
a material. Hence, many anti-icing icephobic surface studies aim to improve the
icephobicity by manipulating the behaviour of water droplets on the surface of these
materials. Figure 2.6 illustrates some different examples of anti-icing properties
testing methods found in literature.

Mishchenko et al. [23] characterised the icephobicity of a material by studying
the dynamic impact behaviour of water droplets on the surface of hydrophilic,
hydrophobic, and superhydrophobic materials. A droplet of approximately 15
µL water was dropped onto a cooled substrate (< 0°C) from a height of 10 cm.
Meanwhile, a high speed camera was used to capture sequential images of the
water droplet during impact, spreading, retraction, and freezing of the droplet. The
different sequences were all observed within 22 ms from the droplet impact. A similar
study also investigated the phenomenon of impacting supercooled water droplets on
superhydrophobic surfaces [77]. The study revealed that full retraction and repulsion
of impacting water droplets from a cooled superhydrophobic surface before ice
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Figure 2.6. Examples of the different methods used in the literature to characterise
anti-icing properties of a surface. Adapted from [23,24,76,97].

nucleation occurred led to the observed icephobic behaviour of superhydrophobic
surfaces in dynamic conditions. This is in contrast to the longer water-surface
contact time on hydrophilic and hydrophobic surfaces that led to the nucleation
and consequently accretion of ice on the surface. In this method, the icephobicity of
a material is characterised by the length of contact time between the water droplet
and the cooled surface, where a shorter contact time indicates better icephobicity.

Alizadeh et al. [24] measured the time for ice nucleation to be observed in a
water droplet sitting on different surfaces to define the icephobicity of a material.
The surface of a static 6 µL deionised water droplet on the substrate was observed
with an infra-red (IR) camera as the substrate was cooled from 5°C to −20°C at a
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rate of 20°C.min−1. The test was conducted in low humidity conditions (2% relative
humidity) at room temperature. As the substrate was cooled, the temperature of
the water droplet decreased and it became supercooled. At a certain point in time,
a sudden temperature jump was observed as the droplet started to freeze and latent
heat of fusion was released. The temperature of the droplet then decreased to the
surface temperature of −20°C shortly after the whole droplet was frozen solid. The
test was done on hydrophilic, hydrophobic, and superhydrophobic surfaces and it
was found that a superhydrophobic surface showed the largest time delay for ice
nucleation to occur. Other researchers have also observed the nucleation time delay
by analysing the image intensity change of the droplet that is easily detectable
during freezing [98]. In this case, icephobicity was defined as the amount of time
that passed before ice nucleation is observed.

For superhydrophobic surfaces where water droplets can easily move, the
icephobicity of a material can also be described by measuring the mobility of water
droplets on the surface. Smith et al. [76] observed a water droplet as it slid on a
superhydrophobic surface when the substrate was tilted to the sliding angle α. A
high speed camera was used to record images of the water droplet as it moved and
the velocity calculated from the images. A surface that exhibited higher droplet
velocity is shown to be more icephobic. Cao et al. [87] observed that icing is less
likely to occur on superhydrophobic surfaces as the supercooled water droplets
rolled off from the surface before they could freeze.

Many real world situations involve the condensation of water droplets on the
surface before ice is formed. For these situations, the icephobicity of a material can
be characterised with an optical microscope by studying how microscopic water
droplets condensed on the surface. Boreyko et al. [97] studied how water droplets
condense on a chemically patterned hydrophobic/hydrophilic surface and how they
froze. The study found that frost growth could be impeded by controlling the
spatial distribution of the water droplets during condensation. Oberli et al. [88]
found that though superhydrophobic surfaces show high droplet mobility, it does
not prevent water condensation on the surface that would lead to macroscopic ice
formation. A surface that promoted drop-wise condensation with spacings between
the droplets instead of a water film layer showed good anti-icing behaviour [97,99].

Thus, the definition of anti-icing can be defined differently for different appli-
cations, where a good anti-icing material in one application may not perform as
well in other conditions. This leads to the current debate of what icephobicity is in
the literature, especially on the topic of whether superhydrophobic surfaces are
icephobic [23,24,76,87] or not [29,43,77,84,88,91,97,99] in different conditions.
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2.2.2 De-icing tests

In many situations, the presence of ice on a surface can not be avoided. Icephobicity
can be defined as the amount of mechanical force required to remove the ice layer
from the surface and prevent accretion. This is known as the ice adhesion strength
(τice) of the surface. Figure 2.7 shows some schematics of the different examples of
ice adhesion strength testing methods found in literature. However, it was found
that the values of ice adhesion strength produced from these methods rarely agree
with each other.

Figure 2.7. Examples of the different techniques of ice adhesion strength measurement
used in the literature. Adapted from [28,32,34–36,39,47,50,101,102].
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Because of the many different methods available to measure ice adhesion
strength, many icephobicity studies expressed their results as the Adhesion Reduc-
tion Factor (ARF) [25,27,38,39,73,100], given by:

ARF =
τice, unmodified substrate

τice, modified icephobic surface
. (2.7)

Early ice adhesion strength quantification methods have been reviewed by
Sayward et al. [101]. Generally, ice adhesion strength has been measured in shear
rather than tension as it is more difficult to apply a uniform tensile stress to
an interface than a uniform shear stress. Raraty et al. [32] started the work by
designing a rig to mechanically shear the annular interface between ice and a
substrate. Bascom et al. [35] developed a method of quantifying ice adhesion
strength of a material by shearing an ice cube from the surface. The tests were
done at −6°C and the ice block was made from distilled water that was supercooled
to approximately −3°C and left overnight. The ice block was formed inside clean,
Teflon-coated foil moulds and hard wax was used to seal the mould. A hydraulic
ram was then used to apply shear force to the ice holder and remove the ice. The
shear force measured divided by the contact area was calculated and taken as the
ice adhesion strength of the substrate.

Jellinek et al. [36] tested the ice adhesion strength of a material in tension by
forming an ice cylinder between two discs of the same substrate. The test was
carried out at −10°C and the ice cylinders were approximately 2 cm in height and 2
cm in diameter. The ice adhesion strength was taken as the tensile force measured
during failure divided by the ice-solid contact area. With this method, it was found
that the interface failure were partly cohesive and partly adhesive within 2 mm
from either of the ice-metal interfaces. The failure often exposed approximately 20
to 30% of the metal substrate underneath the ice. It was concluded that the ice
adhesion strength in tension was much higher than the ice adhesion strength in
shear, resulting in cohesive failure (at least partially) when the adhesive tensile
strength of ice and the substrate is stronger than the cohesive tensile strength
within the ice. This behaviour was attributed to the presence of a liquid-like layer
at the ice-solid interface that fails easily in shear but not in tension [36].

In order to develop a more uniform stress distribution and instantaneous failure
all over the sample, the 0° cone test was developed, where the ice is formed between
a pillar of the substrate and an insulating material. The pillar was then pushed out
and the force measured. The shear ice adhesion strength could then be measured
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from the measured force during adhesive failure assuming full cylindrical contact
between ice and the substrate. This test is still commonly used in many literature
to quantify the ice adhesion strength of various materials [25,37,38].

Less commonly, the shear stress has been applied using centrifugal forces. Laforte
et al. [39] had designed a centrifugal force ice adhesion strength measurement rig by
artificially icing the end of a small beam and then spinning it in a centrifuge. This
test is known as the Centrifuge Adhesion Test (CAT). The speed at which the ice
detached was then measured, converted into centrifugal force, and then divided by
the ice-substrate contact area to determine the ice adhesion strength. This method
has the advantage of being simple, repeatable and creating more homogeneous
ice samples due to the small size of the ice coupons. Other researchers had also
adapted this technique to measure ice adhesion strength [40–44].

More recently, Meuler et al. [28] had developed an ice shearing procedure by
mechanically shearing small ice columns on a thermoelectrically cooled surface. 1.5
mL of deionised water was syringed into glass cuvettes (1 cm × 1 cm × 4.4 cm).
The glass cuvettes had the top open end polished and chemically treated to reduce
their surface energies and prevent adhesion of ice the walls. The sample was then
placed on top of the cuvettes and the whole assembly was inverted. Because of the
polishing and chemical treatment, water typically did not leak during the inversion.
The sample was then placed on a Peltier cooler that kept the temperature of
the substrate at −10°C. The test set-up was housed in a low humidity nitrogen
atmosphere to minimise frost formation. The water was then frozen overnight (10
to 15 h) and the sample holder removed, leaving ice columns inside the cuvettes
that adhered to the substrate. A force transducer probe was then used to shear the
side of the cuvette and remove the ice. The probe was located less than 2 mm above
the substrate to minimise torque on the sample. The ice adhesion strength was then
calculated as the maximum force measured divided by the known cross-sectional
area of the ice-substrate interface (i.e. 1 cm2). Other studies have also opted to
use this method to measure ice adhesion strength [45,46,91,103–105].

Adhesive failures occur at the interface between the ice and the substrate, and
hence some studies have focussed on measuring the adhesion strength specifically
at the ice-substrate interface. Javan-Mashmool et al. [47] developed a technique to
measure this ice adhesion strength at the interface with a method usually used with
composite materials. The method is based on the bending vibrations of a ‘composite’
beam made of the substrate and ice. Thin piezoelectric films (28 µm thick) with an
electrical isolating layer (to prevent short circuits between electrical connections
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and the ice) were bonded to the beam at various places to record the magnitude of
the stress at different positions. The beam was then cooled to −10°C and sprayed
with supercooled water droplets to simulate atmospheric ice accretion. One end of
the beam was free to move while the other was clamped onto an electromagnetic
shaker. As the beam was shaken and the amplitude of the displacement increased,
ice was observed to detach itself from the beam starting from the clamped end.
A drastic change in the interfacial stress measured during the de-bonding of the
ice was observed and hence the stress at that specific point in time was taken as
the ice adhesion strength of the substrate. This method was also used to study
the effect of surface roughness on the ice adhesion strength of aluminium and it
was found that surface roughness can either increase or decrease the ice adhesion
strength depending on other factors such as surface tension effects [48].

Another way to quantitatively measure tensile ice adhesion strength at the
interface between the solid and the ice was by using laser generated stress pulses, as
developed by Archer et al. [102]. In the experiment, a 2.5 ns long neodymium-doped
yttrium aluminium garnet (Nd:YAG) laser pulse was made to impinge over a 3

mm diameter area on a 0.8 mm thick aluminium substrate. The back side of
the aluminium was covered with a 50 − 100 µm thick solid water glass (SiO2).
The ice was then formed on the front surface of the substrate by placing it in a
freezer at −10°C for approximately 1 hour and then pouring room temperature
deionised water in a 25 mm inner diameter O-ring fixed on top of the surface.
The samples with the ice were then left in the freezer for another hour and only
samples with an ice thickness of 0.74 ± 0.05 mm were used. The laser induced
expansion of the aluminium under confinement, generating compressive stress that
reflected into a tensile pulse from the surface of the ice. This tensile pulse led to
the spallation (complete removal) of the ice layer at a sufficiently high amplitude.
The critical stress at the interface during spallation was then measured using an
optical interferometer. The advantage of using a laser to induce spallation is that
it provided a fundamental measure of the interfacial bond strength as the failure
was achieved at a relatively high strain rate. The stress pulse was also shown to be
able to invoke a local response from the interface that is highly influenced by the
atomic structure and chemistry of the substrate.

Due to the various factors that affect macro-scale ice adhesion strength testing
methods, nano-scale measurement of ice adhesion strength is more favourable
as the value measured would be closer to the true ice adhesion strength of the
substrate. Matsumoto et al. [50] have developed a technique to measure the
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nano-scale ice adhesion strength of various substrates based on a Scanning Probe
Microscopy (SPM) technique. A custom-made cooling stage was made to fit inside
an Atomic Force Microscope (AFM) machine to enable SPM scanning at sub-
freezing temperatures and very low humidity. Nano-sized water droplets condensed
on the surface of the substrate and consequently froze and formed nano-sized ice
droplets (less than 80 nm in diameter) on the surface. The scan was purposely
done with a worn probe to increase the area of contact between the ice and the
tip. Once a suitable ice droplet was found during SPM scanning, the tip was made
to repeatedly scan the line where the ice was found until the ice was removed. The
force experienced by the tip as it scanned the surface was measured and the ice
adhesion force was taken as the difference between the force experienced by the tip
when the ice was just found and when it has been removed. The contact area of
the ice droplet was calculated from the measured ice diameter and height assuming
a circular contact area. Although the technique measured ice adhesion strength
values much higher than other macro-scale methods, the ice adhesion strength of
different substrates were shown to agree qualitatively with values obtained from
macro-scale testing [49,51,106,107].

As described, there are many ways to characterise the ice adhesion strength
of a surface, each with their own advantages and disadvantages. However, it was
found that a method can give significantly different results for the measured ice
adhesion strength of the same substrate at the same temperature. For example, the
ice adhesion strength of polished stainless steel at −10°C was found to be 1.96 MPa
using the annular ice shear method [32], 3.16 MPa using the tensile ice adhesion
method [36], and 698 kPa using the ice columns shear method. Table 2.1 shows the
different values of ice adhesion strength measured for several different substrates
at different surface temperatures for each of the methods described above.

To date, there is still no standard method to quantify ice adhesion strength
that has been widely accepted and many researchers use different methods for
different applications. At a glance, smaller nano-scale ice droplets are more likely
to give true ice adhesion strength values unaffected by various factors. However,
the difficulty in nano-scale testing lies in the determination of the ice-substrate
true contact area and more research is required to establish a working ice adhesion
strength measurement in the nano-scale [12].
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Table 2.1. Values of ice adhesion strength (τice) for substrates at surface temperature T
measured with different testing methods. ARF values were calculated from studies where
surface modification were done, relative to the ice adhesion strength of the unmodified
substrate. Data from [25,28,32,35–51]

Method Surface T (°C) τice(kPa) ARF

Annular ice shear
[32]

Stainless steel −10 1960 −

Teflon (PTFE) −10 147 13.3
Stearic acid −10 245 8.0
Polystyrene −10 980 2.0
Perspex −10 1960 0

Ice cube shear [35] Stainless steel −6 931 −
Octadecylamine −6 489 1.9
Stearic Acid −6 599 1.6
11-H-
perfluoroundecanoic
acid

−6 627 1.6

Polymethylsiloxane −6 627 1.6
Tensile ice Stainless steel −4.5 1571± 255 −
adhesion Stainless steel −11 3158± 540 −
(σice) [36] Stainless steel −20 3805± 902 −

Stainless steel −35 3403± 853 −
Stainless steel −45 2540± 677 −

0° cone test Aluminium alloy −20 1072± 120 −
[25, 37,38] Polyurethane −20 820± 40 1.3

paint
Polymethylmethacrylate
(PMMA)
coating

−20 1535± 240 0.7

Hydrophobic
R2180 coating

−20 42.5± 15 25.2

Hydrophobic
RTV11 coating

−20 24.8± 8 43.2

Superhydrophobic
R2180-EH5 coat-
ing

−20 258± 25 4.2

Superhydrophobic
RTV11-EH5
coating

−20 243± 20 4.4

Superhydrophobic
PMMA-HMS
coating

−20 799± 90 1.3

(continued)
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Table 2.1. (continued)

Method Surface T (°C) τice(kPa) ARF

Centrifuge Aluminium alloy −10 362± 26 −
adhesion 6061-T6
test (CAT) Epoxy coating −10 240± 40 1.5
[39–44] Superhydrophobic

CeO2-Zonyl 8740
−10 85± 25 4.3

Superhydrophobic
FAS-13

−10 55± 23 6.6

Superhydrophobic
Ag-Zonyl 8740

−10 90± 35 4.0

Superhydrophobic
TiO2-RTV SR

−10 110± 35 3.3

Bare aluminium −10 420± 27 −
ZnO-coated Al −10 450± 101 0.9
TiO2-coated Al −10 460± 75 0.9
PTFE-coated Al −10 188± 12 2.2

Ice columns shear Stainless steel −10 698± 112 −
[28, 45,46] PMMA −10 463± 65 1.5

Polycarbonate
(PC)

−10 400± 83 1.8

Polybutylmethacrylate
(PBMA)

−10 384± 52 1.8

Polydimethylsiloxane
(PDMS)

−10 291± 44 2.4

Polyethylmethacrylate
(PEMA)

−10 510± 101 1.4

Stainless steel −15 647± 125 −
Stainless steel −15 682± 46 −

Ice shaking test Aluminium −10 285± 67 −
[47, 48] Smooth

(Ra = 0.47µm)
aluminium

−21 142 −

Rough
(Ra = 1.65µm)
aluminium

−21 2279 −

Laser-induced
spallation [102]

Unpolished
aluminium

−10 274± 17.1 −

Unpolished
aluminium

−20 192 −

Unpolished
aluminium

−30 183 −

(continued)



Icephobic surfaces 27

Table 2.1. (continued)

Method Surface T (°C) τice(kPa) ARF

Unpolished
aluminium

−40 179 −

Polished
aluminium

−10 180.8± 6.4 −

PMMA coating −10 190.3± 8.0 1.5
Polyimide
coating

−10 181 1.4

AFM ice shear Carbon steel −5 5440 −
[49–51] Titanium −5 4520 −

Copper −5 4040 −
Stainless steel −5 3240 −
Aluminium −5 2490 −

2.3 Icephobic surfaces

There have been many approaches to create a passive icephobic surface, but there is
still currently no single fail-proof solution to prevent ice accretion and build-up on a
surface. Most attempts at achieving icephobicity have been done by modifying the
surface chemistry and surface topography of the material. As ice adhesive failure
is an interfacial phenomenon, icephobicity can be achieved by performing surface
modifications without altering the bulk properties of the material. Generally, it
has been agreed that a good icephobic surface can be created by reducing the
surface energy of a material while maintaining a smooth surface topography [12,29].
This study is interested in de-icing icephobic metallic surfaces that show good
promise for many practical engineering applications. Figure 2.8 shows some of
the approaches currently being researched to create icephobic surfaces, and the
following sections describe some of these approaches.

2.3.1 Surface chemistry modification

As described in Section 2.1.1 the theoretical thermodynamic work of ice adhesion
to a surface can be reduced by minimising the surface energy of the material.
Liquid water is known to have a surface tension value of 72 mN·m−1 [60], and
hence materials with a surface free energy lower than that value are expected have
lower ice adhesion strength [42]. The reason for this is attributed to the similarity
of the binding energies to different solids of H2O molecules for water and ice [93].
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Figure 2.8. Examples of the different approaches to achieve icephobicity currently being
researched. Adapted from [42,97,98,108,109].

The typical surface free energy and static water contact angle of some different
surfaces are shown in Table 2.2.

In order to achieve icephobicity, various icephobic coatings have been developed
over the years to reduce the surface free energy of the base substrate [25–27,42,100,
109,114,115]. From Table 2.2, it can be seen that organic polymers have low surface
free energy and hence most icephobic coatings are based on organic polymers. The



Icephobic surfaces 29

Table 2.2. Surface free energies and static water contact angle of different materials.
The data were extracted from [29,42,44,45,60,63,67,68,101,103,110–113].

Material Typical surface free
energy (mN.m−1)

Typical static water
contact angle(°)

Polytetrafluoroethylene
(PTFE)

18 110

Polydimethylsiloxane
(PDMS)

22 118

Polystyrene (PS) 33 92.0
Human skin 45 72.0
Nylon 6,6 46 74.3
Copper 60 85.3
Liquid water 72 Not applicable
Graphite 96 86.0
Aluminium > 100 78.0
Stainless steel > 100 68.0

most common icephobic coating currently in use in many real-world applications
are Polytetrafluoroethylene (PTFE) coatings. Studies have shown that there are
very few coatings that have better icephobicity than PTFE coatings, and even
then they only perform slightly better [39,42,116].

Zhang et al. [109] developed a low surface energy coating (UV-curable POSS-
fluorinated methacrylate diblock copolymers) for aluminium substrates that exhibit
good water droplet rebounding and reduced ice adhesion strength. The coating is
based on a previous study of polyhedral oligomeric silsesquoxane (POSS) polymer
containing fluorosilicone multi-block methacrylate copolymers that showed good
icephobicity [114]. The coated Al substrates showed high static water contact angle
(113−116.5°), high receding contact angle (100−113°), low contact angle hysteresis
(8− 11°), and hence low surface free energies (11.1− 11.6 mN·m−1). The droplet
impact behaviour was studied with a high speed camera and it was found that
water droplets could rebound completely even at temperatures as low as −15°C.
The shear ice adhesion strength was evaluated with the ice columns shear method
at −15°C and it was found that the coated substrates exhibit low ice adhesion
strength of 105±12 kPa, more than eight times lower than the uncoated Al surface
that showed an ice adhesion strength of 1417± 25 kPa.

Susoff et al. [25] studied the icephobicity of different commercially available
and some newly developed icephobic coatings on an aluminium substrate using
a 0° cone test at −14°C to measure the ice adhesion strengths. These include
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hydrophilic and hydrophobic coatings, sol-gel based coatings containing fluorinated
compounds, and viscoelastic rubbers. For example, bare uncoated Al was shown to
have a shear ice adhesion strength of 1573±191 kPa. Hydrophilic Dynasylan 4144®

coated Al showed virtually no icephobic behaviour with an ice adhesion strength
of approximately 895± 167 kPa. Hydrophobic PTFE-coated Al exhibited a much
lower ice adhesion strength of around 305± 31 kPa (ARF ≈ 5). A sol-gel based
coating with a silica precursor containing a fluorinated compound Fluorolink®

S10 was measured to have very low ice adhesion strength of about 79 ± 21 kPa
(ARF ≈ 20). A viscoelastic silicone-based rubber coating of Nusil® showed a
very low ice adhesion strength of approximately 100 kPa. This study showed that
coatings currently used for wind turbines had ice adhesion strengths comparable
to bare uncoated Al and that viscoelastic elastomers showed very low ice adhesion
strengths.

The use of elastomeric coatings for icephobicity was further developed by
Golovin et al. [26] to create surfaces with extremely low ice adhesion strength.
One of the elastomers studied was a PDMS coating spin-coated on a silicon
wafer with different cross-link densities. Values of ice adhesion strengths were
measured using the ice columns shear technique at −10°C. The high cross-link
density (307±8 mol·m−3) PDMS coating (Sylgard 184®) showed high ice adhesion
strength of 264± 19 kPa, which is consistent with data from the literature [28,117].
The low cross-link density (50 ± 2 mol·m−3) PDMS showed a much lower ice
adhesion strength of 33± 2 kPa. The ice adhesion strength was further reduced to
6± 1 kPa by the addition of 25wt% silicone oil to the PDMS coating, inducing
interfacial slippage. The different elastomer coatings studied were PU rubbers,
fluorinated polyurethane polyols (FPU) and perfluoropolyethers (PFPE) with
different cross-link densities. The lowest ice adhesion strength measured in this
study was 0.15 ± 0.05 kPa. Moreover, these coatings showed high durability by
maintaining the ice adhesion strength to be < 10 kPa after severe mechanical
abrasion, acid/base exposure, more than 100 icing/deicing cycles, thermal cycling,
accelerated corrosion, and exposure to severe winter conditions for several months.

2.3.2 Surface topography modification

There have been many studies correlating the surface roughness or topography
of a material with its icephobicity, but most of these studies have shown large
scatter of data and often give conflicting conclusions. Some studies have shown
that higher surface roughness leads to lower ice adhesion strength [28, 43, 118–121]
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while others claimed that lower surface roughness is favourable for low ice adhesion
strength [25,38,48,122]. The general consensus is that a hierarchical micro-nano
structure on the surface delays frost growth and thus promotes good anti-icing
properties, but it increases the ice adhesion strength and hence impairs the de-icing
properties of the surface.

Hassan et al. [48] studied the effect of substrate surface roughness on ice
adhesion strength with the ice shaking test method. Five aluminium substrates were
artificially roughened with sandpaper of grades 80− 400. This created aluminium
substrates with average surface roughness ranging from 1.65±0.16 µm to 0.47±0.04

µm. The ice shaking test was performed on each of these samples and it was found
that the ice adhesion strength varied from 0.142 to 2.279 MPa with the roughest
surface having the highest ice adhesion strength. They proposed that surface
imperfections on the solid can either increase or decrease the ice adhesion strength
of the material. On one hand, the presence of striations increases the true contact
area between the solid and ice and hence increases the interatomic attraction
forces between ice and the material. On the other hand, the high surface tension
of water could induce formation of the Cassie-Baxter ice droplet during freezing.
They asserted that any experimental study to correlate surface roughness and ice
adhesion strength has to consider the degree of surface tension effects and the
highly stochastic nature of surface roughness itself.

Ghalmi and Farzaneh [40] evaluated the effect of roughness of PTFE coatings
on ice adhesion strength using the centrifugal adhesion test (CAT) method. 200
nm diameter PTFE nanoparticles were deposited on a porous aluminium alloy
6061 surface produced by an anodisation process. The surface roughness of the
aluminium surface was controlled by varying the anodisation time from 20 minutes
to 90 minutes. This produced nanostructured PTFE surfaces with a Root Mean
Square (RMS) roughness value (Rq) between 71 to 118 nm as characterised by
Atomic Force Microscopy (AFM), with longer anodising time producing a rougher
surface. Comparing the results with the measured ice adhesion strength of bare
aluminium alloy of 322±40 kPa, the study found that the roughest surface anodised
for 90 minutes showed the lowest ice adhesion strength of approximately 144.1

kPa (ARF ≈ 2.23). On the other hand, the smoothest surface anodised for 20
minutes showed the largest ice adhesion strength of 324 kPa which is very similar
to the value measured for bare aluminium. The study repeated the process for nine
icing/deicing cycles and found that the the ice adhesion strength increases with
increasing icing/deicing cycles. This was thought to be caused by two different
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mechanisms. The first one involved the expansion of water during freezing that
applied a significant amount of stress to the coating and damaged it. The second
one was the detachment of the PTFE coating from the substrate due to the nature
of the CAT test. This was consistent with results from previous studies that showed
superhydrophobic surfaces are not icephobic as the ice adhesion strength increased
with an increase in the number of icing/deicing cycles [43,118,123].

Zou et al. [56] also attempted to correlate surface roughness and surface energy
with ice adhesion strength and found that the ice adhesion strength of a surface
can only be correlated with the water contact angle of the surface if the compared
surfaces have similar roughness. The substrate used in this study was aluminium
alloy 2024 and the surface roughnesses of the samples were modified by sand
blasting at 240 kPa perpendicularly from a 10 cm distance for 10 seconds. Other
than the bare aluminium samples, the effect of surface roughness of coated samples
was also studied. The ice adhesion strength was characterised using a custom-built
rig with a principle similar to the worn-probe AFM method but with a much larger
conical tip (1 mm radius of curvature). Tests were done at a temperature of −10°C.
The study found that the ice adhesion strength of the rough sandblasted surfaces
was much larger than their smoother as-received counterparts.

Eberle et al. [98] took a different approach of utilising surface roughness for
icephobicity and created a rationally nanostructured surface that exhibited good
anti-icing properties. A photolithography technique was used to create micro-pillar
structures on a silicone substrate and then nanostructures were deposited on
these micro-pillars using various techniques to create a hierarchical micro-nano
surface topography. The anti-icing property was characterised by using high-speed
camera and a temperature controlled stage to measure the temperature at which
ice nucleation of a water droplet on the surface started. The study found that the
rationally nanostructured surface effectively lowered the ice nucleation temperature
of the surface to approximately −24°C, as opposed to the ice nucleation temperature
of the unmodified substrate of about −13°C. This ice nucleation counteracting
effect was attributed to the presence of a liquid-like layer at the interface of the ice
embryo and the solid that strongly suppressed the formation of a stable ice nuclei.

Li et al. [124] tried to create an icephobic surface by fabricating fluorinated
hybrid films with sub-micron/nanostructured surface features that showed good
anti-icing properties and low ice adhesion strength. The hybrid film used was a
combination of fluorinated polymethylsiloxane and octavinyl-POSS (OVPOSS)
coating on an aluminium substrate that showed hierarchical sub-micron/nano-
scaled aggregates (130-220 nm) of OVPOSS with a uniform distribution across
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the surface. The surface topography was characterised using an AFM and the
ice adhesion strength was measured using a 0° cone test at −15°C. The study
showed that the hybrid film lowered the ice adhesion strength of the surface to
approximately 188±13 kPa and the addition of OVPOSS content that increased the
surface roughness had increased the ice adhesion strength again due to increased
interfacial interactions between ice and the film. The anti-icing property of the
film was characterised by using a droplet impact behaviour testing method and it
was found that the rougher surface showed better water-bouncing behaviour.

More recently, the study of icephobic surfaces that seemed to favour the
combination of low surface energy and low surface roughness (ultra-smooth) led
Kim et al. [108] to develop what is called the Slippery Liquid-Infused Porous Surface
(SLIPS). The idea was to create a porous aluminium surface by coating it with
polypyrrole (PPy) and then impregnating the porous surface with a perfluorinated
lubricant (perfluoroalkylether) to create an ultra-smooth low surface energy surface.
The SLIPS surface showed very good anti-icing properties as characterised by the
condensation and frost monitoring method at 60% relative humidity and −2°C,
where the surface remained virtually ice-free for 100 minutes and only about 20% of
the SLIPS surface was covered with ice after 100 minutes of freezing. Ice adhesion
strength was measured using the ice columns shear method at −10°C and it was
found that the SLIPS surface reduced the ice adhesion strength to 15.6 ± 3.6

kPa as compared to the unmodified aluminium sample that had an ice adhesion
strength of 1360± 210 kPa. Further study by Anand et al. [125] revealed that the
SLIPS surface also showed good roll-off behaviour for condensed water droplets.
On the other hand, the SLIPS surface depends largely on the oil-water and oil-ice
interaction for its icephobicity. Rykaczewski et al. [126] showed using a Cryo-SEM
technique that the lubricating perfluorinated oil migrates from inside the textures
to the frozen droplet surfaces during freezing, and this led to the depletion of
lubricant content in the SLIPS surface with every icing/deicing cycle. Over time,
as the oil is completely depleted, the ice will be in direct contact with the porous
solid and form a Wenzel ice droplet that adhere strongly to the surface.

In general, surface chemistry and topography modification has a significant effect
on the icephobicity of a material, although the precise nature of the mechanism of
ice adhesion to non-smooth surfaces is still under investigation. Kreder et al. [33]
has reviewed the various strategies of designing icephobic surfaces using various
methods and found that each method had their own advantages and disadvantages
that could be used for different applications.
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2.3.3 Other approaches

In order to understand icephobicity better and prevent ice build-up on the surface,
several other approaches have been carried out by various researchers to create
semi-passive icephobic surfaces that still require some energy input either through
electricity, heat, or chemical energy [34,97,122,127–129].

Petrenko and Qi [34] suggested that icephobicity could be achieved actively
with the application of Direct Current (DC) electricity. The experiment was done
with the 0° cone test at −10°C on stainless steel surfaces with varied DC voltage
from −21 V to +21 V. The study found that the measured icephobicity was only
observed in ice doped with 0.5% NaCl and not for pure ice grown from deionised
water. The application of a DC voltage above 2 V reduced ice adhesion strength
significantly, and this effect was attributed to the process of ice electrolysis that
produces electrolysis gas and creates numerous interfacial cracks between the ice
and the substrate. Pure ice grown from deionised water had very low conductivity
and hence did not show any change in ice adhesion strength with the application
of the DC voltage.

Ramachandran and Nosonovsky [127] studied the heat transfer properties
of the skunk cabbage plant (Symplocarpus foetidus) that has a complex micro-
nano topography on the surface of its leaves. The skunk cabbage plant is native
to the North American wetlands and is known for its natural ability to melt
through thick snow under sub-freezing ambient conditions. The study did not
find any superhydrophobic properties on the cut leaf, and ice adhesion measured
qualitatively showed very strong adhesion of ice to the cut leaf. This suggested that
the snow-melting ability of the living plant is due to its thermogenic properties
and not its micro-nano structures. The micro-nano structure was shown to help
with minimising heat loss and hence maintaining a slippery water layer between
the leaf and ice when the plant is alive and producing heat. This in turn caused
the ice layer to slip off and give the skunk cabbage plant its icephobicity.

Wang et al. [122] took inspiration from penguins (Spheniscus humboldti) that
live in very cold environments yet seldom have frost and ice on their feathers.
This phenomenon was attributed to the hierarchical micro-nano structure of the
penguin feathers that trap air and the presence of a low surface energy chemical
component (arachidic acid) that covers the feather [130]. A radial polyimide
nanofibre membrane with novel microstructures to mimic the penguin feathers was
created through electrospinning on an asymmetric electrode. This membrane had
a density gradient of the surface chemical substance that resulted in low adhesion
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of supercooled water droplets to the polyimide nanofibre membrane. When the
distance between adjacent polyimide fibres was increased, the pinned water droplets
could not coalesce and hence frost formation on the surface was prevented.

Instead of reducing the ice adhesion strength or preventing condensation and
frost growth, Boreyko et al. [97] aimed to control the condensation and frost growth
on the surface using chemical micropatterns. The inspiration for this study was
found from the chemically patterned shell of the Stenocara desert beetles that
showed extreme wettability contrast [128,129]. Using photolithography, arrays of
hydrophilic features on a hydrophobic silicon wafer surface were created. During
freezing, the water droplets condense preferentially on the hydrophilic areas and the
hydrophobic areas remained dry. By controlling the distance between condensed
water droplets, and triggering the freezing process very early on, smaller and more
homogeneous ice droplets were formed on the surface. After these small ice droplets
form, inter-droplet frost growth and further condensation were halted and the
surface remained mostly ice-free.

This chapter has described the current state of icephobicity research and
approaches to achieve passive icephobic surfaces, each with their own advantages
and disadvantages. Although a lot of them seem promising, the mechanism of ice
adhesion to a surface is still not well understood and the practical application
of icephobic surfaces remain beyond reach. This study in particular is focused
on stainless steel substrates due to their widespread use in modern engineering
applications. Surface modification of the metallic substrates using ion implantation
was investigated due to the capability of the procedure to modify near-surface
atomic layers and its potential to be applied for mass production. Since the
treatment is able to create nano-scale surface features and implant atoms near the
surface without changing the bulk properties of the material, it can be used to
control the surface topography and chemistry of stainless steel. The mechanism
of ice adhesion and how surface topography and chemistry affects ice adhesion
strength can then be better understood by studying the ice adhesion strength of
these ion implanted stainless steels.





Chapter 3

Materials characterisation

If a tree falls in the forest and no one hears it,
does it make a sound?

− George Berkeley

This chapter describes the theory and principles behind various materials char-
acterisation methods used in this research project. Due to its importance in this
project, nanomechanical properties characterisation using nanoindentation and
nanoscratch is described extensively while only basic explanations of the other
techniques are discussed. Surface topography studies were done by optical pro-
filometry and Atomic Force Microscopy (AFM) for surface roughness measurement,
while Scanning Electron Microscopy (SEM) is used to obtain high magnification
and high resolution images. Surface chemistry changes were studied using X-ray
Photoelectron Spectroscopy (XPS) and crystal structure changes through X-Ray
Diffraction (XRD). Wettability of the samples were characterised using static and
dynamic water contact angle measurements.

3.1 Nanoindentation

Nanoindentation technique was used in order to characterise the mechanical prop-
erties of the modified stainless steel surfaces. This is because ion implantation
process only modified the top few nanometres from the surface of the sample and
the bulk mechanical properties remain unchanged. In conventional hardness testing,
the hardness is defined as the maximum load divided by the area of the residual
indent [131]. This is acceptable especially for rigid materials because the recovered
elastic deformation after indentation is very small and is negligible on the macro
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and micro scale. However, in the nano-scale, the recovered elastic deformation is
quite significant and must be taken into account [131]. Hence, nanoindentation
hardness cannot use the area of the residual indent. Precise measurement of the
indent area during nanoindentation is required.

In nanoindentation, hardness is defined as the mean contact pressure, also known
as the Meyer hardness. This value (H) is defined as the maximum indentation load
divided by the area of contact at maximum load [131]. In other words:

H =
Pmax

Ac
. (3.1)

Nanoindentation is a depth-sensing indentation technique where the area of
the indent at maximum load is approximated by the penetration depth of the
indenter with a known shape and dimension [131]. This is made possible by the
advancement of force actuation and sensor technology. There are many different
approaches for nanoindentation study, but this thesis will focus on the Hysitron
TI950 Triboindenter equipment in the University of Auckland.

3.1.1 Nanoindenter

A simple diagram showing the basic components of the Hysitron TI950 Triboin-
denter is shown in Figure 3.1.

Figure 3.1. Schematic showing the basic components of the Hysitron TI950 Triboindenter.
All of the parts are built on a granite frame and acoustically enclosed in a chamber.
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The sample stage sits on an automated X and Y -axis stage that can travel
over an area of 300 mm × 300 mm with a resolution of 500 nm to enable precise
positioning of the nanoindentation tip. The optical microscope, the piezo scanner,
and the transducer are connected to the Z axis stage that can travel a distance
of 50 mm for optical focusing and tip positioning. The whole set-up is built on a
granite frame, sits on an anti-vibration table, and acoustically enclosed to minimise
noise and vibration, block air currents, and reduce thermal drift. The sample is
mounted onto a mild steel plate using cyanoacrylate adhesive and is held in place
by one of the strong magnets located at nine different positions on the stage. For
nanoindentation purposes, mounting must always be done using hard and rigid
adhesive such as cyanoacrylate based glue. Soft adhesives such as double-sided
tape or putty should never be used as this will introduce significant random error
to the measurements. A top-down optical camera is connected to the microscope
with a 20× objective lens to obtain live images of the surface of the sample. The
central position of the optical image and the indenter is precisely calibrated to
enable indentation at an optically identified surface [132].

The transducer containing the nanoindentation tip is attached to the
TriboScanner® piezoelectric ceramic tube, shown in the inset in Figure 3.1. Piezo-
electric materials can rapidly change shape while maintaining a constant volume
with the application of high voltage. The top half of the tube consists of four sepa-
rate quarter cylinders that each control motion in a different direction (+X,−X,
+Y , and −Y ) while the bottom half is made from a single piece of piezoelectric
ceramic to control vertical motion (+Z and −Z). By controlling the voltage applied
to each of the five portions of the tube, precise 3-dimensional movement in a total
range of approximately 60× 60 µm in the X-Y axis and 3 µm in the Z axis of the
tip was achieved [132].

After a suitable location was found using the optical microscope, the X-Y
axis motor moved the sample underneath the nanoindentation tip and the Z axis
motor moved the piezo tube and transducer to a height of 10 µm above the focal
plane of the microscope. The TriboScanner® then moved the transducer down
slowly until a small amount of force (2 µN by default) is detected, indicating that
contact of the surface and the tip has been made. During nanoindentation, the
piezo tube remains stationary. Force and displacement actuation and measurement
are done using the three-plate capacitive transducer, illustrated in Figure 3.2. The
upper and lower plates are connected to high frequency out-of-phase AC signals of
the same voltage. The process of displacement measurement using the three-plate
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Figure 3.2. Three-plate capacitive transducer used in the Hysitron TI950 Triboindenter
for force and displacement actuation and measurement. (a) The 1D transducer at rest.
(b) The transducer at loading. (c) 2D transducer assembly to enable actuation and
measurement of force and displacement in the normal and lateral directions.

capacitive transducer is illustrated in Figure 3.3. The capacitance of the transducer
can be measured as [133]:

C =
ε.ε0.A

d
(3.2)

where C is the capacitance, ε is the dielectric constant of the air between the
plates, ε0 is the electric constant, A is the area of overlap of the two plates, and d
is the separation distance between the floating plate and the lower plate. When
the floating plate is exactly at the centre between the upper and lower plates and
the tip is at rest (Figure 3.3b), the measured capacitance is recorded as C0. As the
tip extended (Figure 3.3a) and retracted (Figure 3.3c), the floating plate moved
up and down, changing the distance between the floating plate and the lower plate
d and hence the capacitance to C1 and C2. By comparing the measured values
of C1 and C2 with C0, the values of ∆d1 and ∆d2 can be calculated and hence
the precise position of the floating plate and the displacement of the tip can be
measured [133].

Figure 3.3. Schematic showing how the three-plate capacitive transducer can measure
displacement. (a) Tip extended. (b) Tip at rest. (c) Tip retracted.
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A drive circuit board in the transducer converts the position (capacitance C0)
of the floating plate into a DC signal. When the floating plate is exactly at the
centre between the upper and lower plates, the DC signal is zero. The value of
C0 changes slightly with minute changes in the ambient conditions. It needs to
be calibrated by performing an indent with the tip hanging in air every time the
door to the chamber is opened. As the tip moves up and down, the floating plate
moves up and down and the DC signal changes, enabling precise displacement
measurement [132].

Force actuation and measurement is achieved by applying a large DC bias (up
to 600 V) to the lower plate. The floating plate is pulled down by electrostatic
attraction to the lower plate and force is applied (Figure 3.2b). Conversely, the
magnitude of the force can be calculated from the magnitude of voltage applied. The
three plate capacitive transducer is able to apply a maximum of 10 mN force with a
1 nN resolution and 5 µm displacement with a 0.04 nm resolution in the Z-axis [132].
Because of this versatility, the Hysitron TI950 Triboindenter is able to perform
nanoindentation testing either with a load-controlled or a displacement-controlled
feedback loop [132].

The Hysitron TI950 Triboindenter used in this research project is also equipped
with a 2D transducer assembly (Figure 3.2c). Two additional transducers are
mounted on opposite sides of the first transducer at a 90° angle to enable lateral
force and displacement measurement and actuation. The 2D transducer is capable of
applying a maximum of 2 mN force with 3 µN resolution and 15 µm displacement
with 4 nm resolution in the X-axis [132]. The presence of the two additional
transducers is what made the nanoscratch testing procedure for ice adhesion
strength measurement described in Chapter 5 possible.

One of the assumptions in hardness testing is that the starting point of the
applied load is precisely at the surface where the tip is just in contact with the
sample. This is conventionally done by applying the same amount of a small minor
load on the sample to ensure that all tests started at the same point. The high
sensitivity and displacement resolution measurement of the capacitive transducer
plates enable the tip to define contact between the tip and sample as the condition
where a very small amount of force is measured by the transducer. This value
is known as the setpoint and is set to 2 µN by default in the Hysitron TI950
Triboindenter but it can be changed as required. This force is set as the starting
point during nanoindentation test as the condition of 0 µN [132].

By combining the lateral movement capability of the TriboScanner® piezo tube
and the sensitive force and displacement measurement ability of the transducer, the
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Figure 3.4. Scanning Probe Microscopy (SPM) result on an unpolished mild steel surface.
The standard image resolution is 256 scan lines per image. (a) Optical microscope image
from the Hysitron TI950 Triboindenter. The scan size is 20× 20 µm at the centre of the
optical microscope image. Displacement and force measurement is used to create a 20× 20
µm (b) Topographical and (c) Force gradient image of the surface.

nanoindenter is able to perform in-situ Scanning Probe Microscopy (SPM) analysis
on the sample using the nanoindentation tip to obtain high resolution images. This
is done by raster scanning the surface of the sample with the nanoindentation
tip and measuring the force and displacement experienced by the tip. Using a
Proportional-Integral-Derivative (PID) control loop feedback mechanism [134], the
DC bias applied to the lower plate is manipulated to make the tip move up and
down and maintain the contact condition of 2 µN setpoint force as it scans across
the surface. This process is illustrated in Figure 3.4a with the sample topography
and force gradient image results shown in Figure 3.4b and 3.4c.

The depth-sensing nature of nanoindentation requires a known shape and size
of the indenter in order to calculate the projected area from the indentation depth.
Table 3.1 shows some of the common tips used in nanoindentation, illustrated in
Figure 3.5. All of the nanoindentation tips used in this research project are made
from diamond, the hardest material known with a very high Young’s modulus. The
most common tip in nanoindentation is the Berkovich tip due to its generalised
shape and size. The depth-to-area ratio of the Berkovich tip (Ac ≈ 24.56hc

2) is
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designed to be the same as the Vickers indenter tip commonly used for micro-
hardness testing (Ac ≈ 24.504hc

2). For nanoscratch testing, blunt tips such as
the conospherical tip are more commonly used due to revolution symmetry that
enables reproducible results in any scratching direction.

Table 3.1. Geometrical properties of different common nanoindentation probes [131]

Indenter Projected
contact
area Ac

Semi-
angle θ

(°)

Effective
cone

angle α
(°)

Intercept
factor ε

Geometry
correction
factor β

Sphere ≈ π2Rhc N/A N/A 0.75 1
Berkovich 3

√
3hc

2 tan2 θ 65.27 70.3 0.75 1.034
Cube corner 3

√
3hc

2 tan2 θ 35.26 42.28 0.75 1.034
Conospherical πhc2 tan2 α α α 0.727 1
Vickers* 4hc

2 tan2 θ 68 70.3 0.75 1.012
*Vickers indenter is commonly used for microhardness testing.

Figure 3.5. Commonly used diamond probes for nanoindentation testing. (a) Berkovich
tip. (b) Cube corner tip. (c) Conospherical tip with radius of curvature r and cone-angle
α. (d) Fluid cell attachment for a nanoindentation tip.

The formulae for projected area shown in Table 3.1 are based on the idealised
condition of a pristine nanoindentation tip with no defects. In reality, the diamond
tip is subjected to wear over time and become blunt, changing the depth-to-area
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ratio of that specific tip. The nanoindenter takes this into account and calculates
the contact area Ac as a function of contact depth hc with the area function
expression:

Ac = C0hc
2 + C1hc + C2hc

1/2 + C3hc
1/4 + C4hc

1/8 + C5hc
1/16 + C6hc

1/32 (3.3)

For a perfect tip geometry, the coefficients C1 to C6 is zero and the area function
is completely dependent on C0 (24.5 for a Berkovich tip or 2.598 for a cube corner
tip). The area function is routinely calibrated by performing multiple indents on a
sample with well known mechanical properties such as fused quartz (Er = 69.6

GPa). During the depth-sensing nanoindentation process, it is crucial to determine
the contact depth hc from the acquired data.

The nanoindenter can also be equipped with fluid cell probes (Figure 3.5d) that
come with an extended shaft between the nanoindentation tip and the tip holder.
Originally designed to enable testing of samples immersed in a fluid, the extended
shaft proved to be useful for the nanoscratch ice adhesion quantification method
described in Chapter 5 as it reduced thermal conduction from the transducer to
the tip and prevented ice from melting during testing.

3.1.2 Nanoindentation data analysis

The interpretation of the load-displacement curve is usually done to determine the
contact depth during indentation, and in turn the hardness and reduced modulus
of the specimen. The analysis done by the Hysitron TriboScan® software is based
on the elastic unloading part of the curve using the Oliver-Pharr method [135].
The process of analysing the data for nanoindentation has been comprehensively
reviewed by Fischer-Cripps [131], from which the following data analysis is based
on. In order to analyse the data obtained from nanoindentation, several variables
were defined. These variables are shown in Table 3.2 and in the indenter-sample
schematic and load-displacement curves shown in Figures 3.6 to 3.12.

Contact between the indenter and the sample can be represented by the well
known case of a rigid spherical indenter with a flat surface, as shown in Figure
3.6. During this loading state, all of the surface in contact with the indenter is
plastically deformed (permanent deformation), whereas outside the contact the
deformation is purely elastic (recoverable deformation). Some variables from Table
3.2 are also shown in Figure 3.6, where R is the radius of the indenter, a is the
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Table 3.2. Variables used in analysing the data obtained from nanoindentation.

Symbol Unit Definition

H GPa Meyer hardness or the mean contact pressure of the sample
Ac µm2 Projected contact area at maximum load
R µm Radius of curvature of the indenter
ν No unit Poisson’s ratio of the sample
ν ′ No unit Poisson’s ratio of the indenter
E GPa Young’s modulus of the sample
E′ GPa Young’s modulus of the indenter
Er GPa Reduced modulus
S GPa Contact stiffness of the sample, equal to the slope dP

dh
during unloading from the maximum load

a µm Contact radius
P µN Applied load
Pmax µN Maximum load applied
h nm Displacement (depth) reached by the indenter
hmax nm Depth reached by the indenter at maximum load
hr nm Depth of residual indent
he nm Elastic displacement recovered during unloading
hc nm Contact depth
ha nm Depth from edge of contact to the surface
hrc nm Depth of residual impression for the equivalent punch
hec nm Elastic displacement recovered by the sample during un-

loading for the equivalent punch

contact radius, ha is the distance from the surface to the edge of contact, hc is the
contact depth, and hmax is the depth reached at maximum load.

In nanoindentation, the small amount of elastic deformation during indentation
is not negligible and the elastic deformation of the indenter must also be considered.
Hence, it is useful to define the quantity of reduced modulus (Er) that combines
the modulus of the indenter and the sample for nanoindentation study [136]. The
reduced modulus is defined as:

1

Er
=

(1− ν2)
E

+
(1− ν ′2)

E′
(3.4)

where E and E′ are the Young’s modulus of the sample and the indenter and ν
and ν ′ are the Poisson’s ratio of the sample and the indenter respectively.

Although very rare in actual application, the simplest interaction between
the indenting tip and the sample in nanoindentation can be represented with a
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Figure 3.6. Schematic of a rigid spherical indenter creating an indent on the surface of
the sample.

cylindrical flat punch indenter, as shown in Figure 3.7. In this case the indenter
initially experiences purely elastic loading, followed by a combination of elastic and
plastic deformation until reaching the maximum load Pmax, and then unloading.
The unloading can be assumed to be purely elastic as it has been shown that
reverse plastic deformation is usually negligible [135]. The load-displacement curve
for this type of indenter is shown in Figure 3.8.

Figure 3.7. Schematic of a cylindrical punch indenter creating an indent on the surface
of the sample at the loaded and unloaded state.

In this case, the surface conforms to the tip as it is loaded and unloaded, and
so the depth from edge of contact to the surface is ha = hmax. The area of contact
at all depths is also equal to the area of the circular face of the indenter. During
the purely elastic unloading part (straight line in Figure 3.8), the following relation
holds:

Er =
P

A
=

P

2ah
. (3.5)

Rearranging equation 3.5:

P = 2aErh. (3.6)
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Figure 3.8. Typical load-
displacement curve obtained by
performing nanoindentation on a
rigid sample using a cylindrical
punch. The unloading curve is a
straight line.

Taking the derivative dP/dh of equation 3.6, the slope of the line or the contact
stiffness S of the material can be defined as:

S =
dP

dh
= 2aEr. (3.7)

Since the area of contact is equal to the area of the circular face of the indenter
and the contact radius a is equal to the radius of the indenter, equation 3.7 can be
expressed as:

S =
dP

dh
= 2Er

√
Ac
π
. (3.8)

Hence, in the case of a purely elastic unloading of the indenter, equation 3.8 can
be rearranged to give:

Er =
1

2
S

√
π

Ac
. (3.9)

Pharr, Oliver, and Brotzen showed that equation 3.9 is valid for all axial-
symmetric indenters that show purely elastic unloading at the start of the unloading
curve, including the Berkovich and conical tips [137]. In the case of a cylindrical
punch, from Figure 3.8 it can be seen that the elastic unloading slope can also be
expressed as:

S =
dP

dh
=
Pmax
he

. (3.10)
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For other indenter shapes, the contact radius is not equal to the radius of the
indenter at all depths and hence the area of contact is not equal to the cross-
sectional surface area of the indenter. However, Doerner and Nix suggested that
when the change of contact area is small during unloading, the indenter can be
treated as a flat punch [138]. In other words, the initial stage of unloading can be
represented with a straight line. This is shown in the case of a conical indenter,
where the radius of contact during unloading is constant until a certain point,
defined as the state of being ‘punch’ unloaded. As the indenter is unloaded further,
the surface stops conforming to the shape of the indenter and a residual indent is
left behind. An illustration of this behaviour is shown in Figure 3.9.

Figure 3.9. Schematic of a conical indenter creating an indent on the surface of the
sample at the loaded, ‘punch’ unloaded and unloaded state. The ‘punch’ unloaded state
is defined as the state when the surface of the indenter is still in full contact with the
surface. When the indenter is unloaded further, the surface no longer conforms to the
shape of the indenter.

Figure 3.10. Typical load-
displacement curve obtained by per-
forming nanoindentation on a rigid
sample using a conical indenter. The
unloading curve is a straight line up
until the ‘punch’ unloaded state.

In this case of a conical indenter, the distance from the surface to the edge of
contact at the loaded state ha is equal to the elastic displacement recovered by the
sample at the ‘punch’ unloaded state hec. Hence from Figure 3.9 it can also be seen
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that the contact depth hc is equal to the depth of the indentation at the ‘punch’
unloaded state hrc. As a consequence, the unloading curve for the conical indenter
is a straight line up until the ‘punch’ unloaded state. The typical load-displacement
curve for a conical indenter is shown in Figure 3.10. From Figure 3.10, it can be
seen that:

S =
dP

dh
=
Pmax
ha

=
Pmax

hmax − hc
. (3.11)

Rearranging equation 3.11, the contact depth hc can be expressed as follows:

hc = hmax −
Pmax
S

. (3.12)

In reality, the shape of the unloading curve is distinctly curved and not linear.
Oliver and Pharr has shown that the unloading curve can be approximated with
the power law relation:

P = A(h− hr)m (3.13)

where A and m are power law fitting constants. For a cylindrical flat punch, m = 1

and the experiments by Oliver and Pharr showed that for a Berkovich indenter
the power law exponents varied between 1.2 ≤ m ≤ 1.6 for different materials.
The three-sided pyramid Berkovich indenter behaves very similarly to a conical
indenter and it is often acceptable to approximate the Berkovich indenter as a
conical indenter with a semi-angle θ = 65.27°. This situation is described in Figure
3.11 and the typical load-displacement curve is shown in Figure 3.12.

Figure 3.11. Schematic of a Berkovich indenter creating an indent on the surface of the
sample at the loaded and unloaded state.

Because the unloading curve is not linear, Oliver and Pharr also showed that
the contact depth hc is dependent on the geometry of the indenter and so equation
3.12 is modified to be:

hc = hmax − ε
Pmax
S

(3.14)
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where ε is dependent on the shape of the unloading curve and was determined
experimentally (ε = 1 for a flat punch, ε = 0.72 for a conical indenter, and ε = 0.75

for Berkovich indenters).

Figure 3.12. Typical load-
displacement curve obtained by per-
forming nanoindentation on a rigid
sample using a Berkovich indenter.

The value for the contact stiffness S = dP/dh can be calculated from the
load-displacement curve and used to approximate the contact depth hc. The
area of contact Ac can then be calculated from the contact depth hc equation
3.3 to take into account any blunting and defects on the tip geometry, and the
indentation hardness and reduced modulus can be calculated using equation 3.1
and 3.9 respectively.

During nanoindentation testing, most materials also exhibit nano-scale creep
behaviour that will affect the shape of the unloading curve. This creep behaviour
is on the nanometre scale and is usually negligible in conventional hardness testing.
Figure 3.13a shows this behaviour reflected in the bow-shaped unloading curve
due to the unstabilised thermal creep. In order to minimise the sample creep and
ensure that a good load-displacement curve is obtained, an adequate holding time
at the maximum load is usually included in the test to allow sample creep to
settle before removing the maximum load [132]. The two typical load functions
(load-controlled or displacement-controlled) used to perform nanoindentation and
the typical load-displacement curve obtained are shown in Figure 3.13b and 3.13c.
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Figure 3.13. Load functions and typical material responses shown in the load-
displacement curve. (a) Load-controlled indentation without adequate holding time to
allow creep to settle (creep behaviour in the unloading curve exaggerated). (b) Load-
controlled with adequate holding time. (b) Displacement-controlled indentation with
adequate holding time.

An actual result from nanoindentation on a fused quartz sample is shown
in Figure 3.14a. The test was done with a Berkovich tip using a load-controlled
trapezoid load function (Figure 3.13b) set with 5 s loading time, 2 s holding time,
and 5 s unloading time. The maximum normal force Pmax was set to be 3000 µN.
SPM scanning was done post-indentation with the same Berkovich tip to obtain
high-resolution images and line profile of the indent (Figures 3.14b to d).
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Figure 3.14. Actual result obtained from nanoindentation testing on a standard reference
fused quartz sample with the Hysitron TI950 Triboindenter. (a) Load-displacement curve
and fitting parameters according to equation 3.13. Note the slight difference of notation
for the residual indent depth in the Power Law Coefficient is shown as hf in the software
instead of hr. (b) Topographical SPM image after nanoindentation. (c) Force gradient
SPM image after indentation. (d) Line profile for a straight vertical line through the
middle of the image.
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By analysing the resulting surface profile after the test (Figure 3.14d), the
residual indent was found to be approximately 500 nm in diameter and 30 nm
in depth (hr). The slight difference of hr in the image and the load displacement
curve (36.8 nm in the load-displacement curve and just below 30 nm in the SPM
image) can be attributed to the tip effect during SPM scanning that prevents an
accurate measurement of deep trenches due to the relatively blunt shape of the
Berkovich indenter tip. An illustration of this effect is shown in Figure 3.15. This
issue may be resolved by using a sharper scanning tip to perform SPM scanning
such as the cube corner tip if necessary.

Figure 3.15. Schematic showing how SPM scanning is unable to accurately image deep
holes or sharp asperities with a blunt tip. The accuracy of SPM scanning is dependent on
the geometry of the scanning tip.

3.1.3 Nanoscratch data analysis

Nanoscratch testing is particularly useful for thin film characterisation such as the
surface of ion implanted materials. Typically nanoscratch testing is done to quantify
scratch resistance, coefficient of friction, and thin film adhesion for materials where
the near-surface properties are of interest (usually ≤ 100 nm thick) [131,132]. With
the 2D transducer described in Section 3.1.1, the Hysitron TI950 Triboindenter is
able to actuate and measure lateral forces as well as normal forces. This enabled
nanoscratch testing for the sample where shear forces are applied to the surface
and the material response is recorded by the two transducers mounted at 90° on
opposite sides of the 1D transducer. Just as for the 1D transducer, the nanoscratch
testing requires a calibration of the at rest capacitance C0 of the two additional
transducers before testing, and this is done by performing a scratch with the
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scratching tip hanging in the air. Nanoscratch testing is usually done with a
conospherical tip instead of a pyramidal tip (such as the Berkovich or the cube
corner) due to their revolution symmetry, enabling uniform results irrespective of
the scratch direction [131].

Because there are two lateral transducers on either side of the normal transducer,
the Hysitron TI950 Triboindenter is set so that the scratching test is done completely
by only one of the two transducers [132]. This is to prevent the switching from one
transducer to the other that will introduce significant noise to the acquired data.
Because of this, the Hysitron TI950 Triboindenter is only capable of performing a
maximum scratch distance of 15 µm with one transducer.

During nanoscratch testing, both the normal and lateral parameters need to be
defined, usually by the parameters Pmax (maximum normal force) and xmax where
the scratching distance will be 2xmax. Similar to nanoindentation, the feedback
control in the normal direction can also be set as load-controlled or displacement
controlled nanoscratch. The typical load function for a load-controlled nanoscratch
testing on a flat rigid sample is shown in Figure 3.16.

Once the tip is in contact with the sample, the nanoscratch procedure is
typically categorised into four different segments:

1. Tilt Measurement segment where the probe scans the surface over a
distance of xmax from its resting position with 0 µN normal force applied.
This step is necessary as there is no such thing as a perfectly flat and level
sample in the real world, especially in the nano-scale. The result from the
tilt measurement is used to correct the normal displacement data acquired
from the nanoscratch test and produce a relatively flat normal displacement
curve.

2. Loading segment where the probe stays at the +xmax position and the
normal load Pmax is applied. This segment is similar to the nanoindentation
loading stage.

3. Scratch segment where the probe scratches the surface over a distance of
2xmax from position +xmax to −xmax. The maximum normal force Pmax is
applied throughout this segment.

4. Unloading segment where the probe stays at the position −xmax while the
probe is withdrawn and the normal load is returned to 0. Afterwards the
probe is moved back to the resting position x = 0.
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Figure 3.16. Typical load function for a normal load-controlled scratch. (a) Normal
force over time. (b) Lateral displacement over time. The load function is divided into four
sections: tilt measurement, loading, scratch, and unloading as depicted.

The nanoscratch testing result shows the measured value of four quantities over
time. These four quantities are the normal force P , the normal displacement h,
the lateral force F , and the lateral displacement x. The coefficient of friction µ
during the scratch segment can then be calculated by the relation [139]:

µ =
|F |
|P |

. (3.15)

An idealised version of the typical nanoscratch result for testing done with the
load function in Figure 3.16 is shown in Figure 3.17.

On an ideally flat surface with uniform properties, the normal displacement
h and the lateral force F show a flat horizontal line during the scratch segment.
Consequently, the coefficient of friction over time also remains constant as a straight
line during the scratch segment. Contact between the surface and the scratching
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Figure 3.17. Idealised typical result of nanoscratch testing on a flat sample. (a) Normal
force over time. (b) Normal displacement over time. (c) Lateral force over time. (d) Lateral
displacement over time. (e) Coefficient of friction over time for the duration of the scratch
segment only.

tip generates frictional force opposite to the direction of the scratch, resulting in
the negative value of F measured during the scratch segment.

In reality, there is no such thing as a perfectly flat and featureless surface,
especially on the nano-scale. A sample result of a standard nanoscratch test on a
grade 316 Bright-Annealed standard polished stainless steel substrate is shown in
Figure 3.18. The test was done with a 3 µm radius of curvature fluid cell conical
tip and the scratching direction was set to be perpendicular to the polishing lines.
The maximum normal load and the scratch distance were set to be 1000 µN and
10 µm respectively.

Figure 3.18 shows that in reality there is significant noise in the measured
lateral force response of the sample to the tip. The top right plot of h vs t in Figure
3.18a and the SPM image in Figure 3.18b show that the sample was far from being
an ideal flat and smooth surface. The presence of asperities on the surface means
that the frictional force (−F ) varies significantly across the surface. Frictional force
is generally understood to be composed of two main components [139], illustrated
in Figure 3.19:

F = Fa + Fd (3.16)
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Figure 3.18. Actual nanoscratch test result performed on a polished grade 316 stainless
steel surface. (a) Plots of P , h, F , and x over time. The top right inset shows the normal
displacement over time before the tilt correction procedure was done. The bottom right
inset shows the coefficient of friction over time for the scratch segment. (b) 30× 30 µm
topographical SPM image of the surface before the scratch was done. (c) 30 × 30 µm
topographical SPM image of the surface after the scratch was done, with the visible scratch
circled in red.

Fa is the adhesive component of friction. It arises from the attractive Van der
Waals forces at the true area of contact between the tip and the asperity. Fd is
the deformation component of friction that arises when the tip is made to plough
through the asperity and plastically deform it. Fd is dependent on the hardness
and geometry of the substrate and the indenter [139]. Assuming that the hardness
and geometry of the indenter remain constant during nanoscratch testing, it can
be seen that the variation in F measured during the scratch segment arises from

Figure 3.19. Schematic showing
how friction force arises when the
scratching tip interacts with the as-
perity in contact during nanoscratch.
Adapted from [140]
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the multi-asperity contact with the scratching tip. When the tip hit an asperity, F
became more negative as the tip encountered some resistance from the adhesive and
deformation components. As more force was applied, the asperity was deformed
and the tip was able to move past the asperity and the measured F decreases
(becomes more positive) until the tip hit another asperity. The magnitude of Fa
and Fd measured at each asperity contact is dependent on the size and shape of
each asperity.

Although this variation in F was quite significant on the nano-scale, the
coefficient of friction during the scratch segment is relatively constant as shown in
the lower right inset of Figure 3.18a. This is because a relatively high normal load
was applied to the sample (1000 µN) and hence the variation in µ is minimised.
The results show that the average coefficient of friction for the diamond tip
and steel in air is approximately 0.078 ± 0.018. This agrees with the measured
coefficient of friction for diamond with most metals in air as reported in the
literature [139,141,142].

3.2 Surface roughness measurements

As described in Chapter 2, the ice adhesion strength of a material is related to
its surface roughness, where generally a smooth material will exhibit lower ice
adhesion strength. The techniques described in this section are used to characterise
the surface roughness values of the samples that can then be related to its ice
adhesion strength. Profilometry is a technique used to measure the topographical
profile of a surface and quantify its surface roughness. The profilometry techniques
considered in this study are white light interferometry using the Contour GT-K 3D
Optical Microscope (Bruker) and Atomic Force Microscopy (AFM) using the Flex
AFM (Nanosurf) and easyScan 2 AFM (Nanosurf) equipment. The SPM scans
obtained from nanoindentation as described previously were also used to calculate
surface roughness values.

3.2.1 Optical profilometry

Unlike the Scanning Probe Microscopy described in Section 3.1.1, optical pro-
filometry is a non-contact profilometry technique where a light source is used to
gather information with high precision from the surface to be used to map out
the surface. There are many different approaches to use light for profilometry
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purposes and the one used in this research is based on the principle of white light
interferometry [143].

The optical profiler used in this study is the Bruker Contour GT-K 3D Optical
Microscope available in the University of Auckland. A simple sketch showing the
basic components of an optical profiler is shown in Figure 3.20. The four main
components of this equipment are the source of white light, the beam splitter,
the reference mirror, and the optical microscope camera, as shown in Figure 3.20.
The basic operation of the optical profiler is the Vertical Scanning Interferometry
(VSI) mode. Figure 3.21 shows a simplified schematic of how the white light
interferometry works in this mode.

Figure 3.20. Simple schematic showing the basic components of an optical profilometer.
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Figure 3.21. Simple schematic showing the basic principles of white light interferometry.
(a) Some of the white light from the source was redirected by the beam splitter to the
sample. This beam is known as the measurement beam. (b) Some of the white light from
the source passed through the beam splitter to the reference mirror. This beam is known
as the reference beam. (c) The reflected measurement beam and the reflected reference
beam were observed by the microscope camera. This created a specific interference pattern.
(d) As the reference mirror was moved, the measurement beam collects information
from a different height of the sample and the interference pattern changed. Thus height
information was obtained by studying the difference in the interference patterns.
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In the optical profiler, white light from the source is split in the beam splitter.
Half of the beam is reflected to the sample (the measurement beam), while the
other half is passed through to the reference mirror (the reference beam). The
reflected measurement beam and reference beam are then directed back to the
optical microscope.

When these two light waves are superimposed, the intensity at any point is
dependent on whether the two beams reinforce or cancel each other. This is the
phenomenon known as interference and this results as light and dark bands on
the image known as interference fringes [144]. The reference mirror is made to be
as flat as possible, and hence any variation in the interference pattern is due to
the variation in height of the sample. As the reference mirror is moved, the total
optical path lengths of the two beams remain the same and the focal plane of the
microscope is changed. This enables vertical scanning of the sample where the
camera records the interference pattern at every height. This data is then used to
calculate the Z-axis information of the sample and the surface profile of the sample
is obtained. An example of the data obtained from the optical profiler is shown in
Figure 3.22 for a heavily etched mild steel sample.

Figure 3.22. Example of the result obtained from optical profilometry measurement on
a heavily etched mild steel sample. (a) 2D surface image. (b) 3D surface plot. (c) Line
profile in the X and Y axis direction of the surface at a certain position in the image
(marked by the faint grey line).

For roughness measurements, a smaller magnification objective lens can be used
get information from a larger area to get the data to be more representative of the
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sample. With a 5× objective magnification lens and operating under the VSI mode,
the optical profiler can scan an area of 960 × 720 µm with a vertical resolution
of 3 nm and a lateral resolution of 2 µm. Because of the relatively coarse lateral
resolution, optical profilometry is commonly used to characterise the micro-scale
roughness of a material as the technique cannot resolve various nano-scale features
that are smaller than 2 µm in length scale.

3.2.2 Atomic Force Microscopy (AFM)

For high resolution surface roughness measurements, Atomic Force Microscopy
(AFM) is used. Just as the name implies, AFM is a contact profilometry tech-
nique that provides atomic-scale resolution. The Flex AFM and easyScan 2 AFM
(Nanosurf) equipment is able to create images with a resolution of 0.027 nm in the
Z-axis and 0.15 nm in the X-Y axis [145]. The largest area of the image that can
be obtained from the AFM equipment is 70× 70 µm.

AFM is a type of SPM technique where a very small tip is raster scanned on
the surface of the sample while the deflection of the cantilever is measured as it
scans the surface [146]. Instead of the three-plate capacitive transducer used in the
Hysitron TI950 Triboindenter SPM scanning, the Z-axis displacement in the AFM
is measured using a 650 nm wavelength red laser [145]. A schematic of this process
and a sample image acquired from AFM scanning is shown in Figure 3.23.

Figure 3.23. Atomic Force Microscopy (AFM) on a standard reference laser-machined
Si pillars sample. (a) Schematic showing how the AFM instrument works. (b) Sample
image acquired from the AFM procedure.

The AFM tip used in this study is the PointProbe® Plus (PPP) CONTR-20
silicone SPM sensor (Nanosensors™) made for contact-mode AFM scanning. The
tip height is 10 to 15 µm with less than 10 nm radius of curvature. The tip is a
very sharp three-sided pyramid shape with a semi-angle of about 10° at the very
end of the tip. It has a low ratio of applied normal force to the measured normal
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displacement (the force constant) of 0.02 to 0.77 N·m−1. The sharp end of the tip
and low force constant means that the tip is highly sensitive to small variations
and ideal for very high resolution AFM imaging, much higher than can be achieved
by SPM scanning with the Hysitron TI950 Triboindenter.

Lateral movement of the cantilever in order to perform raster scanning with
the AFM tip is achieved using a flexure-based electromagnetic scanner in the X
and Y direction. Movement in the Z direction is done with the piezo element.
The combination of these two systems enables the AFM to move quickly in the Z
direction while maintaining flatness in the X-Y direction. A laser beam is directed
at the top of the cantilever where the tip is. The laser beam is reflected by the back
end of the cantilever and then reflected with a mirror to a position sensitive photo
detector that then quantifies the signal as the deflection of the cantilever [145].
Hence, the height information of the sample is collected as the tip is rastered on
the surface and a high-resolution image is obtained as shown in Figure 3.23b.

The image contrast in AFM scanning is based on the atomic forces experienced
as the tip makes contact with the surface of the sample. There are a range of forces
acting on the tip based on the interatomic distance between the atom on the tip
and the atom on the surface. When the distance between atoms is very short (< 1

nm) short-range chemical forces that can either be repulsive or attractive are in
effect. These short-range forces can be modeled by the Lennard-Jones potential as
shown in Figure 3.24 [147].

Figure 3.24. Lennard-Jones
potential describing the two
short-range forces experienced
by two atoms that are close
enough to each other. Adapted
from [147]

Repulsive forces at very short distances (approximately < 0.2 nm) are due
to the overlap of electron orbitals. The Pauli exclusion principle applies where
no two electrons can have the same electronic quantum numbers and hence the
two atoms are repelling each other [148]. Attractive van der Waals forces are in
effect at longer ranges (approximately > 2 nm) due to the temporary dipole-dipole
attraction (dispersion forces) that are always present, even between two noble gas
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atoms [148]. The contact-mode AFM used in this study operates in the repulsive
forces region where the repulsion of the tip atoms and the sample surfaces generate
the small amount of force that deflects the cantilever. Because the tip is contact,
frictional forces are relatively high in contact mode AFM and this method may
not be suitable for soft samples as plastic deformation of the surface may occur.

3.2.3 Roughness analysis

Real surfaces are not smooth and flat. This is especially true at smaller length
scales as surfaces that may appear to be smooth and reflective to the naked eye
always consist of micro and nano-scale peaks and valleys on the surface. These
peaks and valleys are known as asperities [149].

Whether the profilometry image was obtained through Hysitron SPM scanning,
optical profilometry, or AFM scanning, the surface topography of a material is
usually characterised by quantifying its surface roughness values. A sample line
profile obtained from optical profilometry of a real surface with asperities smaller
than 1 µm is shown in Figure 3.25.

Figure 3.25. Line profile showing the surface topography of a mild steel sample measured
with the optical profiler. The centre line average is determined as the arithmetic average
of all the height (z) values along the line profile.

There are many ways to analyse the profilometry data and characterise the
surface roughness, the most common ones being the average roughness Ra and the
root mean square (RMS) roughness Rq. The most common height parameter used
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in engineering applications is the centre-line-average (CLA) roughness or more
commonly known as simply the average roughness (Ra). Ra is defined as [149]:

Ra =
1

L

∫ L

0
| z(x) | dx (3.17)

where L is the length of the profile and z(x) is the distance of each point from the
centre line (the average height). Computer software then calculate Ra for every
single line in the image and average them out to get a characteristic Ra value for
the whole surface. Equation 3.17 can also be approximated with the series:

Ra ≈
∑N

i=1 zi
N

=
z1 + z2 + z3 + · · ·+ zN

N
(3.18)

where N is the total number of points in the line profile. Because Ra takes a simple
average of all the height differences along the line, the effect of a non-regular surface
feature (such as a big scratch on the surface or a very sharp asperity or hole) is
averaged out and only has a small effect on the overall Ra value. In order to solve
this problem, the Root Mean Square (RMS) roughness Rq is often used instead.
Rq is defined as [149]:

Rq =

√
1

L

∫ L

0
z(x)2dx. (3.19)

Similarly, for digital calculations equation 3.19 can be approximated with the
series:

Rq ≈

√∑N
i=1 zi

2

N
=

√
z12 + z22 + z32 + · · ·+ zN 2

N
. (3.20)

Because each term is weighted by a square of the heights, Rq tend to exaggerate
surface features and is more sensitive to deviations from the centre line than Ra.
Two surfaces that look completely different may have the same Ra values but
significantly different Rq values. This is shown in Figure 3.26 where two mild steel
surfaces with very different topography are shown to have very similar Ra values
but different Rq values.

Hence, Ra is commonly used to represent the surface roughness of the material
where the effect of surface defects and anomalies are generally ignored. However,
when the surface is expected to be non-uniform, Rq values are more representative
of the surface roughness of the material. When dealing with surface roughness
values, it is important to know which definition is being used in order to have the
correct idea of what the surface profile actually look like.
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Figure 3.26. Optical microscope images and line profile showing the surface topography
of (a) polished mild steel with some surface defects and (b) etched mild steel measured
with the optical profiler. Solid red lines in the optical microscope image show where the
respective line profile was obtained from. Dashed red line shows the average height centre
line.

3.3 Scanning Electron Microscopy (SEM)

High resolution images can also be obtained by using the Scanning Electron
Microscopy (SEM) technique. The equipment used in this research project is the
Philips XL30S FEG available in the Research Centre for Surface and Materials
Science (RCSMS) in the University of Auckland. A simple schematic showing the
basic components of the SEM is shown in Figure 3.27. All of the components of
the SEM in the electron beam vacuum chamber are always in a state of Ultra-High
Vacuum (UHV condition of 1.33×10−5 to 1.33×10−10 Pa). During SEM scanning,
the sample chamber is pumped into UHV to allow the electron beam to reach the
surface of the sample without hitting any air particles.

The electron gun produces electrons using the principle of field emission [151].
The electrons then pass through a series of electrostatic lenses that accelerate and
focus the electrons into a beam [152] that is then directed to the surface of the
sample. The beam then passes through a deflection coil that displace the beam
so that it can be made to scan an area on the surface of the sample. The final
magnification of the image and the spot size of the beam are controlled by the
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Figure 3.27. Schematic showing the basic components of a Scanning Electron Microscope
(SEM). The sample image shows the grain boundaries on an unpolished stainless steel
surface. Adapted from [150].

deflection coils. A series of physical processes then occur at the surface of the
sample to progressively reduce the energy of the electron to zero. These phenomena
are collectively known as scattering events and they can be classified into either
elastic or inelastic scattering [150].

When the electron hits the surface atom elastically, the electron is redirected
and the surface atom is made to move. Energy is transferred to the surface atom
and the electron loses kinetic energy, leading to either the eventual stopping of
the electron inside the surface or the escape of the electron from the surface with
reduced kinetic energy. When this electron escapes the surface, it is known as
the backscattered electrons (BSE). The energy of the BSE depends on how heavy
the surface atoms are and hence the image contrast gained from BSE imaging
arises from atomic number differences of atoms on the surface. The BSE detector
is a solid state annular ring device located just above the surface for maximum
collection efficiency [150].

During the collision, the energy transferred to the atom is also used to remove
weakly-bound electrons in the valence shell of the atom. The removed electron then
moved with a certain amount of kinetic energy and either collides with another
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atom to produce another scattering event or escapes the surface of the sample.
When these electrons escape the surface of the sample, they are known as secondary
electrons (SE). The energy of these electrons depend on the angle at which the
electron hits the surface. Thus the image contrast gained from SE imaging arises
from topographical differences of the height of the surface [153]. The SE detector
used in this study is the Everhart-Thornley Detector that used a positive DC bias
to attract and collect the secondary electrons, forming the surface topography
image [154].

In inelastic scattering, if the energy of the electron beam is sufficiently high,
the tightly bound inner shell electrons in the surface atoms can also be ejected.
When these electrons are ejected, the atom emits characteristic X-rays. The energy
of these emitted X-rays can be measured to determine what elements are present
on the surface of the sample. This technique is known as the Energy Dispersive
Spectroscopy (EDS). The depth of analysis from EDS depends on the atomic mass
at the surface and the accelerating voltage of the electron beam and is typically in
the order of a few micrometres [150,153].

3.4 X-ray Photoelectron Spectroscopy (XPS)

Surface chemistry analysis of materials can be done using the X-ray Photoelectron
Spectroscopy (XPS) technique. The XPS instrument used in this study is the
Kratos Axis DLD X-ray Photoelectron Spectroscope available in the Research
Centre for Surface and Materials Science (RCSMS) in the University of Auckland.
A simple schematic showing the basic components of the XPS instrument is shown
in Figure 3.28.

When an X-ray beam hits the surface of a material in vacuum, electrons are
emitted (due to the photoelectric effect) in a three-step process. The first step is
the absorption of the X-ray photon by the atom that results in the excitation of an
electron from its ground state. The second step is the transport of that electron to
the surface, and the third step is the escape of the electron into vacuum. The emitted
photoelectrons are captured and their kinetic energy are measured. The binding
energy of the photoelectron can then be calculated using the relationship [155]:

Eb = hν − Ek + ∆φ (3.21)

where Eb is the binding energy of the electron in the solid, hν is the energy of the
incident photon in the X-ray, Ek is the kinetic energy of the electron, and ∆φ is
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Figure 3.28. Simple schematic showing the basic components of an X-Ray Photoelectron
Spectroscoper (XPS).

the difference in the work function between the sample and the detector material,
assuming there is no charge at the surface of the sample. The binding energy of
the photoelectron is characteristic of the surface chemistry of the sample and can
then be used to characterise what elements are present and what their binding
state is. This is done by cross-referencing the resulting photoelectron spectra with
a known library of binding energies of many different elements and molecules [155].

The X-ray source produces monochromatic Al Kα X-rays (energy of 1486.69
eV) running at 150 W. A hemispherical electron analyser was used to determine
the energy of the emitted photoelectrons. The analyser was set with a pass energy
of 80 eV and a dwell time of 0.044 seconds to acquire an average of twenty scans
in 40 minutes. The area of analysis on the surface of the sample was 300× 700 µm
and the information collected was typically from a depth of about 10 nm from the
surface. All of the components are sealed in the UHV state of 1.33× 10−7 Pa).

3.5 X-Ray Diffraction (XRD)

For crystalline materials such as most metals, more information on the surface
can be obtained with an X-Ray Diffraction (XRD) technique. The instrument
used for XRD analysis in this study is the Rigaku Ultima IV multi-purpose X-Ray
Diffractometer available in the University of Auckland. A simple schematic showing
how this technique works is shown in Figure 3.29.
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Figure 3.29. Simple schematic showing
how an X-Ray Diffractometer (XRD) col-
lects information from the surface of a sample.
Adapted from [150].

A monochromatic X-ray source is used to generate an X-ray beam with a
known wavelength that is shone onto the surface of the sample. As the X-ray beam
hits the sample, the incident X-ray beam is diffracted into many different specific
directions [156]. The basic diffraction process for the X-ray beam caused by the
surface atoms of the crystalline material is shown in Figure 3.30.

Figure 3.30. Schematic showing how X-ray
beams are diffracted by atoms in a crystal
lattice. Adapted from [150].

The diffracted X-ray beams form an interference pattern that is then detected
by the detector on the other side of the sample. Peaks of maximum intensity are
achieved when constructive interference occurs, and this condition is defined by
Bragg’s Law [156]:

nλ = 2d sin θ (3.22)

where n is an integer, λ is the wavelength of the incident X-ray beam, d is the
spacing between atoms in the crystal lattice, and θ is the incident angle. The
detector is moved along the track to measure the intensities of the diffracted beams
at different Bragg angles (2θ). High intensity peaks are detected at specific Bragg
angles for various materials, enabling some detection of what crystal planes and
what preferred orientations are present on the surface of the sample [156]. Based on
the angles and intensities of the peaks from the diffracted X-ray beam, information
can be obtained about the spacing between atoms in the crystal lattice.

X-rays are used because their wavelength is in the same order of magnitude as
the typical lattice spacing d of many materials. XRD is typically used to study the
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crystal structure of materials, some limited surface chemistry identification, and
measurements of residual stress on the sample [156,157].

3.6 Water Contact Angle (WCA) measurement

As described in Chapter 2, the water wettability of a solid surface can be charac-
terised by the static and dynamic water contact angle (WCA) of the surface. In this
study, the equipment used to characterise the water wettability of stainless steel
surfaces is the optical contact angle meter KSV CAM100 (KSV Instruments) in
the University of Auckland. Figure 3.31 shows a simple schematic of the instrument
and how it works.

The KSV CAM100 contact angle meter consists of a light source, a sample stage,
a microsyringe, and a digital camera connected to the computer. Water contact
angle measurement in this study is based on the procedure outlined in the BS EN
828:2013 British standard for the determination of wettability by measurement
of water contact angle [158]. Distilled water was used as the test liquid for all
water contact angle measurement to minimise the effect of water impurities on the
wettability. The sample was then put on the stage and the tilt corrected to ensure
the surface is horizontally level.

To measure static water contact angle, approximately 2 µL of distilled water is
dispensed from the microsyringe needle and dropped from a height of around 1
mm above the surface to be tested. The light source behind the droplet illuminates
the sample and the camera records the image continuously with a rate of 10 frames
per second for 15 seconds as the droplet settles. The CAM100 software is then
used to adjust the baseline so that it intersects the triple point of contact between
the solid surface, water droplet, and air on both the left and right hand side. The
left and right hand side water contact angle are measured as the angle at which
the droplet intersects the baseline and the static water contact angle calculated
as the average between the two. The measurement is also done for images taken
at subsequent timestamps and all the results were averaged to obtain the static
water contact angle of the surface. The surface is then cleaned and the procedure
repeated to get a good representative data for the static water contact angle of the
surface.

For dynamic water contact angle measurement, a syringe pump is attached
to the microsyringe in order to control the rate at which the liquid is added or
removed from the droplet. For advancing water contact angle measurement, the
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Figure 3.31. (a) Simple schematic showing how the KSV CAM100 creates a droplet of
water on a grade 316 stainless steel surface and measure the static water contact angle.
Schematic and sample images of how (b) advancing and (c) receding dynamic water
contact angles were measured from the image as water was added and removed from the
droplet are also shown. Adapted from [158].

needle is placed approximately 0.5 mm above the surface while the syringe pump
dispenses 2 µL·s−1 of distilled water onto the surface. The camera then records
images for 15 seconds at a rate of 15 frames per second of the water droplet as it
grows bigger with the addition of the liquid. The triple point of contact is initially
pinned as the droplet grows bigger, making the observed contact angle bigger. The
maximum water contact angle recorded before the water droplet is unpinned from
the surface and spreads out is measured as the value for advancing water contact
angle of the surface.
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Conversely, for receding water contact angle measurement, the camera records
images of the water droplet as the syringe pump removes 2 µL·s−1 of liquid from
the droplet. The triple point is initially pinned and the droplet grows smaller and
the observed water contact angle decreases. The minimum water contact angle
recorded before the water droplet is unpinned and almost instantaneously recedes
is measured as the value for receding water contact angle of the surface.

All of the techniques outlined in this chapter are used in this study to char-
acterise the modified stainless steel surfaces created in this project. The main
purpose of these different characterisation techniques is to confirm whether the
surface treatments done to the samples had created any observable change in terms
of mechanical properties, surface topography, and surface chemistry. With the
results from these methods and the novel characterisation techniques described in
Chapters 4 and 5, the correlation between various surface properties and the ice
adhesion to stainless steel can be better understood.





Chapter 4

Development of tensile ice
adhesion strength measurement
technique

But still try, for who knows what is possible.

− Michael Faraday

This chapter describes the development process of a novel macro-scale tensile ice
adhesion strength testing in the macro-scale. The set-up is located in the laboratory
in GNS Science, Lower Hutt. The aim of this technique is to develop a quick,
reliable, and repeatable test to quickly test how effective a particular icephobicity
treatment is. The development process involves designing the test set-up and
developing a repeatable procedure to obtain consistent results. The results from
macro-scale tensile testing can then be correlated with true ice adhesion strength
measured in the nano-scale to quickly and objectively compare the effectiveness of
various icephobicity studies.

4.1 Introduction

Using shear force to measure the ice adhesion strength better mimics real-world
situations. However, its inclusion of many different variables may make the technique
unreliable for quantitative results [45,46,93] With an industrial need to measure
how ice adheres to different surfaces, a new technique was developed by Wang et
al. which measures both the shear adhesion force and mixed shear-tensile adhesion

75
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force [159]. The method involved freezing a cylinder of ice on substrates using a
freezer and then measuring the tensile pull-off force of the ice from the substrate.
The challenge with this technique is that it does not allow for cyclic ice adhesion
test and the sample transfer from the freezer to the testing apparatus can introduce
errors caused by warming of the ice.

To try and overcome some of these challenges, a new method was proposed in
this study to measure the tensile adhesion strength of ice using an in situ freezing
technique. The method maintains the tensile force measurement rather than the
shear force measurement for simplicity purposes. Previous studies have found that
the ice adhesion strength is substantially stronger in tension than in shear [35, 36].
It is thought that this is due to the presence of a liquid-like layer that forms at the
ice-surface interface which fails easily in shear but not in tension.

Figure 4.1. Flowchart describing the process of macro-scale tensile pulling method to
measure ice adhesion strength.

This new technique forces the water to expand and fill into gaps caused by
surface asperities which in turn forces the droplet to be in the Wenzel state rather
than in a Cassie-Baxter state. Rather than using a freezer to produce ice and then
move the ice to a testing rig, this technique freezes the ice in situ to minimise
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errors in the temperature of the ice [28, 35]. This novel ice adhesion measurement
technique ensures a more thorough wetting onto the substrate for a more accurate
sample measurement. A simple flowchart of the testing method is presented in
Figure 4.1.

In order to establish the method as a viable ice adhesion strength measurement
method, stainless steel substrates with different roughness values were used as the
sample. As described in Chapter 2, the ice adhesion strength of a material depends
to an extent on the surface roughness of the sample, although there had been some
debate on whether increased surface roughness would increase or decrease the ice
adhesion strength [10,38,44,46,48,56,160,161]

4.2 Experimental setup

4.2.1 Sample preparation

Sheets of 0.9 mm thick grade 304 stainless steel samples were used as a substrate for
ice formation. Three different surface finishes (Bright Annealed / BA, no. 4, and 2B)
were used to investigate the effect of surface topography on the steel’s ice adhesion
strength. These surface finishes are the industrial standard for stainless steel
according to the Standard Specification for General Requirements for Flat-Rolled
Stainless and Heat-Resisting Steel Plate, Sheet, and Strip ASTM A480/A480M
standard [162]. Table 4.1 summarises the different steel samples used in this study
according to the ASTM standard. Ten samples of 12 mm diameter discs were cut
from each sheet and used as the substrate for tensile ice adhesion strength testing.
Each of the samples was wiped clean with ethanol and dried thoroughly before
each test to remove the risk of surface contamination. The samples were labelled
A, B, and C; in increasing order of roughness.

4.2.2 Sample characterisation

The surface topography of the steels was investigated at room temperature using a
Bruker Contour GT-K Optical Profiler (Bruker) to measure their RMS roughness
values and create a 3D surface profile. With a 5× objective magnification lens and
operating under the VSI mode, the optical profiler provides a vertical resolution of
3 nm and a lateral resolution of 2 µm. The Vision64 software (Bruker) was used
to analyse the data and generate 3D surface profile images. Five 960 × 720 µm
rectangular measurements at random spots on the surface of each sample were
taken and averaged.
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Table 4.1
Different surface finishes of the grade 304 stainless steel samples used in this study.

Sample Surface Finish ASTM A480/A480M
Surface Finish
Description

Average Roughness,
Ra (µm)

A Bright Annealed (BA) A smooth, bright, re-
flective finish

0.03 to 0.10

B No. 4 Finish A linearly textured
finish that may be
produced by either
mechanical polishing
or rolling

less than 0.63

C No. 2B Finish A smooth, moder-
ately reflective cold-
rolled, annealed, and
pickled or de-scaled
finish

0.30 to 0.50

The wettability of the samples was measured using a KSV CAM100 optical
contact angle and surface tension meter (KSV Instruments). A syringe pump was
used to dispense 2 µL·s−1 of distilled water on a sample’s surface to measure the
advancing water contact angle. As the water droplet spreads on the surface, a
camera was used to record images over 10 seconds as the droplet grows bigger.
Five measurements were repeated on each sample at random areas on the surface.

4.2.3 Tensile ice adhesion strength measurement set-up

A custom-made tensile ice adhesion strength apparatus was created for this study,
as shown in Figure 4.2. This set-up is based on the Mark-10 Professional Digital
Force Gauge Series 7 and Series 5 (Mark-10) force gauges, depending on the load
measured. The Series 7 force gauge can measure forces up to 25 N with a 5 mN
resolution and 30 kHz sampling rate while the Series 5 force gauge can measure up
to 1 kN with a 0.5 N resolution and 30 kHz sampling rate.

The force gauge was controlled by the ESM301 Motorized Test Stand with PC
control (Mark-10) for tension and compression testing applications up to 1.5 kN
force. The force measurement is carried out using the MESURgauge software on
the computer (Mark-10). The force gauge was connected to a steel pulling rod
with a plastic insulator to separate the probe from where the sample is attached
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and the force gauge. This was done to prevent the cooling of the force gauge which
would affect its accuracy. The sample was then attached to the probe using a
cyanoacrylate adhesive. Temperature control was achieved using liquid nitrogen as
a heat sink and thermal resistance elements as a heat source.

Figure 4.2. (a) Schematic of the custom made experimental set-up to measure tensile
ice adhesion strength and (b) Photograph of the set-up in the laboratory condition.

The base of the set-up is made from two 30 mm diameter copper cylinders
separated by a thermal break. The top block was hollowed out to a 15 mm depth
with 5 mm wall thickness which created a small water reservoir for the test. The
bottom copper block has through holes to enhance heat transfer with the liquid
nitrogen bath in which it is immersed. The thermal break materials and the liquid
nitrogen bath are both made of a cryogenic conditions compatible insulator (G10
fibre glass composite [163]). Additional insulation is provided by a rigid PVC foam
board insulator around the liquid nitrogen bath to prevent significant heat loss to
the environment and limit risk of contact to cryogenic temperatures.

Resistive heating elements were attached to the copper base to control the
temperature of the base with a PID temperature controller (Shimaden FP93). A
platinum resistance temperature detector (PRTD, 1 Pt100 KN, Sensor Technology)
was mounted inside the copper base just under the water reservoir to provide
temperature feedback readings. The G10 fibre glass thermal break was dimensioned
so as to limit the heat flow between the top and bottom blocks of copper and bring
the power required to heat the top block within practical range for the temperature
controller (50W or 50% of the duty cycle of the controller). To do so, the heat
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transferred Q (in W) through the cross section area A of the G10 break block was
approximated as [164]:

Q =
kA(∆T )

x
(4.1)

where k is the heat conductivity for the G10 fibre glass composite (perpendicular
coefficient [163]), ∆T is the temperature difference between both faces of the
thermal break, and x is the thickness of the thermal break. Equation 4.1 is
solved for x by setting the expected temperature difference of 216 K between
a maximum of 20°C top block temperature and the bottom block temperature
at equilibrium (−196°C). The resistive heating element used four 50 Ω resistors
in parallel delivering 46 W of power at the controller’s nominal voltage of 24 V.
Following the design specifications laid out above, a thickness of 1.6 mm of the G10
fibre glass composite was used to limit the heat conduction to approximately 43
W. During the experiment, the temperature was found to stabilise within ±1.0°C
using this method for temperatures between −35°C and 10°C.

The experiments were carried out under ambient temperature conditions (20°C
with a relative humidity of 40%). As the liquid nitrogen boils within the measure-
ment chamber (partly enclosed transparent plastic cylinder), the condition inside
the chamber during measurement was significantly drier than the atmospheric
condition. Thermocouple reading during the experiment showed that the cooling
process was gradual from room temperature to the desired test temperature. When
liquid N2 was poured to the base of the copper block, the temperature dropped
significantly at a rate of around −2°C per second and stabilised after approxi-
mately 2 minutes. This resulted in a change in temperature ∆T of around 15°C.
More liquid N2 was then poured until the temperature reached approximately 5°C
below the set point, at which point in time the thermal resistors turned on and
the temperature was raised again to the desired set point. During the different
measurement conditions presented in this study, no significant frost formation was
seen on the copper base.

In this study, all of the ice formed are of the phase Ice Ih, which is described as
the hexagonal crystalline ice. This type of ice is the most common allotrope of ice
in the world, existing at temperatures as low as −201°C and stable under applied
pressure of up to 210 MPa [165].
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4.2.4 Water mixture

In the initial tests, the ice in this procedure was frozen from 2.5 mL of deionised
water. However, it was found that all of the tests done with this ice result in
either purely cohesive failure or a mixed failure type of adhesive and cohesive
rather than a purely adhesive failure. This is consistent with other testing methods
that show stronger ice adhesion strength in tensile tests as opposed to shear
tests [36, 46, 159, 166]. The reason for this is thought to be the strong adhesion
between ice and water relative to cohesion between H2O molecules in the thin
liquid layer at the ice-sample interface. As described in Section 2.1.3, a thin liquid
film exists in an ice-steel interface at temperatures down to approximately −20°C.
In tension, the energy required for failure involves separation of the ice-water
and water-sample interface. On the other hand, shear failure only requires a
smaller amount of energy for the movement of H2O molecules within a liquid
state. The amount of energy depends on the thickness of the liquid-like layer
between ice and the sample, which in turn depends on the temperature of the
testing condition. Moreover, because of the presence of this thin liquid layer, the ice
adhesion strength values measured was thought to not be affected significantly by
the stresses produced by different thermal expansion coefficients of the ice and the
sample. It is only when the thin liquid film is completely frozen that the thermal
expansion causes significant interface cracking that would reduce the adhesion
strength of ice.

Other than the properties of the sample, research has shown that the transition
from cohesive to adhesive failure of ice is also dependent on the solutes in the water
[12, 95,167]. Some researchers have taken advantage of this to create an icephobic
oil-infused surface where a very small amount of oil is proven to significantly reduce
the ice adhesion strength of the surface [166,168]. In order to promote adhesive
failure between the sample and ice in tension, the ice in this study was not formed
from pure deionised water. Instead, the ice was formed from a solution of deionised
water and a small amount of the commercially available spray-on hydrophobic
coating FEND™ (Figure 4.3c) [169].

The spray-on hydrophobic coating FEND™ was initially used on the plastic walls
of the testing rig in order to prevent condensation and frost formation and maintain
clear visibility (Figure 4.3a). However, it was later found that the hydrophobic
oil coating seeped through the crevices in the testing rig. This affected the failure
mechanism between the sample and the ice, significantly reducing its ice adhesion
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Figure 4.3. (a) Hydrophobic FEND™ spray-on coating was used to prevent condensation
and frost formation on the plastic wall and maintain clear visibility. (b) The hydrophobic
FEND™ spray-on coating. (c) A solution of 10µL FEND™ dissolved in 45 mL of deionised
water was made to be tested in this study.

strength and hence promoting adhesive failure instead of cohesive failure. Figure
4.4 illustrates this process.

A small amount of the oil was present in mist form in the atmosphere above
the pool of water. The oil was mixed to a certain extent with the water reservoir,
with higher concentrations on near the surface of the water. During freezing, this
significantly reduced the tensile ice adhesion strength of the sample as the surface
energy of the ice was significantly reduced. On one hand, this meant that any value
of ice adhesion strength measured is not the true ice adhesion strength of pure ice
to the sample. On the other hand, this phenomenon promoted consistent adhesive
failures between the sample and the ice with consistent measured ice adhesion
strength values.

It is also worth noting that the vigorous evaporation of the liquid N2 inside
the testing chamber displaced the ambient air and replaced it with a dry N2 gas
environment. This reduced the humidity of the testing rig during testing, effectively
preventing condensation of water droplets from the air in the supercooled state.
During all experiments, the relative humidity measured before the probe was pulled
up was about 20% and there were no visible condensation or frost formation inside
the acrylic tube during the test.

The initial results shown in this chapter was done with an unknown amount
of FEND™ hydrophobic oil spray-on solution. In order to replicate the results,
subsequent tests to develop the procedure was done with a solution of 10µL of
FEND™ dissolved in 45 mL of deionised water. For each test, 2.5 mL of this solution
was used to make the ice to be tested. This situation is in fact quite relevant in the
real world as pure water rarely exist in the real world. Most water that froze and
cause icing problems contain some form solute in it in the form of solid aggregates,
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Figure 4.4. Schematic showing how a small amount of the hydrophobic FEND™ end
up in the surrounding atmosphere during testing. (a) The FEND™ hydrophobic spray-on
coating was applied to the outer walls of the testing rig, creating a transparent layer of oil
on the outside walls. (b) When liquid N2 is poured for the test, condensation and frost
formation occurred on the outside. (c) When the temperature is increased again to melt
the ice and perform the next test iteration, a small amount of FEND™ and the melted
frost seeped through the crevice and got deposited at the bottom of the setup. (d) When
liquid N2 was poured again for the next test, vigorous evaporation of the liquid N2 carried
some of the FEND™ molecules, creating a mist of FEND™ droplets in the atmosphere
above the water reservoir.

salts, oils, or proteins [5, 13,15,95].
Although the measured ice adhesion strength with this method is not the true

ice adhesion strength values, the results showed the expected trend of smoother
surfaces exhibiting lower ice adhesion strength. As outlined in the aim of this
chapter, the purpose of the development of this tensile ice adhesion strength
measurement method is to provide a quick and reliable result. Even though this
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test cannot provide a number for the true ice adhesion strength of a material,
it can provide information on whether ice adhesion strength reduction has been
achieved fairly quickly.

4.3 Experimental procedure

The procedure of tensile ice adhesion strength measurement using the setup
was developed through trial and error until consistent results was obtained. The
development of the procedure was done using the Bright Annealed surface finish
stainless steel (Sample A) at −10°C.

4.3.1 In situ ice forming

In the ideal world, liquid water freezes and turns to ice at 0°C at standard
atmospheric pressure. In reality, multiple factors affect the freezing process and
the actual freezing point is often well below 0°C. These factors include fluctuations
in atmospheric pressure and temperature, humidity, and impurities within the
water. Moreover, the freezing process is far from being instantaneous. The phase
change of water is dependent on the heat transfer processes occurring within the
water and ice, between reservoir walls and water, between the sample and water,
and between the surrounding atmosphere and ice [170,171]. To further complicate
things, the definition of contact between the sample and the ice must be defined
to ensure the starting point is the same for all tests.

Hence, before the procedure for measuring ice adhesion strength with the tensile
set-up can be developed, a procedure for forming consistent ice-sample interface
must first be established. The failures observed during the in situ ice forming
procedure development can be categorised into three major types, illustrated in
Figure 4.5.
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Figure 4.5. Failures encountered during the in situ ice forming procedure development.
(a) Overly lowered sample lead to the ice encroaching to the sides of the sample and even
the probe due to expansion of the ice during the phase change. (b) Insufficiently lowered
sample lead to the sample not being in contact with the ice after freezing. (c) Insufficient
freezing time leads to a pool of unfrozen liquid water in the middle of the reservoir.
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Water is unique in the sense that its maximum density occurs as a liquid
(around 4°C) rather than a solid, easily observed in nature as ice floats on water.
In liquid water the hydrogen bonds between water molecules break and reform
continuously, whereas in ice stable hydrogen bonds form. This result in the water
molecules being spaced further apart in the crystal lattice of ice than in water,
causing ice to be less dense than liquid water [172]. In other words, when water is
cooled down below its freezing point, the volume of the ice produced is bigger than
the volume of liquid water before it was frozen. This is illustrated in Figure 4.6 with
the known density changes of water and ice near sub-freezing temperatures [173].

Figure 4.6. Density of water and ice as a function of temperature with illustrations on
how the H2O molecules interact with each other in each phase. Adapted from [173]

This became a problem when defining the point of contact between the sample
and the ice before starting the testing procedure. If the sample was lowered just
onto the surface of the water (indicated by a ripple on the surface of the water),
the volume increase during the phase change will lead to the ice sticking to the
sides of the sample and even the probe (Figure 4.5a). When the probe is pulled
from this condition, the adhesion of ice is overly strong and this can lead either to
cohesive failure within the ice or adhesive failure between the copper reservoir and
the ice, instead of adhesive failure between the sample and ice.

If the sample was lowered slightly above the surface of the water without
touching it (hence no ripple observed), one can take advantage of the expansion of
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ice during the phase change to induce contact between the sample and ice. This
contact can be detected by the force gauge as a small amount of upwards force
on the probe. However, if the sample was not lowered enough, the expansion of
ice during phase change may not be sufficient to create contact between ice and
the sample (Figure 4.5b). There is also no guarantee that complete wetting of
the surface was achieved and if the adhesion between sample and ice was even
established in the first place. It is also fairly impractical to set a consistent starting
point of a set distance between the surface of the water and the sample for every
single test.

In order to solve this, a standard procedure was developed to ensure complete
wetting of the surface of the sample. The probe with the sample was lowered onto
the surface of the water until it came into contact with the surface of the water and
a visible ripple was seen on the surface of the water. The probe was then raised
upwards by a distance of 1 mm from this position, creating a meniscus between the
sample and the copper plate. This ensured that the entire surface of the sample
was wetted with the water but the sides of the substrate remained dry (first image
of Figure 4.5c).

After establishing contact, the third problem encountered with the freezing
procedure was when the ice was not allowed to freeze completely before starting
the test (Figure 4.5c). The freezing process requires time, and ice is a known heat
insulator with low thermal conductivity [160]. Initially, the water in contact with
the copper container walls and base froze first. The heat transfer from the cooled
copper stage to the middle of the reservoir was then impeded by the formed ice.
As the freezing front progresses to the middle of the reservoir, the ice becomes
thicker and heat transfer from the middle of the reservoir to the cooled stage is
impeded even more. An incomplete freezing process would lead to the presence of
a pool of unfrozen water in the middle of the reservoir.

Since the aim of this project is to measure the adhesive strength between the
sample and ice, this could potentially be tolerable if there is a sufficient thickness
of ice formed. However, the presence of the water pool in the middle of the ice
can lead to a significantly lower cohesive strength within the ice. Instead of a
continuous solid ice, the reservoir consisted of unfrozen water in the centre with
ice bridges connecting the thin layer of ice on the surface and the rest of the ice.
These ice bridges act as stress concentrators and can fail easily, leading to cohesive
failure within the ice instead of adhesive failure between the ice and the surface.
Hence, it is necessary to allow a sufficient freezing time before commencing the
test to ensure the ice is strong enough to resist cohesive failure.
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In order to avoid the failures laid out in Figure 4.5 and set a standard starting
point for the test, two procedures were considered.

4.3.1.1 Solid ice approach

The idea behind this procedure was to use the sample to apply force on the ice,
melting a small amount on the surface, and then letting the water freeze again while
in contact with the sample. To do this, the water reservoir was first frozen at the
test temperature and left for approximately 5 minutes. The probe was then moved
downwards until an arbitrary amount of compressive force (approximately 5− 10

N) was detected. The sample was then left at that position until the compressive
force was gradually relieved and stabilised (approximately 10 minutes). This is
taken as the point in time when the water at the surface had completely re-frozen.
An illustration of this procedure is shown in Figure 4.7.

Figure 4.7. The idea behind the solid ice approach procedure to establish contact
between ice and sample before testing. (a) Pool of water left to freeze completely. (b)
Application of compressive force would melt a small amount of ice on the surface of the
ice. (c) The melted water was quickly frozen again and established an adhesive interaction
with the sample

At first, it seemed like this method had worked and a value for the ice adhesion
strength of sample A was obtained. However, subsequent tests revealed that the
value of ice adhesion strength measured when this method was used had a large
variance even when the exact same procedure was repeated. The reality of the
solid ice approach procedure is shown in Figure 4.8.

The force exerted during the approach was nowhere near enough to actually
melt ice into liquid water. According to the P -V -T phase diagram of water [165],
the hexagonal crystalline form of ice (Ice Ih) can exist at pressures from about 100
Pa to well above 100 MPa at −20°C. The amount of stress applied in this case
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Figure 4.8. The solid ice approach procedure could not establish good contact between
the sample and ice. (a) Photograph showing how in some cases no adhesion between the
sample and ice was observed. (b) Illustration showing how the solid ice approach actually
established bad contact by only elastically deforming the ice. (c) Plot of load over time
for the case where no adhesion between sample and ice was observed. No resistance to
the upwards pulling force was detected. (d) Photograph showing how in some other cases
the expansion of ice caused it to encroach upwards and wet the sides of the sample. (e)
Illustration showing how the sample penetrated into the unfrozen water pool at the centre
of the reservoir and cause the expansion of water to wet to the sides of the sample. (d)
Plot of load over time for the case where the ice wetted the sides of the sample. Small
amount of resistance was detected.

ranges from approximately 20 to 100 kPa, thus the pressure melting effect produced
by this force is insufficient to create a liquid layer at the sample-ice interface from
a completely frozen and solid ice [9, 174]. In some cases, the adhesive interaction
between the sample and ice was not established at all. During the approach, the
sample elastically deformed the ice and this deformation was recovered during the
pulling stage (Figure 4.8b). No tensile resistance to the upwards force was detected
after all of the elastic deformation is recovered (Figure 4.8c).

In other cases, it was found that the ice wetted the sides of the sample before
pulling (Figure 4.8d). This was thought to be caused by not enough freezing time
in the initial stage of letting the ice freeze completely. There was still a pool of
water at the centre of the reservoir. Instead of melting a small amount of ice on
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the surface, the sample had actually broken a thin layer of ice and penetrated
into the unfrozen pool of water. When this pool of water eventually froze, the
expansion during the freezing phase change caused the ice to encroach upwards
and wet the sides of the sample (Figure 4.8e). However, when the sample was
pulled upwards, only a small amount of tensile resistance was detected and this
number varied significantly between tests (Figure 4.8f). The wetting of the sides
of the sample should have increased the adhesive strength and a large amount of
tensile force was expected, but this was not the case. Hence, this indicated that the
adhesion between sample and the ice was not fully established. Only some parts of
the surface had adhesive interaction when the water froze on the sample while the
other parts had only elastically deformed the ice as in the previous case.

Because of these problems, the procedure of solid ice approach was considered
to be unsatisfactory to set a standard starting point for the tensile ice adhesion
strength measurement with this set-up. Results obtained from the solid ice approach
procedure were found to be inconsistent and were thus disregarded.

4.3.1.2 Ice meniscus formation

When the sample is in contact with the pool of water, adhesive forces between
sample and the water were immediately established. The competition between this
adhesive force and cohesive forces between water molecules led to the formation of
a concave curve on the surface of the water. This is known as the meniscus of the
water and it covers the whole surface of the sample due to the sharp difference
between the surface energies of water, sample, and air [59, 175]. The second in situ
ice forming procedure considered is to take advantage of this phenomenon and
freeze the meniscus to ensure complete wetting of the surface of the sample. A
schematic of this ice forming procedure is shown in Figure 4.9.

Figure 4.9. Ice meniscus formation procedure with a photograph of each step. (a) The
sample was lowered onto the surface of the pool, (b) lifted by 1 mm, and then (c) the
pool was cooled down to sub-freezing temperature until ice was formed.
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Firstly, the force gauge was calibrated to measure 0 N force when the probe
and the attached sample was hanging in the air and not in contact with the pool
of water. 2.5 mL solution of deionised water and FEND™ waterproofing spray was
inserted onto the copper reservoir using a plastic pipette to create a flat pool of
water. The sample was lowered to the surface and then raised by 1 mm to create a
stable meniscus between the water surface and the sample. The load experienced by
the probe over time during freezing was then measured and the PID temperature
controller turned on with a setpoint of −10°C. Liquid N2 was then poured outside
of the copper reservoir to cool the water below −10°C and freeze it.

Figure 4.10. (a) Illustration of how density changes during freezing pulled and pushed
the probe with a small amount of force. (b) Load experienced by the probe over time
during the freezing procedure. Inset shows how each step correlated to the water-ice
density diagram shown in Figure 4.6.
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As the liquid nitrogen was poured into the space under the reservoir and the
temperature of the water dropped, the probe sensed small forces caused by the
change in the density of water and ice while the temperature cools. This freezing
phenomenon is illustrated in Figure 4.10a with the plot of load over time during
the freezing cycle in Figure 4.10b. Note that in all of the load over time graphs in
shown in this chapter, a negative F value indicate a tensile force while a positive
F value indicate a compressive force.

As shown in Figure 4.10, the freezing of the water reservoir at a testing
temperature of −10°C can be described in four steps as follows:

1) Step 1 on Figure 4.10 shows how water has a maximum density at approxi-
mately 4°C [173]. As the water is cooled down from room temperature, the
water shrank and pulled the probe slightly, resulting in a tensile force.

2) As the temperature is cooled further, the density decreases significantly
during the phase change of water to ice and the volume increased. This
pushed the probe slightly, causing the compressive force detected in step 2
on Figure 4.10.

3) As the ice is cooled down by the liquid nitrogen, the density of the ice
increases. This caused the to pull down on the probe, resulting in a measured
tensile force shown in step 3 on Figure 4.10. The liquid nitrogen gradually
cooled the stage down to approximately −15°C after pouring.

4) The resistive heating element was then turned on by the PID controller,
increasing the temperature of the ice to −10°C. During this time, the ice
warmed up and the volume of the ice increased, pushing the probe slightly
and causing the compressive force shown in step 4 on Figure 4.10. Over
time as the temperature stabilised at −10°C and the freezing process is near
completion, the force also stabilised at a certain value.

In this procedure, sufficient freezing time was indicated by the stabilisation
of the compressive force detected. Because the sample was raised slightly before
freezing, the expansion of water/ice during freezing did not cause the ice to encroach
upwards and wet the sides of the sample before testing. Instead, the ice exerted
some compressive force to the sample as shown in Figure 4.10a. With the ice
meniscus formation procedure, a consistent starting point for the ice adhesion test
was obtained. Hence, all meaningful results in this study was obtained with the ice
meniscus formation procedure as the starting point.
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4.3.2 Procedure development

After the ice formed on the surface of the sample and the force measured became
stable, the force gauge was moved up with the controller at a rate of 0.5 mm·min−1.
The forces experienced by the gauge over time were monitored using the MESUR-
gauge software and recorded. The initial development of the procedure was done
with pure deionised water in the copper reservoir. Over time, due to spraying
FEND™ on the outside walls of the set-up, the test was done with a solution of
deionised water and an unknown amount of FEND™.

Because the probe was pulled upwards, gravitational forces would also affect
the results of ice adhesion strength measured and thus the value recorded will
not be the true ice adhesion strength of the sample. However, since all tests were
done with the same set-up at the same conditions, the gravitational effect for each
test was assumed to be identical and thus the results were comparable. The initial
results of this study can be categorised into three different failure types: cohesive
failure, mixed cohesive-adhesive failure, and adhesive failure.

4.3.2.1 Cohesive failure

The aim of this research project was to develop a quick and reliable method to test
the ice adhesion strength of various materials. Hence, the occurrence of cohesive
failure within the ice is undesirable. The first reason for cohesive failure observed
is the presence of an unfrozen pool of water at the centre of the reservoir, as
illustrated in Figure 4.5c. Due to the weak points created by thinner ice near the
surface, the ice fails in a cohesive manner rather than in adhesion. This is shown
in Figure 4.11.

When the probe is pulled up, tensile force is detected by the force gauge as the
adhesive force at the ice-sample interface resisted the upwards moving force. After a
while, the load displacement curve detected a failure event where the detected force
jumped up suddenly. This is caused by the loss of resistance to the upwards force
when the partially frozen ice in the reservoir broke off. In this case, cohesive failure
occurred because the adhesive strength at the ice-sample interface is stronger than
the cohesive strength within the partially frozen ice. The area near the unfrozen
water-ice interface consisted of ice bridges that acted as stress concentrators and
became weak points (Figure 4.11b). In Figure 4.11a, it can be seen that the first
failure event happened at a relatively low load of 0.25 N in tension.

Because the probe was pulled up at a relatively slow rate (0.5 mm·min−1

upwards), the residual ice adhesively connected to the sample was still in contact
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Figure 4.11. Cohesive failure observed when insufficient freezing time was allowed. (a)
Plot of load over time during testing revealed multiple failure events. (b) Illustration on
how the multiple failure events were caused by ice breaking cohesively and re-forming
multiple times from the unfrozen pool of water. (c) Photograph of the testing probe after
the test revealed residual ice on the sample with jagged edges.

with the unfrozen pool of water. All tests were done at temperatures well below
the freezing point of water, which meant the liquid water was in a supercooled
state. The maintained contact between the residual ice and the supercooled water
meant that the ice crystals acted as nucleation sites for heterogeneous nucleation
to occur. This caused ice bridges to reform almost immediately after they were
broken off. This caused the resistance to the upwards force again, indicated by the
tensile force sensed almost immediately after the first failure event in Figure 4.11a.

This phenomenon occurred multiple times until either the residual ice was no
longer in contact with the pool of water or the volume of unfrozen water had been
completely frozen. An illustration of this process is shown in Figure 4.11b. The



Experimental procedure 95

residual ice attached to the sample exerted some weight on the probe, causing the
force gauge to sense 0.07 N of tensile force after the cohesive failure (Figure 4.11a).
Visual examination of the test apparatus after this cohesive failure showed residual
ice on the sample with jagged edges from the multiple failure events and a pool of
unfrozen water sitting on a crater of ice in the copper reservoir (Figure 4.11c).

In order to avoid cohesive failure due to partially frozen ice, it was necessary to
allow sufficient freezing time before pulling the sample upwards. This was done to
allow the ice to form cohesive strength stronger than the adhesive strength at the
ice-sample interface. However, for some materials, the tensile adhesive strength at
the ice-sample interface is stronger than the cohesive strength within the ice, even
when the water in the reservoir is completely frozen. This type of cohesive failure
is shown in Figure 4.12.

In Figure 4.12a, the ice was left to freeze for about 30 minutes before the
MESURgauge software was started to monitor the force. Approximately a stable
compressive force of 22 N was exerted by the ice to the probe for about 5 minutes
before the sample was pulled upwards. It can be seen that instead of multiple failure
events as in Figure 4.11a, there was only one sudden failure event observed in this
test. The force at failure measured in this case was recorded to be much higher
than the one observed during the first failure in the multiple cohesive failure events
(approximately 55 N tensile force instead of 0.27 N). This process is illustrated in
Figure 4.12b where a substantial chunk of residual ice was removed from the ice in
the reservoir and stuck to the sample due to cohesive failure within the ice.

Visual examination of the test set-up after the failure event revealed residual
ice attached to the sample with the negative image of the residual ice left as
a crater on the ice in the reservoir (Figure 4.12c). This is also confirmed by
the tensile force detected after the sudden failure event (around 3 N). After a
short amount of time (around 15 s), exposure of the residual ice to the warmer
ambient conditions caused partial melting and detachment of the residual ice.
This led to the measured force returning to 0 N as shown in Figure 4.12a. Other
researchers had also found that the tensile ice adhesion strength of various metals
is stronger than the cohesive strength of ice, leading to the observation that many
tensile ice adhesion strength measurement resulted in either cohesive or mixed
adhesive-cohesive failure [159,176].

Over time, the spraying of FEND™ on the outside walls inadvertently increased
the amount of FEND™ droplets in the surrounding atmosphere. This significantly
reduced the ice adhesion strength and promoted adhesive instead of cohesive failure
(Figure 4.4).
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Figure 4.12. Cohesive failure observed when the ice adhesion strength at the sample-ice
interface is weaker than the cohesive strength within the ice. (a) Plot of load over time
during testing showed a sudden failure event. (b) Illustration on how a strong ice adhesion
strength at the sample-ice interface caused the failure event (c) Photograph of the testing
probe after the test showing residual ice on the sample and a crater left at the reservoir.

4.3.2.2 Mixed cohesive and adhesive failure

In some cases, the type of failure observed during the test is a mix of cohesive
failure on some parts of the surface and adhesive failure on the other parts. This is
shown in Figure 4.13.

The plot of load over time during testing that showed mixed cohesive and
adhesive failure showed a single sudden failure event (Figure 4.13a). However, the
final force measured after the failure event showed some amount of tensile force,
indicating that some amount of residual force is exerting its weight on the probe.
Visual examination of the sample revealed that some parts of the surface had a
clean surface while other parts are covered in ice (Figure 4.13c).

The reason for this mixed adhesive-cohesive failure was thought to be caused by
brittle fracture within the ice and adhesive failure in the ice-sample interface. This



Experimental procedure 97

Figure 4.13. Mixed cohesive and adhesive failure observed. (a) Plot of load over time
during testing showed some residual tensile force after test. (b) Illustration on how the
presence of micro-cracks near the sample-ice interface can result in a mixed cohesive-
adhesive failure. (c) Photographs of the sample after the test revealed residual ice on parts
of the sample.

could be caused by weaknesses in the ice structure due to micro-cracks formation,
impurities within the water, or air bubbles near the interface. All of these things
caused the brittle fracture within the ice near the ice-sample interface that led to
the mixed adhesive-cohesive failure observed (Figure 4.13b).

Micro-cracks formed at the interface due to the difference in the coefficient of
thermal expansion of the sample and ice. Minimisation of crack formation was
done by making the freezing process gradual by pouring small amount of liquid
N2 at a time. This allowed the ice to gradually expand, redistribute the stress on
the surface, and prevent crack formation. Deionised water was used to minimise
impurities within the water, especially near the sample-ice interface. Impurities
deep within the reservoir caused by the degradation of the copper reservoir was
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assumed to be negligible to the ice adhesion strength of the material. The FEND™

hydrophobic solution was also helpful to prevent big air bubbles formation near
the interface. This process will be further explained in Section 4.4.2.

4.3.2.3 Adhesive failure

The objective of the testing method was to obtain consistent adhesive failure at
the sample-ice interface and measure the force at failure. An example of a good
result with pure adhesive failure is shown in Figure 4.14.

Figure 4.14. Adhesive failure observed. (a) Plot of load over time during testing showed
no residual force after the test. (b) Illustration on how the adhesive failure was achieved
through failure in the sample-ice interface. (c) Photographs of the sample and the reservoir
after test. Visual observation confirmed that there are no residual ice on the probe and a
flat ice surface on the reservoir after the test.

As the probe was pulled upwards, the compressive force from the expansion
of ice during ice meniscus formation was relieved until the force returned to 0
N. Afterwards, the probe experienced tensile force as adhesive forces resist the
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upwards motion until a sudden failure event was observed when the force jumped
back up to 0 N. Visual examination of the sample revealed that the probe had no
residual ice and the reservoir showed a flat ice surface, indicating clean adhesive
breakage (illustrated in Figure 4.14b with photos in Figure 4.14c).

In this type of failure, the maximum tensile force recorded before the sudden
failure event is the force required to break the adhesive bonds in the ice-sample
interface in a purely adhesive manner. Hence this value was taken as the ice
adhesion force of the sample. Consistent adhesive failure of the ice-sample interface
was achieved by several factors, mainly by the ice meniscus formation procedure
and the usage of the water mixture described previously. Tests done using the solid
ice approach procedure or with pure deionised water resulted either in cohesive
failure or mixed cohesive-adhesive failure.

4.4 Results and discussions

The results in this study include the characterisation of the surface roughness,
wettability, and ice adhesion strength of samples A, B, and C.

4.4.1 Sample characterisation

The three steel samples had very different surface roughness, as shown in Figure
4.15. The A, B, and C steel samples show an RMS roughness of 0.073± 0.003 µm,
0.363 ± 0.048 µm, and 0.463 ± 0.036 µm respectively (Figure 4.15a). From the
surface profiles (Figure 4.15b), it can be seen that sample A showed the lowest
roughness value with a mirror-like surface finish, sample B had a rougher surface
with polishing scratches in one direction, and sample C had a rough unpolished
surface.

Advancing water contact angle measurement showed that the steel samples
were all hydrophilic with contact angles lower than 90° (Figure 4.16). Samples A,
B, and C had advancing contact angles of 50.4 ± 1.3, 70.4 ± 1.2, and 82.4 ± 2.7

respectively.
Samples A, B, and C are all of the same grade 304 stainless steel and had the

same chemical composition according to the specification sheet. The difference in
water wettability is then likely to be caused by the different surface roughness of
the different surface finishes and not the difference in surface energies.

It was found that the advancing water contact angle of the samples increased
with increasing RMS roughness values. As described in Chapter 2, a water droplet is
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Figure 4.15. RMS roughness of the stainless steel samples. Error bars show one standard
deviation from five measurements. Sample 3D surface profiles for each substrate is shown.

more likely to trap air bubbles in the spaces between the asperities (Cassie-Baxter
state) when the surface is very rough. This resulted in the highest advancing
water contact angle measured on the rough unpolished Sample C and the lowest
advancing water contact angle measured on the mirror-like surface finished sample
A.

Although the surface roughness modification increased the advancing water
contact angle of the stainless steel, all of the samples still showed hydrophilic
behaviour due to the low surface energy of the stainless steel relative to the
surface energy of water. Hydrophobic and superhydrophobic metals can only be
achieved with the combination of both surface chemistry and surface topography
modification [129,177,178].

4.4.2 Tensile ice adhesion strength

The maximum tensile force experienced by the probe was used as the ice adhesion
force Fadh,ice of the sample. The tensile ice adhesion strength σadh,ice was then
calculated with the following formula to normalise the ice adhesion force to the
apparent contact area Aapparent:

σadh,ice =
Fadh,ice
Aapparent

(4.2)
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Figure 4.16. Advancing water contact angle measured on each stainless steel sample.
Error bars show one standard deviation from five measurements. Sample image of the
advancing water droplet for each surface is shown.

The apparent contact area of the sample was calculated with the assumption
that full wetting of the 12 mm disc surface was achieved through the ice meniscus
formation procedure. In other words, the apparent contact area was calculated to
be:

Aapparent =
πD2

4
=
π0.0122

4
≈ 1.13× 10−4 m2 (4.3)

The method to achieve pure adhesive failure described in Section 4.3.2 was
then repeated for each sample. Figure 4.17 shows the tensile ice adhesion strength
of the steel samples at −10°C and −20°C, both with the mixture of deionised
water and an unknown amount of FEND™ and with the solution of 10 µL FEND™

dissolved in 45 mL of deionised water.
For the first data set with the unknown amount of FEND™ (Figure 4.17a), the

procedure was repeated until at least five purely adhesive failure event for each
sample were obtained. At −10°C, sample A showed the lowest ice adhesion strength
of 13.4± 2.0 kPa, followed by sample B with 22.4± 2.0 kPa, and sample C showed
the highest ice adhesion strength of 51.0±8.9 kPa. At −20°C, the smooth sample A
still showed the lowest ice adhesion strength of 15.6± 9.3 kPa. The rougher sample
B and sample C showed big standard deviations with an ice adhesion strength of
131.9± 39.9 kPa and 54.9± 30.7 kPa respectively.
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Figure 4.17. Tensile ice adhesion strength measured for each steel samples at −10°C
and −20°C with (a) a mixture of deionised water and an unknown amount of FEND™ and
(b) a mixture of 10 µL FEND™ dissolved in 45 mL deionised water. Error bars show one
standard deviation.

Due to the unique way in which the ice adhesion strength was measured, it is
more likely that the ice droplets froze in the Wenzel state where the ice and the
surface asperities of the steel were interlocked. A simple schematic of this process
is shown in Figure 4.18.

Figure 4.18. Schematic showing how Wenzel ice on the surface could be formed with
lowered surface tension of water. (a) Some microscopic parts of the surface are not in true
contact with the water due to the surface roughness. (b) Microscopic air bubbles were
dissolved inside the water due to the reduced surface tension of water. (c) Frozen water
conformed to the surface topography of the sample.

As the sample contain various micro-scale asperities, even for the mirror-like
finished sample A, microscopic parts of the water were still not in contact with the
water during the meniscus formation (Figure 4.18a). Because the water mixture
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contained some unknown amount of FEND™, the surface tension of the water is
significantly reduced compared to the surface tension of pure deionised water. It is
then thought that because of this, when the water expanded into the asperities,
the air in the space between the asperities of the sample were dissolved as micro
air bubbles in the water. These air bubbles were then thought to quickly diffuse to
either the centre of the reservoir where the concentration of air is lower or to the
sides and released into the atmosphere. This enabled the water to expand into the
asperities during the freezing process and create ice that conformed to the surface
topography of the sample.

Because the ice conformed to the surface topography of the sample, a rougher
surface would have much higher true contact area than a smoother surface. This
meant that there were much more adhesive interaction between the sample and
ice for rougher surfaces (Sample B and C) than for a smoother polished surface
(sample A), causing the increased value of ice adhesion strength.

For the second data set with the mixture of 10 µL FEND™ dissolved in 45 mL
of deionised water (Figure 4.17b), the procedure was repeated until five purely
adhesive failure was observed. The standard deviations for the ice adhesion strength
of the samples with the known mixture were much larger than the previous set
at both testing temperatures (Figure 4.17a). In this case, the tensile ice adhesion
strengths for sample A, B, and C at −10°C were 143.3± 37.0 kPa, 41.6± 11.2 kPa,
and 148.0± 93.4 kPa respectively. At −20°C, the ice adhesion strengths of samples
A, B, and C were measured as 134.4± 36.9 kPa, 36.7± 12.5 kPa, and 72.2± 21.6

kPa respectively.
With this known mixture, the ice adhesion strength of samples A and C are

quite similar with no significant difference. Sample B with the regular polishing
lines showed lower ice adhesion strength than samples A and C. Compared to
the previous set of results with the unknown amount of FEND™ in the mixture,
the measured ice adhesion strength is considerably higher (in some cases almost
10× more). The increased ice adhesion strength meant that the reduction of the
ice surface energy from the FEND™ was lower in the known mixture than in the
unknown mixture. This indicated that the concentration of FEND™ in the unknown
concentration solution in the previous case were higher than 10 µL dissolved in 45
mL of water.

The reason for the decreased ice adhesion strength of the rougher sample B
was thought to be caused by the entrapment of air bubbles in the spaces between
the surface asperities of the sample, causing the formation of a Cassie-Baxter ice.
This process is illustrated in Figure 4.19.
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Figure 4.19. Illustration showing how expansion of the water during freezing could also
cause air bubbles to be trapped and cause the formation of a Cassie-Baxter ice on the
surface. (a) Microscopic parts of the sample are not in contact with the water due to
the surface roughness. (b) The freezing process caused water to expand during the phase
change and trap air between the water and the sample. (c) When frozen, some air bubbles
are trapped at the space between the asperities, causing less interaction at the sample-ice
interface and reducing its ice adhesion strength.

Due to the surface tension of the water, the air between the micro-asperities
could not be dissolved into the water. Instead, micro-air bubbles were formed at
the sample-ice interface, effectively reducing the true contact area between the
solid surface and ice. This effect is more prominent in the rougher surface with
more protrusions and valleys where more air bubbles could be trapped. On Sample
B with the regular lines of peaks and valleys, big air bubbles were trapped in the
space between the polishing lines. On the irregular surface of sample C, some area
had trapped air bubbles were trapped while some area had no air bubbles with
fully conforming ice on the surface. This led to the big variance of the ice adhesion
strengths measured at both −10°C and −20°C.

The big standard deviations for measurements on Sample C in all cases were
attributed to the formation of either the Wenzel ice (Figure 4.18) or the Cassie
ice (Figure 4.19) depending on the size and distribution of the surface asperities
and the concentration of the FEND™ near the sample-ice interface. For a smooth
surface with low asperities such as Sample A, complete wetting of the surface was
more likely and a more consistent result was obtained. For a surface with regular
roughness features such as Sample B, lines of air bubbles are more likely to be
trapped in the space between the asperities. And for a very rough unpolished
surface such as Sample C, the freezing behaviour varied significantly between
individual tests, depending on the type of ice formed. Various factors can influence
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this behaviour, leading to a stochastic effect that is more prominent in rough
surfaces. These factors include the freezing time, the concentration of the FEND™

in the water solution, the ambient conditions, and the deformation of the surface
asperities. An illustration to summarise the effect of surface roughness on the ice
adhesion strength of a material is shown in Figure 4.20.

Figure 4.20. Illustration summarising the effect of surface roughness on the macro-scale
ice adhesion strength of a material. (a) Visual representation of the different surface finish
of samples A, B, and C, based on the optical profilometry results shown in Figure 4.15. (b)
Schematic visualising what was thought to occur at the sample-ice interface for the three
samples before the sample was pulled upwards. For Sample C, the big variation in the
shape and size of surface asperities can lead to different ice wetting conditions between
individual tests on the same sample.

The ice adhesion strength values at −20°C were measured to be higher than
the values measured at −10°C, both for the unknown and known concentration
mixture of FEND™ and deionised water. As described in Chapter 2, this was caused
by the reduction of thickness of the liquid-like layer at the sample-ice interface
when the temperature is lower [12, 42, 89]. At the lower temperature of −20°C,
more of the water is frozen and stronger adhesion was established.

4.5 Conclusions

A novel way to measure ice adhesion strength was proposed in this study to measure
the in situ tensile ice adhesion strength of materials rather than the shear ice
adhesion strength. The end results showed that the technique show promise to
measure ice adhesion strength of various surfaces quickly and consistently.

The method confirmed the findings from other researchers that increasing
surface roughness can either increase or decrease the ice adhesion strength of
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material, depending on the adhesion mechanism that occur at the sample-ice
interface. The main advantage of this method is the possibility of quick and easy
comparison of ice adhesion strength of different materials. Each test requires
approximately 5 minutes of time to do and the in situ ice formation procedure
reduces the errors associated with transfer of ice from the freezer to the testing rig.

Because the ice was formed in situ with this method, this technique can enable
measurements of the changes in ice adhesion strength of a material after several
freezing and de-freezing cycles. During the ice formation event, several micro-
asperities might be plastically deformed, effectively changing the contact area and
hence the macro-scale ice adhesion strength measurement. Measurement of changes
in the density of water/ice during freezing is also possible to enable measurement
of the ice adhesion properties at different temperatures and with different cooling
rates.

There are also some limitations to this technique, namely that the measured
value of ice adhesion strength is not the true ice adhesion strength of the sample
for pure ice. A mixture of the hydrophobic FEND™ solution and deionised water is
needed to reduce the adhesion at the sample-ice interface and promote adhesive
failure before cohesive failure happened. This means that the results from this
technique is not directly comparable to the ice adhesion strength of the same
material measured with other techniques. Further work to improve this method
include the study of the effect of different concentrations of FEND™ on the ice
adhesion strength. The maximum optimum amount of FEND™ to be used would
be the minimum amount of FEND™ that still produces adhesive failure but not
too much that it will skew the trend observed. The consequent objective for this
method is that it will be used to characterise the adhesion strength of other frozen
liquids such as milk that contains proteins that will reduce the surface energy of
the water/ice. Experiments using milk can also be done and the data can then be
used as a standard to define how much FEND™ is required to produce the same
trend.

The in situ ice formation procedure depended on the formation of a meniscus
between the water and the sample. This meant that the method is suitable for
hydrophilic materials such as most metals where complete wetting of the surface
is fairly easy. However, for hydrophobic or superhydrophobic materials such as
polymers, the lack of wetting means that the in situ ice formation procedure might
not be suitable to ensure complete wetting of the surface.

Because the in situ ice formation procedure involved the application of a small
amount of compressive force to the sample, this technique is only suitable for
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materials that are strong and stiff enough that the compressive force would not
deform the sample. The compressive force before pulling recorded in this study can
vary from 2 N up to 10 N before it stabilised and the probe was pulled upwards.
For soft materials such as polymers, this small amount of compressive force may
be sufficient to deform the surface and affect the result of ice adhesion strength
measurement.

With the development of the macro-scale tensile ice adhesion strength measure-
ment method, the mechanism of ice adhesion on a surface can be better understood.
The quick and easy comparison can enable quicker development of difference ice-
phobicity studies by quickly qualifying whether a certain icephobicity treatment
had worked in reducing the ice adhesion strength of a sample.





Chapter 5

Novel nanoscratch technique to
measure ice adhesion strength

The most incomprehensible thing about the universe
is that it is comprehensible

− John C. Lennox

This chapter describes the novel characterisation method to quantify the shear
ice adhesion strength testing in the micro-nano scale using a nanoscratch technique.
The experiments were done with the Hysitron TI-950 Triboindenter equipment
described in Chapter 3, available in the nano-mechanical research laboratory in
the University of Auckland. The aim of this technique is to obtain an objective
quantitative value for the true ice adhesion strength of various materials, enabling
direct comparison between different icephobicity studies.

5.1 Introduction

Various methods have been developed to measure ice adhession strength at the
macro-scale, as described in Chapter 2 [12,35,39]. These methods produce different
results from one another for the same material because there are numerous variables
that affect the results such as the shape and size of ice, loading rate, time of contact,
sample cooling rate, sample size, and many more [12]. These results were compiled
in Table 2.1 laid out in Section 2.2.2 of this thesis.

Micro-nano scale ice adhesion strength testing can give more objective results
of ice adhesion strength less affected by macro-scale variables such as the strain

109
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rate, the size and shape of the ice, impurities or air bubbles within the ice, or the
effect of ambient temperature that influence macro-scale failures. Matsumoto et al
demonstrated this by measuring the true ice adhesion strength of various materials
in the nano-scale using Scanning Probe Microscopy (SPM) technique and found
that the ice adhesion strength of a surface is higher than what was previously
measured in the macro-scale [50,51,107].

This chapter proposes a new way to measure ice adhesion strength using a
nanoscratch technique. This is based on a technique developed by Dickinson et
al. (2010) to measure true adhesion strength of microscopic ceramic cold-spray
splats [179]. By controlling the temperature of the sample during nanoindentation
test, micro-nano sized water droplets can be condensed on the surface that will
then freeze into micro-nano sized ice droplets. Using nano-scratch technique as
the basis, the ice droplets can be sheared off the surface and the true ice adhesion
strength can be measured.

5.2 Experimental

The nanoscratch procedure was done with the Hysitron TI-950 Triboindenter
equipment available in the University of Auckland. In order to enable testing of
ice adhesion strength of various materials, it was necessary to construct a cooling
stage that can control the temperature of the material during testing. This cooling
stage was designed and constructed based on the thermoelectric effect in order to
control the temperature of the sample and form microscopic ice droplets on the
surface of the sample.

5.2.1 Thermoelectric refrigeration

The thermoelectric effect is a thermodynamically reversible phenomenon where the
passage of current through a solid results in a temperature gradient as the charge
carriers that conduct electricity also transports energy in the form of heat. This is
separate from the irreversible energy loss effects from electrical resistance heating
(Joule heating) and thermal conduction. These effects were studied by researchers
Thomas Seebeck, John Peltier, and William Thomson (later Lord Kelvin) in the
19th century that described the three thermoelectric coefficients for a junction of
two dissimilar conductors [180].

The Seebeck effect is the production of a potential difference (voltage) V when
a junction between two dissimilar conductors (A and B) were heated. The voltage
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produced is dependent on the temperature difference ∆T between the two junctions
that make up the electrical circuit. It is the Seebeck effect that enable the use of
the modern thermocouple device that enable precise temperature measurement
using a junction of two dissimilar metals and convert the numbers into a digital
signal. The Seebeck coefficient between the two metals A and B αAB is defined
as [181]:

αAB =
V

∆T
. (5.1)

Conversely, the Peltier effect defined the heating or cooling effect that occurred
when an electric current I is passed through the junction between two dissimilar
conductors A and B. The heat flow Q in the Peltier effect is dependent on the
amount of current flowing through the junction I. The Peltier coefficient ΠAB is
defined as [181]:

ΠAB =
Q

I
. (5.2)

The Seebeck and Peltier effects are found at the junction between two conductors
and are therefore defined with the subscript AB. The Thomson effect on the other
hand occurs in a single conductor (A or B) where heat is either absorbed or evolved
when a current flows through a conductor with an established temperature gradient.
Whether the heat is absorbed or evolved depends on the direction of the current
relative to the temperature gradient. The Thomson coefficient τ defines the rate of
heat flow per unit length dx when a current I flows through a conductor with a
temperature gradient dT/dx as follows [180]:

τ =
dQ/dx

IdT/dx
. (5.3)

The three thermoelectric coefficients are related to each other by the relations
known as Kelvin’s Laws. The first Kelvin’s Law states that [180]:

ΠAB = αABT. (5.4)

This relationship is useful as this enables an expression of the rate of heat flow
Q in terms of αAB which is more easily measured than ΠAB. The thermoelectric
cooling power is also affected by the Thomson effect and is described in the second
Kelvin’s Law as:

τA − τB = T
dαAB
dT

. (5.5)
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Alongside the reversible thermoelectric effects that occur when an electric
current passes through a thermocouple, irreversible energy losses from electrical
resistance heating (Joule heating) and thermal conduction also occur. The heating
power P from the electrical resistance heating is proportional to the square of
the current I passing through it and the electrical resistance R. The electrical
resistance R is inversely proportional to the electrical conductivity of the material
σ which is defined as [181]:

σ =
IL

V A
(5.6)

where L is the length of the conducting path and A is the cross-sectional area. On
the other hand, the energy losses from thermal conduction is proportional to the
thermal conductivity κ of the conductor which is defined as [181]:

κ =
QL

A∆T
. (5.7)

For thermoelectric refrigeration, the goal is to reduce the temperature of one
side by pumping heat to the other side of the junction. If the temperature of the
side to be cooled is defined as Tc and the temperature of the side where the heat
is pumped to as Th, the total cooling rate from the Peltier effect for a junction is
then given by [181]:

Q = αABTcI −
I2R

2
− κ(Th − Tc). (5.8)

From equation 5.8, it can be seen that a combination of materials that exhibit
a high Seebeck coefficient αAB (and a high Peltier coefficient ΠAB as described in
equation 5.4), high electrical conductivity σ to minimise the electrical resistance
R, and low thermal conductivity κ is required to maximise the cooling power.

The electrical energy P required to supply the cooling power described in
equation 5.8 can be expressed as [181]:

P = αAB(Th − Tc)I + I2R (5.9)

and the efficiency of the thermoelectric refrigerator is then defined as the ratio of
the total cooling rate Q to the electrical energy input P known as the coefficient
of performance φ [181]:

φ =
Q

P
. (5.10)
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For metallic conductors, the reversible heat flow from the Seebeck-Peltier
effect is insignificant compared to the irreversible effects of Joule heating and
thermal conduction. The possibility of utilising the Peltier effect for refrigeration
purposes was not considered until the 20th century with the rise of semiconductor
materials. Semiconductors are seen as the best materials for Peltier coolers as they
have a much larger Seebeck coefficient than metal conductors and much lower
electrical conductivity. These led to an increase in efficiency by more than an order
of magnitude [182]. Common semiconductor materials used for thermoelectric
refrigeration are solid solutions of bismuth telluride (Bi2Te3), antimony telluride
(Sb2Te3), or bismuth selenide (Bi2Se3) [181]. Figure 5.1 shows the basic arrangement
of a thermoelectric refrigerator, also known as the Peltier cooler.

Figure 5.1. Schematic showing a single thermocouple junction of p-type and n-type
semiconductors in a Peltier cooler. The movement of positive holes in the p-type semi-
conductor and negative electrons in the n-type semiconductor created the Peltier effect,
pumping heat to the heat sink and cooling the sample.

Based on the type of charge carriers, semiconductors can be categorised into
p-type or n-type semiconductors. Positive holes carry the charges in a p-type
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semiconductor whereas negative electrons act as charge carriers in an n-type
semiconductor. With appropriate doping, semiconductor materials such as Bi2Te3
can be made into either a p-type semiconductor with abundant positive holes
or an n-type semiconductor with an abundance of mobile carrier electrons. In
the p-type semiconductor, positive holes move to the opposite direction of the
electron flow, causing a build-up of positive holes on the bottom side in Figure 5.1.
Conversely, negative electrons move in the same direction as the electron flow in
the circuit, leading to a build-up of negative electrons on the bottom side of the
n-type semiconductor. This build-up of charge carriers leads to higher energy and
temperature, thus effectively pumping heat from the top side to the bottom side.

This arrangement produces a Peltier cooling effect as described in equation
5.2. However, the cooling rate Q produced with a single thermocouple of p-type
and n-type semiconductors is only in the order of 1/10 W per ampere of current I.
A practical Peltier cooler connects several of these semiconductor thermocouples
(also known as thermoelements) as shown in Figure 5.2.

Figure 5.2. Schematic showing how the p-type and n-type semiconductors are arranged
in series electrically and in parallel thermally. (a) 2D illustration showing the electric
current I flowing in series. (b) 3D illustration showing the parallel heat flow Q from the
cold side to the hot side.
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The thermoelements are arranged thermally in parallel and electrically in series
in order to create a continuous flow of electrons with a build-up of charge carriers
on one side of the module. The sample to be cooled is placed on the top side of
the Peltier cooler as the heat source and the bottom side is connected to a heat
sink. It is important to note that significant cooling of the sample can only be
achieved with sufficient removal of heat from the hot-side using the heat sink to
maintain a continuous heat flow Q from the top side to the bottom side. Operating
the Peltier cooler without a heat sink can lead to overheating of the hot side that
would damage the thermoelements.

The major advantage of a Peltier cooler and the main reason why it was chosen
for the basis of the cooling stage in the nanoscratch testing method is that it is a
solid state device with no moving parts [183]. Because of that, there is a minimum
amount of noise and vibration that would otherwise have significantly affected any
nano-mechanical characterisation results. The relatively small size of the Peltier
cooler also enabled the fitting of the cooling stage inside the Hysitron TI-950
Triboindenter testing chamber without much modification. Peltier coolers are also
capable of precise temperature control (±0.1°C) of the sample during testing to
ensure objective results [183]. However, the major drawbacks of using a Peltier cooler
is the low efficiency of the cooling power as compared to conventional refrigerators
[180,183]. Hence, thermoelectric refrigeration is currently only applicable in small-
scale applications.

5.2.2 Nanoscratch cooling stage design

The design of the nanoscratch cooling stage was done by first thermodynamically
considering the cold side, the Peltier cooler, and the hot side separately. After the
thermodynamic considerations were met, the electrical supply for the Peltier cooler
was designed to control the temperature of the cold side. Multiple versions of the
nanoscratch cooling stage were constructed to deal with the unaccounted problems
before the final design enable stable testing temperature for the development of
the nanoscratch testing procedure.

A mild steel base plate was attached to the cold side of the Peltier cooler
while a water-cooled aluminium heat sink was attached to the hot side. This basic
arrangement is shown in Figure 5.3.

To simplify the first design approaches, complete contact between all surfaces
was assumed. This meant that perfect heat transfer occurred at the interfaces
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Figure 5.3. Basic arrangement of the thermoelectric nanoscratch cooling stage. (a) 3D
CAD model and (b) Photograph of the mild steel base plate, the Peltier cooler, and the
heat sink.

between the base plate, the Peltier cooler, and the heat sink. In addition, it was
also assumed that there was no heat gained from the surrounding environment.

5.2.2.1 Cold side

The first thing that was considered in designing the thermoelectric nanoscratch
cooling stage was the heat load that need to be removed from the cold side. This
is the heat that must be removed from the mild steel base plate and the sample in
order to reduce its temperature to −10°C from the ambient temperature of 25°C.
The base plate had a dimension of 50× 40 mm with a thickness of 1.0 mm whereas
the Peltier cooler had a surface area of 40× 40 mm for the top and bottom side.
For design purposes, the sample to be cooled was a 12 mm diameter disc of grade
304 stainless steel with 0.9 mm thickness. The values for density, specific heat, and
thermal conductivity of mild steel, stainless steel, and aluminium were assumed to
be the typical values for the respective materials as shown in Table 5.1 [184,185].

Table 5.1
Values of density ρ, specific heat Cp, and thermal conductivity κ of mild steel, stainless
steel, and aluminium used to design the nanoscratch cooling stage. These numbers were
obtained from the ASM Materials Information online handbook [184,185]

Property Unit Mild Steel Stainless Steel Aluminium

ρ kg/m3 7859 7900 2699
Cp J/kgK 464 511 934
κ W/mK 52.0 15.9 211

In order to reduce the temperature of a material by a temperature difference
∆T , the heat that must be removed is given by the expression [164]:
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Q = mCp∆T (5.11)

where m is the mass and Cp is the specific heat of the material. The heat that
must be removed from the sample and base plate was then equal to the heat that
must be removed from the cold side Qc. This was calculated by:

Qc = mbCp,b∆T +msCp,s∆T. (5.12)

The subscripts b and s indicate the base plate and the sample respectively. ∆T

is the difference in temperature between the initial state of the sample (assumed to
be 25°C) and the testing temperature. For design purposes, the testing temperature
of the base plate Tb and the sample Ts was set to be −10°C, giving a ∆T of 35°C
= 35K. Aside from the heat that must be removed from the cold side, heat gained
from thermal conduction q̇c must be continually removed by the Peltier cooler.
This value was calculated with [164]:

Q̇c = κbxb(Ta − Tb) + κsxs(Ta − Ts) (5.13)

where x is the thickness of the material and Ta is the ambient temperature that
was assumed to remain constant at 25°C throughout. In ideal conditions, the total
heat load that must be removed from the cold side and the thermal conduction
heat gain that must be overcome were calculated to be approximately 271 J and
2.5 W respectively. The heat gained from thermal convection and radiation with
the ambient atmospheric conditions were assumed to be negligible.

5.2.2.2 Peltier cooler

Three Peltier cooler modules with different maximum cooling powers were consid-
ered for use in the nanoscratch cooling stage, as shown in Table 5.2. The difference
in maximum cooling powers arose from the different Seebeck coefficients αAB of the
Peltier modules depending on the materials used for the semiconductor junctions
inside the cooler.

As described in Section 5.2.1, Peltier coolers are somewhat inefficient and their
performance is greatly affected by the coefficient of performance φ. The value
of φ depends on the input voltage V , input current I, and desired temperature
difference ∆T relative to their respective maximum values shown in Table 5.2. For
optimum performance and reliability for long term operations, it was recommended
that Peltier coolers should be operated at less than 0.7 of Imax. If the current
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Table 5.2
Specifications of the Peltier modules considered for the nanoscratch cooling stage [186–188].
The maximum temperature difference is when the hot side of the Peltier kept constant at
27°C.

Model Maximum
Cooling
Power

Qmax (W)

Maximum
Input

Voltage
Vmax(V)

Maximum
Input

Current
Imax (A)

Maximum
Tempera-

ture
Difference

∆Tmax (°C)

ZP9100 35.1 15.4 4 68
ZP9104 53.1 15.4 6 68
APH-199-17-10-E 195 24.1 14 67

supplied was too high, irreversible Joule heating would reduce the actual cooling
power and the thermoelements could be damaged.

During the initial trials, the ZP9100 module was used for the nanoscratch
cooling stage [186]. However, this module failed to reach sub-freezing temperatures
and the temperature of the cooling stage could only reach approximately 4°C with
continuous maximum voltage input. In the final design, the 195 W maximum
cooling power thermoelectric Peltier cooler module (APH-199-17-10-E, European
Thermodynamics) was then chosen to pump the heat from the cold side to the hot
side [188]. By using the higher maximum cooling power cooler, the actual cooling
power of the cooler could be adjusted by manipulating the input voltage supplied
to the Peltier cooler.

The power supply connected to the Peltier cooler is the PS-12-8.4A from TE
Technologies that provide 12 V DC voltage and 8.4 A DC current from the AC
mains power supply. The maximum electrical power P supplied to the Peltier
module was:

P = V I. (5.14)

From the technical data sheet of the Peltier cooler [188], when operating at 8.4

A DC current to achieve a temperature difference ∆T of 35°C, the coefficient of
performance φ of the module is approximately 0.50. Using equation 5.10, the actual
cooling power of the Peltier cooler was calculated to be 50.4 W when supplied
with the maximum voltage. Comparing this value with the heat load calculated
previously, the Peltier cooler module is more than capable of overcoming the
thermal conduction effects and reduce the temperature of the base plate and the
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sample to −10°C. If the Peltier cooler was operated at maximum voltage and all of
the heat from the hot side is continually removed, a temperature of −10°C could
be achieved in less than 6 seconds.

5.2.2.3 Heat sink

Assuming complete contact between the base plate, Peltier cooler, and the heat
sink; all of the heat pumped by the Peltier cooler from the cold side was transferred
to the hot side. At maximum voltage input to the Peltier cooler, the heat sink
need to be able to remove 50.4 W of heat. The most common way to do this for
a thermoelectric refrigerator is by using an air compressor fan that cools the fins
of a heat sink attached to the hot side of the Peltier cooler. For the nanoscratch
cooling stage, the use of an air compressor fan is not acceptable as it would produce
a significant amount of vibration and noise that will affect any nanomechanical
properties measured. Moreover, the relatively big size of the fan and heat sink
would prevent the nanoscratch cooling stage to fit inside the testing chamber of
the Hysitron TI-950 Triboindenter. The use of a water-cooled heat sink is essential
for this application and the design is shown in Figure 5.4.

The heat sink was made from aluminium due to its sufficiently high thermal
conductivity and easy machinability. The outer dimension of the heat sink was a
40× 40 mm aluminium block with a 5 mm diameter water channel inside the heat
sink. The wall thickness between the edge of the heat sink and the edge of the
water channels was 3 mm. This created a cooling water channel with a total length
of 170 mm inside the heat sink. The total surface area in contact with the cooling
water and available for heat transfer was then calculated to be 2.6× 10−3 m2. This
corresponded to an empty volume of 3.3× 10−6 m3 inside the water channel. The
heat sink was connected to a variable speed peristaltic pump that can manipulate
the flow rate of cooling water through the channel. For first estimation, it was
assumed that the entirety of this volume is filled by water and the entire volume
was refreshed every second. In other words, the volumetric flow rate of cooling
water inside the heat sink was taken as approximately 3.3 mL/s.

The goal of the heat sink was to keep the temperature of the hot side of the
Peltier cooler Th constant at 25°C by continually removing heat. The temperature
of the inlet cooling water Tw,in was assumed to be at the temperature of cold tap
water of 15°C. The density and specific heat of water was taken as the typical
values for incompressible liquid water of 1000 kg/m3 and 4200 J/kgK respectively.
Consequently, if it was assumed that the 50.4 W of heat from the hot side of
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Figure 5.4. CAD model of the aluminium heat sink in order to remove heat from the hot
side of the Peltier cooler. (a) 2D top view. (b) 3D view. (c) Predicted temperature profile
of the hot side of the Peltier cooler (red line) and the cooling water (blue line) across the
length of the cooling water channel. The total length of the cooling water channel inside
the heat sink is 170 mm.

the Peltier is completely transferred to the cooling water, the temperature of the
cooling water was expected to raise by 3.6°C as calculated by equation 5.11. Hence,
the temperature of the outlet cooling water Tw,out was expected to be 18.6°C.

The rate of forced convection heat transfer inside the heat sink Qh can be
expressed with the equation [164]:

Qh = UA∆TLMTD (5.15)

where A is the total area available for heat transfer and ∆TLMTD is the log mean
temperature difference of the heat sink, given by [164]:

∆TLMTD =
(Th − Tw,in)− (Th − Tw,out)

ln
(Th−Tw,in)
(Th−Tw,out)

. (5.16)
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U is the overall heat transfer coefficient per unit area of the heat sink and is
given by the expression [164]:

1

U
=

1

hw
+
xAl
κAl

(5.17)

where hw is the convective heat transfer coefficient, xAl is the thickness of the heat
sink wall, and κAl is the thermal conductivity of aluminium, given in Table 5.1.
The convective heat transfer coefficient was taken as the typical value for forced
convection of water inside a channel of 1000 W/m2K.

With the above parameters, the rate of forced convection heat transfer inside
the cooling water channel was calculated to be 20.6 W. Since this value is lower
than the heat that was pumped by the Peltier cooler from the cold side to the hot
side (50.4 W), the Peltier cooler could not perform at its maximum cooling power
and was limited by the heat removal in the heat sink.

With a cooling water volumetric flow rate of 3.3 mL/s, a heat transfer rate
of 20.6 W was achieved. This meant that the test temperature of −10°C could
theoretically be achieved within 15 seconds. The actual time required to reach the
test temperature was in fact observed to be significantly longer than 15 seconds due
to inefficiencies and heat gained from the environment. The cooling power of the
nanoscratch cooling stage could be improved by either increasing the volumetric
flow rate of the cooling water or reducing its inlet temperature Tw,in.

5.2.2.4 Temperature controller

During actual operations, the removal of heat in the heat sink was set to run at
a volumetric flow rate of approximately 3 mL/s. The voltage V supplied to the
Peltier cooler was then controlled to achieve the desired testing temperature within
a reasonable time frame.

The mains power supply supplied a 230 V, 50 Hz AC electricity to the power
supply (PS-12-8.4A, TE Technology Inc.), which converted the AC signal to a
steady current of 12V, 8.4 A DC electricity. The incoming DC signal was then
connected to a Pulse Width Modulation (PWM) temperature controller. The first
prototype of the nanoscratch cooling stage includes a design of a custom-made
PWM temperature controller using a programmable microcontroller as shown in
Figure 5.5.

Temperature reading of the sample and mild steel base plate was obtained
using a Type K thermocouple (chromel-alumel). The signal from the thermocouple
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Figure 5.5. Custom-made PWM temperature controller based on the programmable
Arduino Uno microcontroller. (a) Simple schematic of the connections to the components
in the temperature controller. (b) Photograph of the custom-made PWM temperature
controller.

was connected to a board (Thermocouple Amplifier MAX31855 breakout board,
Adafruit) to amplify the signal to the microcontroller. The DC electricity from the
power supply is connected to an H-bridge circuit (Simple-H board, Robot Power)
that convert constant voltage DC electricity input into pulses and forming square
waves alternating between 0 V and the input voltage (12 V) (Figure 5.6).

Figure 5.6. (a) PWM signal consists of square waves alternating between 0 V and
the input voltage to deliver an average voltage of Vavg. (b) By manipulating the pulse
width and period, the magnitude of Vavg supplied can be controlled to be higher or lower
depending on the need.
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The control was done automatically with a code embedded into the microcron-
troller (Arduino Uno Rev 3, Arduino) that manipulates the square wave period
and pulse width to control the average voltage supplied to the Peltier cooler. The
amount of average voltage Vavg to be supplied was controlled with a PID control
loop mechanism with the temperature reading as the feedback signal [134]. If the
measured temperature is far above the setpoint, continuous DC signal at 12 V
voltage was supplied to the Peltier cooler as the maximum voltage output. As the
temperature approached the setpoint, the signal was changed into square waves,
where the pulse width and period were controlled by the temperature controller to
reduce the cooling power and maintain the temperature at the set point. In the
final design, a commercially available PWM temperature controller (TC-48-20, TE
Technology Inc.) was used to convert the DC signal into a PWM signal instead of
the custom-made PWM temperature controller. The principle behind the TC-48-20
temperature controller is similar to the custom-made PWM temperature controller,
but it has been proven to be more robust and reliable. A simple flowchart that
describes the flow of electricity supplied to the Peltier cooler is shown in Figure
5.7.

Figure 5.7. Flowchart showing the electrical power supply to the Peltier cooler. Insets
show the type of electricity supplied at each stage with a plot of voltage V over time t.
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Instead of a K-type thermocouple, temperature reading was obtained from a
thermistor (MP-3193, TE Technology Inc.) connected to the mild steel base plate.
The resistance of the thermistor is highly dependent on its temperature, enabling
precise measurement of temperature. The temperature controller then automatically
adjusted the voltage input to the Peltier cooler with a PID control loop mechanism,
taking the temperature reading from the thermistor as the feedback signal [134].

5.2.2.5 First prototype

The first prototype of the nanoscratch cooling stage consisted of the Peltier cooler,
the mild steel base plate, the aluminium heat sink, and an acrylic casing with
screws to immobilise the sample. During nanoscratch testing, the sample must
not be allowed to move at all as this would have affected the lateral force and
displacement measured. This led to the first prototype of the nanoscratch cooling
stage as shown in Figure 5.8.

Figure 5.8. First prototype of the nanoscratch cooling stage. (a) 3D CAD model and
(b) Photograph of the nanoscratch cooling stage with the acrylic casing and sample
immobilisation screws.

The Peltier cooler was connected to the electrical supply as described in Figure
5.7 and the heat sink was connected to a variable speed peristaltic pump that
provide a continuous flow of 3 mL/s of cooling water at 15°C. With this set-up,
the minimum temperature of the mild steel base plate and sample was found to be
4°C with the maximum voltage output. This temperature was above the freezing
point of water at standard pressure, and so improvements needed to be made on
the nanoscratch cooling stage.

The second trial with the first prototype was done by reducing the inlet cooling
water temperature by adding ice cubes to the cooling water reservoir. This reduced
the temperature of the inlet cooling water to 5°C, and as a result the minimum
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temperature achieved with the first prototype was reduced to 0°C. Although ice can
barely form at this temperature, it is still above the desired testing temperature
for the ice nanoscratch.

In order to solve this problem and increase the cooling power of the nanoscratch
cooling stage to be closer to the ideal value calculated previously, two assumptions
made during the design were investigated. The first assumption that was challenged
was the complete contact between the surfaces of the base plate, Peltier cooler,
and heat sink at the interfaces. In reality, microscopic air gaps that were created
due to the surface asperities caused heat conduction between the components to
be disrupted, as shown in Figure 5.9a. The second assumption investigated was
that there was no heat gained by the heat sink from the surrounding environment.

Figure 5.9. (a) Real contact between surfaces of the mild steel base plate, Peltier
cooler, and heat sink were not achieved due to micro-asperities. Air gaps with low thermal
conductivity disrupted conductive heat transfer between the components. (b) Proposed
solution to minimise air gaps at the interfaces by applying compressive force to push the
three components together and adding a thermally conductive compound. The whole
stage should be encased in a thermally insulating material to reduce heat gained from the
environment.

To overcome the disruption of heat transfer caused by air gaps, the solution
illustrated in Figure 5.9b was proposed. First, a layer of high-density polysynthetic
silver thermal compound (Arctic Silver 5, Arctic) with high thermal conductivity
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was applied at the two interfaces between the components. Secondly, a heat
insulating casing was to be made to prevent heat transfer from the ambient
environment to the cooling stage, especially the heat sink. The casing consists of
two parts, where the top part encompasses part of the mild steel base plate. Screws
were then used to apply compressive stress to push the components together and
force the air bubbles out.

5.2.2.6 Second prototype

The solution proposed in Figure 5.9b was then modeled using the CREO Parametric
3D Modelling software (PTC), resulting in the design shown in Figure 5.10.

Figure 5.10. CAD model used for 3D printing of the heat insulating casing for the
nanoscratch cooling stage. (a) Assembled view. (b) Exploded view of the components.

The 3D model was used for the 3D printer available in the University of
Auckland (Project 3500HD Plus 3D Printer) to create a heat insulating casing
and plastic screws out of ABS polymer as shown in Figure 5.11. The threading of
the screws and drilling of the screw holes were done manually post 3D printing.
To make space for the thermistor, one of the corner of the casing did not have a
compression screw, as shown in Figure 5.10. The 3D printed casing was then fitted
inside a plastic container to act as safety walls in case there is a leak of the cooling
water flow.

With the second prototype, a stable test temperature of −10°C was achieved
within 5 minutes of turning on the cooling stage, as shown in Figure 5.11b. This was
done with a cooling water inlet temperature of 15°C. The trouble with the second
prototype arose when trying to mount the samples onto the stage. It was found that
the sample height was insufficient to be properly secured by the immobilisation
screws. This problem is illustrated in Figure 5.12.
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Figure 5.11. (a) Photograph of the nanoscratch cooling stage with the 3D printed ABS
casing, compression screws, and sample immobilisation screws. The whole cooling stage
was placed inside a plastic container to contain water in case of cooling water leakage. (b)
Temperature of the mild steel base plate over time as the second prototype cooling stage
was turned on.

Figure 5.12. The sample immobilisation screws could not secure the samples to be tested
due to minimum contact between sample and the screws. The presence of screws around
the sample was also a potential hazard to the lateral transducer in the nanoindenter.

The screw holes were placed 0.5 mm above the mild steel base plate. This
number could not be reduced any further as it would have compromised the
integrity of the screw holes in the casing. For a 1 mm thick sample, ideally half of
the height should have been in contact with the screws to prevent it from moving.
In reality, only a very small part of the sample sides were actually held by the
screws. The round shape of the disc also made it difficult to completely immobilise
the sample. This caused the sample move slightly and even slide under the screws
during mounting. This movement is unsatisfactory during nanoscratch testing as it
would have greatly affected any lateral force and displacement measured.
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Moreover, the use of sample immobilisation screws meant that there was a
solid surface physically higher than the sample in close lateral proximity of the
test area. This was a potential hazard to the nanoindenter as the tip was moved
laterally across the surface. If the nanoscratch tip inadvertently crashed into the
screws during testing, the side plates in the 2D plate transducer would have been
significantly damaged.

5.2.2.7 Third prototype

To stop the sample from moving without using the sample immobilisation screws,
a new top part of the casing with a slot for the specific shape of the sample was
3D printed from the same ABS polymer. The design for the prototype was made
to fit a 12× 10 mm rectangular sample with 1 mm thickness. This design is shown
in Figure 5.13.

Figure 5.13. Third prototype of the nanoscratch cooling stage. (a) 3D CAD model and
(b) Photograph of the nanoscratch cooling stage with the 3D printed ABS casing (different
colour) with a sample slot.

The sample slot was designed to stop the sample from moving in the direction
of the SPM raster scan and nanoscratch testing. A small clearance was made to
enable easy removal of the sample. The third prototype was done relatively quickly,
but the solution was impractical for two reasons. Firstly, the immobilisation only
worked when the sample is at the precise dimension it was designed to be. Slight
variations meant that the sample could move slightly during testing, which would
be significant in the nano-scale. Secondly, there would still be air gaps between the
bottom of the sample and the mild steel base plate, disrupting the conductive heat
transfer.
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Because of this, the idea of using a sample slot to immobilise the sample was
not pursued further. Instead, the top part of the casing was then redesigned to only
apply compressive stress to the components. Sample immobilisation was then to
be achieved by using an adhesive. It was also noticed that the lack of compression
screw at one of the corners of the cooling stage produced a significant gap between
the mild steel base plate and the Peltier cooler. Hence, for the next design, the slot
for the red cable was made bigger and the cable of the thermistor was redirected
through it to make space for another compression screw.

During the design of the third prototype, the safety walls were also redesigned.
Instead of a plastic container, a safety wall made of mild steel was to be created.
The reason for using mild steel was so that the magnets in the Hysitron testing
chamber could hold the whole stage in place without using additional elements. A
leakage overflow tube was added to direct any water that would fill the wall during
leakage to the cooling water reservoir. Silicon sealant was then used to fill the gaps
between the safety walls and water tubes to prevent leakage to the Hysitron test
area.

5.2.2.8 Final design

The final version of the custom-made thermoelectric cooling stage with a water-
cooled heat sink on the hot side is shown in Figure 5.14.

A simple schematic of the nanoscratch cooling stage set-up in the Hysitron
TI-950 Triboindenter is shown in Figure 5.15. The Peltier cooler was connected to
the temperature controller and power supply as described in Section 5.2.2.4 and
the heat sink to a peristaltic pump that circulated cooling water at 15°C from the
cooling water reservoir. Control of the nanoscratch tip and acquisition of force and
displacement measurement was done using the Hysitron TriboScan software.

The sample was then fixed to the base plate using a small amount of cyanoacry-
late adhesive to prevent it from moving during testing. Although the thermal
conductivity of cyanoacrylate is low (0.11 W/mK) [189], it was still better than the
thermal conductivity of air (0.023 W/mK). To test the reliability of this method,
the temperature of the sample was measured using a simple type K thermocouple
and compared to the reading obtained from the thermistor. It was found that the
sample temperature was very close to the thermistor reading (±0.5°C) and hence it
was assumed that the temperature of the sample was the same as the temperature
from the thermistor reading.
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Figure 5.14. Final design of the custom-made thermoelectric nanoscratch cooling stage
for sub-freezing temperature testing. (a) Assembled view of the 3D CAD model. (b)
Photograph of the nanoscratch cooling stage without the thermistor. (c) Exploded view of
the 3D CAD model of the components. (1) Plastic screws (2) Thermally insulating ABS
casing (3) Mild steel base plate (4) Thermistor (5) 195 W Thermoelectric Peltier module
(6) Water-cooled aluminium heat sink (7) Safety walls to prevent spilling of water in case
of leakage.

It is also worth noting that the thermally conducting silver compound could
not be used to affix the sample to the base plate. Due to the nature of nanoscratch
tests, a rigid adhesive such as cyanoacrylate must be used. Soft adhesives such as
the thermally conducting silver compound would introduce significant viscoelastic
effect to the forces and displacement measured and should not be used close to the
test surface.

This final design had the capability to set the temperature of the cold side to
be anywhere between 0°C and −15°C as required for the testing. Similar cooling
curves to the one from the second prototype (Figure 5.11b) was obtained where
higher testing temperatures were achieved faster. For a test temperature of −5°C,
the temperature was achieved in less than 3 minutes and remained stable (±0.5°C)
for at least two continuous hours. After that, it was found that the temperature of
the cooling water bath had increased and the temperature of the sample was raised
by 2 to 3°C as less heat was removed from the hot side of the Peltier module.
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Figure 5.15. Diagram of the setup used to control temperature of the sample using a
custom-made thermoelectric cooling stage.

5.2.3 Microscopic ice formation

To measure ice adhesion strength of a material using nanoscratch, it was necessary
to create ice droplets of suitable size to be scratched on top of the surface of the
sample. The approach used in this study was to condense water from the moisture
in the surrounding air and freeze them into microscopic ice droplets under the
nanoscratch tip. Previous studies have shown that these micro-condensation of
water droplets and freezing can lead to the formation of micro-nano scale ice
droplets with heights lower than 200 nm and diameters smaller than 1 µm [50,51].
In this project, the conical tip used had a much bigger radius of curvature of 3

µm to ensure that the entirety of the microscopic ice droplet was scratched. When
the cooling stage was turned on under the optical microscope in the Hysitron test
chamber, excessive water condensation and frost formation was observed on the
surface of the sample, as shown in Figure 5.16.
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Figure 5.16. Optical microscope images of the BA surface finish grade 304 stainless
steel as it was cooled down from 24°C to −10°C with a similar cooling curve as the one
shown in Figure 5.11b. Each optical microscope image shows an area of 772× 588 µm,
corresponding to the scale bar shown.
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This excessive water condensation was thought to be caused by the relatively
high humidity in the air (approximately 50 to 60%) above the sample. Relative
humidity and ambient temperature measurement were measured with a simple
digital hygrometer and thermometer combination (DHT22 temperature-humidity
sensor, Adafruit). Without any humidity and ambient temperature control, the
relative humidity of the test condition was measured to be 50% and the ambient
temperature was 24°C.

Initially, the moisture from surrounding air condensed as water droplets on the
surface (t = 20s in Figure 5.16). As the temperature cooled down further, more
water condensed and the droplets grew and agglomerated (t = 40s to t = 260s in
Figure 5.16). When the temperature dropped below the freezing point, condensation
was temporarily halted as the removal of energy caused water droplets to rapidly
freeze into ice droplets (t = 280s in Figure 5.16). With faster cooling rate, higher
test temperature, and lower relative humidity, the preferential formation of a higher
number of smaller ice droplets were observed. The capability of the nanoscratch
cooling stage set-up for obtaining optical microscope images of the condensation
and freezing process was recognised for a potential anti-icing characterisation
technique and some preliminary results are shown in Appendix A. However, the
focus of this thesis is for the development of the novel nanoscratch testing method
and so this potential was not explored further at this stage.

After all condensed water droplets froze, water condensation occurred again
and eventually a layer of continuous frost was formed on the surface of the steel
(t = 600s in Figure 5.16). This layer of frost was detrimental for the procedure as
it prevented the formation of discrete small ice droplets that could be scratched
with the nanoscratch tip. Even if there were any sub-micron sized ice droplets in
the space between the big ice droplets, any nanoscratch test on them would have
also hit the bigger droplets around it.

In an attempt to physically contact the tip with the frost to study its surface
topography, the nanoscratch tip could not establish contact with the surface of the
ice. The standard quick approach procedure to establish contact in a nanoscratch
test is illustrated in Figure 5.17.

The standard procedure to establish contact was to lower the tip onto the
surface until a small amount of feedback known as the setpoint force was recorded
and then retracting the sample slowly. The height at which the setpoint force was
recovered was then recorded as the height of the sample. Because condensation of
water droplets was a continuous process during the test, the layer of frost grew
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Figure 5.17. Quick approach procedure with the nanoscratch tip could not establish
contact when approaching fully frozen ice droplets. (a) Optical microscope image of
the area being approached showed a frost layer on the surface of the sample. (b) Quick
approach procedure to establish contact was not successful as the setpoint force as the
definition of contact was not recovered. (c) Illustration showing why the setpoint force
was not recovered. The ice grew thicker than 5.5 µm, preventing the tip to recover the
setpoint force even when the tip was fully retracted.

thicker over time. As the layer of frost grew thicker than the maximum normal
displacement limit of 5.5 µm from the initial contact point, the tip was unable
to recover the setpoint force even when the tip was fully retracted. This then
prevented the tip from defining a certain Z-axis coordinate as the point of contact
with the surface of the ice.

This setpoint force is typically set to 2 µN, but it could be set to be anything
from 0.5 µN to more than 100 µN. When the setpoint was decreased to 0.5 µN,
the same problem persisted as the frost layer grew thicker. When the setpoint was
increased to 10 µN, the force was sufficient to melt the ice and the surface of the
steel was contacted with the tip. However, soon after this point the equipment
encountered unexpected forces from the growing layer of frost and the water from
melted ice droplets. The test had to be stopped before any permanent damage to
the transducer was done.

It was then concluded that the contact between nanoscratch tip and the surface
must be established before the cooling stage was turned on and the ice droplets were
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formed. The tip could then be retracted slightly to hang very close to the surface
and allow microscopic ice droplets to form under the tip. Sub-microscopic ice
droplets formation was observed using this method in the research by Matsumoto
et al. [50, 51] that measured true ice adhesion strengths in the nano-scale using an
AFM instrument. The researchers reduced the temperature of the sample at low
relative humidity conditions with the AFM tip in close proximity to the surface
of the sample. Because the tip was at a higher temperature than the surface,
subsequent water condensation and ice droplets formation were suppressed under
the tip, resulting in much smaller ice droplets.

Two solutions were considered for the reduction of relative humidity in the
surrounding air. The first was to use a desiccant to absorb moisture from the air by
using a calcium chloride (CaCl2) dehydrate (E509, IngredientStop). Approximately
100 g of the fine white powder was placed in an unsealed container inside the test
chamber for 24 hours to reduce the humidity. With this approach, the relative
humidity of the test chamber was reduced to approximately 30%. The second
solution was to use an inflow of dry N2 gas (Nitrogen Industrial Grade, Oxygen
Free, BOC) to replace the air inside the test chamber. With this approach, a
relative humidity of 10% was achieved in about 30 minutes. The difference in water
condensation and ice droplets formation for the three different humidity values is
shown in Figure 5.18.

It can be seen that the ice droplets were significantly smaller and more discrete
with lower relative humidity. However, even with the 10% relative humidity from
the dry N2 gas environment, the ice droplets were still visible with the optical
microscope (approximately 10 µm in diameter in Figure 5.18c). These ice droplets
were still too big for nanoscratch testing where a tip with a radius of curvature
smaller than 10 µm was used.

The heat transfer behaviour of the nanoscratch tip is illustrated in Figure 5.19.
Two different tips were considered for this study. The normal conical tip consists
of a plastic holder and a diamond conical tip, while the fluid cell cono-spherical
tip had an extended metallic shaft (approximately 10 mm long) between the tip
holder and the diamond tip. In terms of the intrinsic heat transfer properties of the
nanoscratch tip, the plastic tip holder is thermally insulating while the diamond
tip and metallic shaft are thermally conducting [131]. In both cases, the plastic tip
holder had stored heat from being in contact with the transducer plate and room
temperature air.

For this procedure, the tip needed to have some amount of stored heat to
suppress formation of big ice droplets but not enough heat to melt microscopic ice
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Figure 5.18. Optical microscope images of the BA surface finish grade 304 stainless
steel just before the cooling stage was activated and 5 minutes after it was turned on
(T = −10°C) at different relative humidity values. (a) No humidity control. (b) CaCl2
desiccant. (c) Dry N2 gas. With decreasing relative humidity, fewer and smaller water
droplets (and subsequently ice droplets) were formed.

droplets during nanoscratch. With a standard conical tip, the plastic tip holder was
much closer to the surface of the sample (Figure 5.19a). Since diamond has very
high thermal conductivity [131,181], the stored heat would be thermally conducted
to the surface rapidly when in contact with the sample. The final equilibrium
temperature of the diamond tip during testing would be affected by the heat
transferred to the sample and the stored heat in the plastic tip holder.

With the fluid cell conical tip, the extended metallic shaft would cause the
diamond tip to be colder in less time than the standard conical time when in
contact with the surface (Figure 5.19b). Because the surrounding air close the
surface was relatively colder than the tip at room temperature, the stored heat from
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Figure 5.19. Simple diagram illustrating the heat flow in the nanoscratch probe with a
(a) standard conical tip and (b) fluid cell conical tip.

the tip holder and transducer plate was dissipated through thermal conduction.
Moreover, the shaft was dimensionally thinner than the plastic holder, which meant
there was considerably less stored heat in close proximity to the surface. Hence,
less heat was transferred to the diamond tip in contact with the surface for a fluid
cell conical tip than a standard conical tip in the same amount of time. This served
to prevent melting of ice droplets during nanoscratch and hence the fluid cell tip
was chosen to be used for all nanoscratch testing.

All of these considerations led to the development of a microscopic ice formation
procedure as summarised in Figure 5.20.

The first step in the microscopic ice formation procedure was to establish
contact on the surface at room temperature and perform indents to serve as a
landmark. An area on the surface that included these indents was imaged by
performing a 50×50 µm SPM scan at room temperature with the setpoint force set
at 2 µN. This image was labelled the "Pre-Test" SPM scan. After the Pre-Test SPM
scan was obtained, the nanoindenter tip was raised 100 nm above the surface and
the cooling stage was turned on to reduce the surface temperature to −10°C. This
process took approximately 2 minutes before the temperature was stable. During
this time, water droplets condensed from the surrounding air and subsequently
froze into ice droplets on the surface. Because the tip had some stored heat, the
area surrounding the nanoscratch tip had considerably less condensation, forming
smaller and more discrete ice droplets. Optical microscope images of the surface
before the Pre-Test image and immediately after the tip was withdrawn from
the surface confirmed this phenomenon (Figure 5.20b and c). This process also
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Figure 5.20. Microscopic ice formation procedure for the nanoscratch test. (a) Illustration
showing the steps involved in the microscopic ice formation procedure. (b) Optical
microscope image of the surface of the sample at room temperature before the cooling
stage was turned on and (c) at −10°C immediately after the tip was withdrawn from
the surface. 20× 20 µm Force Gradient Forward (GF) SPM images of the (d) Pre-Test
SPM scan at room temperature and (e) Pre-Scratch SPM scan at −10°C. Note that slight
vibrations caused by cooling water flow cause the horizontal line artefacts observed.

significantly reduced the nanoscratch tip from room temperature to the testing
temperature.

After more than two minutes had passed and the surface temperature stabilised
at −10°C, the tip was once again lowered into contact with the sample. Another
SPM scan of the surface was done with 2 µN setpoint force and this image was
labelled the "Pre-Scratch" SPM scan image. Comparing the Pre-Test and Pre-
Scratch images, new features in the Pre-Scratch image that were not present in
the Pre-Test image were assumed to be ice droplets that formed on the surface
of the sample. The landmark indents helped to identify where on the surface
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the Pre-Scratch image relative to the Pre-Test image was. A sample comparison
between the Pre-Test and Pre-Scratch images is shown in Figure 5.20d and 5.20e.

With this procedure, excessive condensation on other parts of the surface
was irrelevant as long as there were microscopic ice droplets formed under the
nanoscratch tip. However, humidity control was still needed to enable comparison
of results from the test without being affected by relative humidity. For safety and
practicality reasons, all nanoscratch ice adhesion measurement tests in this study
were performed with the CaCl2 desiccant and not the dry N2 gas environment.
In other words, all of the results obtained in this study were performed with a
relative humidity value between 30 to 35%.

Experiments on a surface with melted ice that has a layer of liquid water caused
the tip to slip significantly during SPM scans and produce bad SPM images (Figure
5.21a). Although the line profile of the Pre-Scratch image did detect some features
that were likely to be ice droplets (Figure 5.21b), these results were deemed to be
untrustworthy. This phenomenon was also observed for subsequent tests with a
wet tip, which led to the need of tip cleaning before reliable results were obtained.

Figure 5.21. (a) Topography Forward (TF) SPM image obtained when either the surface
of the sample and/or the nanoscratch tip was wet with water from the melted ice. (b)
Line profile of the vertical line showed in the TF SPM image.

5.2.4 Nanoscratch procedure development

Since the experiments were done with a 3 µm radius of curvature fluid cell conical
tip, only ice droplets with a measured diameter of less than 3 µm were considered.
Once a suitable ice droplet was found in the Pre-Scratch image, the nanoscratch
tip was centred at approximately 2 µm from the ice droplet in the same vertical
line of the SPM image where the nanoscratch path would be.

Since the size of ice droplets were small, it was assumed that the condensed
droplet had a hemispherical shape and a circular area of contact with the surface.
This is a similar assumption that other researchers had also made in another
nano-scale ice adhesion study [49–51]. To avoid overestimation of the ice droplet’s
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Figure 5.22. (a) Pre-Scratch image of an ice droplet and line topography profiles of
the vertical and horizontal lines shown. (b) Schematic showing why the vertical distance
from the raster scan was taken as the diameter of the ice droplet instead of the horizontal
distance to avoid overestimation of the ice diameter.

diameter from the SPM scan due to tip slipping when scanning the slippery surface
of the ice, the vertical distance was measured instead of the horizontal distance
from the Pre-Scratch SPM scan image with the Hysitron TriboView software. An
example of this is shown in Figure 5.22a and the tip effect is illustrated in Figure
5.22b. As can be seen from Figure 5.22b, in that particular example the horizontal
distance of 3.03 µm significantly overestimated the actual diameter of the droplet of
0.73 µm. The height of the ice droplet was measured to be 51 nm for the horizontal
scan and 48 nm for the vertical scan. This is consistent with the findings from
the work of Matsumoto et al. that compared heights of ice droplets with their
respective diameter using an AFM equipment [49].

The nanoscratch testing procedure consists of three steps, shown in the load
function in Figure 5.23a and illustrated in Figure 5.23b. Prior to these three steps,
the nanoscratch tip scanned the surface 5 µm in the +Y direction in order to
measure the tilt of the sample and correct the final normal displacement result.
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Figure 5.23. (a) Example Pre-Scratch image of the ice droplet to be scratched. (b)
The load function used for nanoscratch testing procedure. The top graph shows the
normal force actuated on the tip over time, while the bottom graph shows the lateral
displacement of the tip over time. (c) Simple illustrations of each step in the nanoscratch
testing procedure. The red dashed line shows the path travelled by the edge of the tip
during each step.
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The three steps in the procedure were as follows:

1. Pre-Scan scans the surface of the sample as the nanoindenter tip is moved
10 µm vertically with 0 µN axial force. The purpose of this step is to ensure
that the ice droplet to be scratched is on the path of the nanoscratch test.

2. Scratch moved the tip 10 µm vertically in the other direction with a certain
amount of axial force in order to mechanically shear ice and remove it from
the surface.

3. Post-Scan scans the surface of the sample 10 µm vertically after the nano-
scratch was done to confirm removal of the ice droplet.

The amount of axial force required for the nanoscratch test was determined
through trial and error tests with the stainless steel sample at room temperature.
The force must be large enough to prevent the tip from raising and following the
topography of the ice droplet during the scratch step but not big enough to make
the tip dig through the steel surface and leave a visible scratch mark. As shown in
Figure 5.24, 150 µN was selected as the optimum amount of axial force that would
not leave a visible scratch mark after the nanoscratch procedure.

Figure 5.24. TF SPM images of the BA surface finish 304 stainless steel sample scratched
by the fluid cell conical tip with different maximum axial loads.
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During the nanoscratch load function procedure, four quantities experienced by
the nanoscratch tip were recorded, namely the normal force, normal displacement,
lateral force, and lateral displacement over time. These quantities were then
analysed to characterise the force required to remove the ice droplet from the
surface. The ice adhesion strength was then normalised by dividing this value with
the circular contact area of the ice droplet calculated from the previously measured
diameter of the ice droplet.

5.3 Results and discussions

As with the previous chapter that developed macro-scale tensile testing to measure
ice adhesion strength of stainless steel, the nanoscratch testing procedure was done
on grade 304 stainless steel surfaces with different surface finishes (BA, no. 4, and
2B). Sample images of the ice droplets measured on each of these surfaces are
shown in Figure 5.25.

Figure 5.25. Sample images of the ice droplets formed on stainless steel surfaces with
different surface roughness values. Different samples from the same batch of stainless steel
samples used in Chapter 4 in this thesis were used.
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5.3.1 Nanoscratch result analysis

A sample result of the nanoscratch data obtained by performing the procedure on
the ice droplet shown in Figure 5.22a is shown in Figure 5.26. The first step of
the analysis was to look at the top right graph of normal displacement over time
during the Pre-Scan step (t = 5 to 21 s). The presence of ice was confirmed by
the bump (approximately 50 nm in height, similar order of magnitude to the ice
droplet measured in Figure 5.22a) detected by the tip.

Figure 5.26. Nanoscratch data obtained from the Hysitron TriboScan software during
ice adhesion strength measurement after tilt correction. The four graphs shown are (top
left) normal force over time (top right) normal displacement over time (bottom left) lateral
force over time and (bottom right) lateral displacement over time.

The next step was to find the position of this bump during the Scratch step of
the load function. This was done by drawing a horizontal line from the position of
this ice droplet at the bottom right graph of lateral displacement over time. At
this position, it can be seen in the bottom left graph of lateral force over time
that the tip measured a jump in force measured when the ice was scratched off
the surface. This lateral force was measured to be 11.1 µN and taken as the ice
adhesion force of the sample. The last step was to interpolate the position of the
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scratched ice to the Post-Scan step of the load function to confirm full removal of
the ice droplet from the surface, confirming that full adhesive failure had occurred.

Not all of the tests result in full adhesive removal of the ice droplet and these
results were disregarded. Examples of the unexpected results that do not show
fully adhesive failures are shown in Figure 5.27.

Figure 5.27. Plots of normal displacement (left) and lateral force (right) measured
over time for the faulty results. Three categories were disregarded during nanoscratch
testing procedure. (a) Post-scan testing procedure revealed leftover ice. (b) Surface asperity
scratched instead of an ice droplet. (c) No feature to be scratched was found.

There were three major types of faulty results observed. The first one was when
the Post-Scan step revealed that there was some ice left behind after the scratch.
These failure events involve either elements of cohesive failure within the ice or
partial melting of the ice droplet when some force was applied to it. The second
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type of faulty result was when the feature thought to be an ice droplet was in fact
a surface asperity of the steel. These results show a significantly higher jump in
force when it hit the surface asperity. The third was when the Pre-Scan step did
not find any feature to be scratched even though an ice droplet was found in the
Pre-Scratch image. This could happen either because the tip was inadvertently
misplaced by the machine or the tip was not cold enough and the ice droplet melted
during the procedure.

The ice adhesion strength was then calculated by dividing the ice adhesion
force with the circular area of contact between the ice droplet and the steel surface.
For the sample shown in Figure 5.22„ the ice adhesion strength was calculated to
be 4.3 MPa. This number was found to be in the same order of magnitude as the
previously reported value of true ice adhesion strength of stainless steel plate in
the nano-scale measured by Matsumoto et al. [51].

If another SPM scan was done on the surface of the steel immediately after
the nanoscratch procedure was done, it could be seen that the ice droplet found in
the Pre-Scratch image was removed from the surface. An example of this is shown
in Figure 5.28.

Figure 5.28. SPM image of the surface of the steel at −10°C (a) before and (b) after
the nanoscratch procedure. It can be seen that the ice droplet that was detected was no
longer present after the nanoscratch procedure.

As can be seen from Figure 5.28b, the ice droplet was removed during the
nanoscratch procedure. It was unclear whether the smaller ice droplets vertically
above the original position of the ice droplet had been there before the nanoscratch
procedure or not. The ice droplet could either be dragged by the tip and broken
into the smaller ice droplets or thrown completely off the SPM scanning area
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during nanoscratch. Either way, adhesive failure occurred and the force measured
could be taken as the ice adhesion force of that particular ice droplet.

5.3.2 Ice adhesion strength of stainless steels

With the nanoscratch procedure and measured forces analysis developed, the
procedure was then repeated on the three stainless steel substrates until five fully
adhesive failures were observed on each sample. The result is shown in Figure 5.29.

Figure 5.29. (a) Surface roughness and advancing water contact angle of the three
different steel samples, as previously reported in Chapter 4. (b) Shear ice adhesion strength
of the three different surface roughness grade 304 stainless steel samples at −5°C and
−10°C. The error bar show one standard deviation from five independent measurements
on the same surface.

As previously mentioned, the values of ice adhesion strength measured is at
least an order of magnitude higher than the values measured in the macro-scale.
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However, this is consistent with the nano-scale true ice adhesion strength values
measured by Matsumoto et al. [51] using an AFM equipment. The reason for
this significantly higher value was thought to be the absence of influence from
incomplete contact area that would always be observed in macro-scale tests. In
macro-scale tests, microscopic air gaps at the steel-ice interface led to the formation
of Cassie-Baxter ice droplets that have less true area of contact with the surface of
the underlying substrate, as described in Chapter 2. This is illustrated in Figure
5.30.

Figure 5.30. Illustrations showing the ice-substrate interface. (a) Macro-scale ice droplets
have microscopic air gaps at the ice-substrate interface that reduce the area of contact
between ice and the substrate due to the surface asperities of the substrate. (b) If the size
of the ice droplet is much smaller, the shape of the ice-substrate interface conformed to
the shape of the surface asperities. A rough surface would have a much higher true area
of contact than a smooth surface.

The three samples showed the same trend when the tested at −5°C and −10°C.
The smoothest surface steel A showed the lowest ice adhesion strength while the
roughest steel C showed the highest ice adhesion strength. This observed trend
is in contrast with the reported trend in macro-scale tests laid out in Chapter 2
where a rougher surface showed lower ice adhesion strength. The reason for this
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was thought to be the same as to why the measured micro-nano ice adhesion was
significantly higher than the macro-scale tests.

For macro-scale tests, it is far more likely for a Cassie-Baxter water droplet
with air gaps at the interface to form on a rough surface than on a smooth surface.
With a fast enough cooling rate, these water droplets then likely froze to be Cassie-
Baxter ice droplets that still had the air gaps. When the size of the ice droplets is
much smaller, however, it is more likely that any ice droplets formed from water
droplet condensation to be in the Wenzel state that conformed fully to the surface
roughness and hence had much higher true area of contact for the same apparent
area of contact. As a result, there were much more interaction between the surface
atoms of the steel substrate and ice for a rougher surface than a smooth surface.
Thus, higher ice adhesion strength was measured for a rougher substrate.

The steel samples showed higher ice adhesion strength at −5°C than in −10°C.
The reason for this was thought to be caused by the formation of nano-cracks at
the ice-steel interface during the formation process of ice droplets, as illustrated in
Figure 5.31.

Figure 5.31. Illustration showing the formation of nano-cracks at the ice-substrate
interface at (a) −5°C and (b) −10°C. At lower temperatures, more contraction occurred,
leading to the formation of more nano-cracks.

Similar to the expansion and contraction of water and ice observed in Chapter
4, the same phenomenon also happened in the micro-scale in this case. When
the condensed water droplets froze into ice droplets, the phase change caused a
reduction in density and the volume of the ice droplet increased slightly. When the
temperature was cooled further, the H2O molecules in the ice were packed tighter
and the density increased, causing the ice droplet to shrink slightly. On the other
hand, the atoms in the surface of the steel substrate also packed closer together due
to the cooling, but at a different rate. The difference in contraction rate exerted
some amount of stress at the interface that was thought to cause the formation of
nano-cracks at the ice-substrate interface. At lower temperatures, the degree of
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density changes in both the ice and the surface increased and more nano-cracks were
formed. These nano-cracks act as stress concentrators that weaken the interfacial
bond between ice and the substrate, causing the measured ice adhesion strength
to be lower at lower temperature.

It is also worth noting that the results of this ice adhesion strength quantification
method is based on the apparent contact area of the ice-solid interface measured
with the SPM scanning procedure and this value is likely to differ from the true
contact area. Proper measurements of the true contact area was not done with
the Pre-Test SPM scanning images as they were obtained using a round conical
tip that would have introduced significant tip effects as described in Chapter 3.
However, since the apparent contact area of the ice-solid interface was measured in
the micro-nano scale for a microscopic ice droplet, it is more likely for this value
to be closer to the true area of contact than ice adhesion strength values measured
in the macro-scale.

5.4 Conclusions

A novel way to measure shear ice adhesion strength of materials in the micro-nano
scale was developed in this study to enable a more objective and repeatable data
less affected by various factors that influence macro-scale ice adhesion failures. This
method was made possible with the use of nanoscratch technique combined with a
custom-made cooling stage based on the thermoelectric principle. The nanoscratch
procedure was done using a 3 µm radius of curvature diamond fluid cell conical
tip to prevent melting of the ice droplet during nanoscratch.

Microscopic ice droplets (less than 3 µm in diameter and 100 nm in height)
were formed on the surface of the samples through a specially-developed procedure
that made use of the humidity of the environment and heat transfer properties of
the nanoscratch tip. Due to the small size of these ice droplets, the shape could be
assumed as hemispherical and the area of contact to be circular. The diameters of
the ice droplets formed were measured from the vertical rastered distance instead
of the horizontal distance to avoid overestimation caused by the tip slipping when
in contact with the slippery surface of ice.

The nanoscratch testing procedure was done in three steps. The Pre-Scan step
first confirmed the presence of the ice droplet in the path of the nanoscratch. The
Scratch step applied normal force to keep the tip in contact with the surface of
the substrate and apply shear stress to the ice droplet. By performing a Post-Scan
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of the surface after the nanoscratch procedure, complete removal of the ice can
be confirmed to ensure fully adhesive failure instead of a cohesive-adhesive failure
that often happen in macro-scale ice adhesion tests.

By performing the test on surfaces with very different surface roughness and
the same surface chemistry, it was seen that the true ice adhesion strength was
much higher for a rougher surface than a smoother surface, as a rougher surface
would have much higher true contact area for the same apparent contact area. This
implies that the ice adhesion strength measured using this method is the true ice
adhesion strength of the material that is more dependent on the properties of the
surface rather than the properties of the ice. This value was also much higher than
conventional values measured in the macro-scale and also in agreement with the
nano-scale true ice adhesion strength measured by other researchers using an AFM
equipment.

It is also important to note that although the values of ice adhesion strength
obtained from this method are thought to be closer to the true ice adhesion
strength, they are still likely to not be the true ice adhesion strength of a material.
The main reason for this is thought to be the fact that the values are based on
the apparent contact area of the ice-solid interface and not the true contact area.
Further study with accurate measurements of the true contact area before the
nanoscratch procedure was done could prove beneficial in the effort of quantifying
the true ice adhesion strength of a surface. This study could be done with the help
of the Hysitron TI980 Triboindenter that is equipped with dual transducer heads
that can enable testing with two tips, a sharp tip for imaging and a conical tip for
scratching.

While real-world applications are almost always in the macro-scale and not in
the nano-scale, the results of this experiment are still valuable in the field of ice
adhesion strength. There are still much to be understood about the mechanism of
ice adhesion to various surfaces, and this method confirmed the hypothesis that
increased interaction between surface atoms of the substrate and the ice increased
the ice adhesion strength. Practically, with the development of this micro-nano scale
ice adhesion strength testing method, objective comparison between ice adhesion
strength reduction studies can be made easier.





Chapter 6

Ion implantation of stainless steel

Anyone who never made a mistake
never tried anything new

− Albert Einstein

This chapter describes the process of bombarding a stainless steel substrate with
ions to change its surface properties. The first treatment involves bombardment
with Xe+ ions that cause atomic sputtering and create nano-scale topography
features on the surface of the sample without changing its surface chemistry. The
second treatment was the implantation of CF+ ions near the surface of the steel in
order to change its surface chemistry. A combination of both treatment was also
considered. The goal of these treatments was to improve the hydrophobicity of
stainless steel and reduce its ice adhesion strength.

6.1 Introduction

By manipulating the wettability of solid surfaces, functional surface properties
such as self-cleaning, anti-icing, anti-fogging, and anti-adhesive surfaces can be
achieved [12, 38, 190–192]. These properties can be obtained by making the surface
tend to hydrophobic with high advancing water contact angles (close to or greater
than 90°) and low contact angle hysteresis [193,194]. When a water droplet sits
on a surface, it could either penetrate into the asperities (Wenzel state) or sit
on top of the asperities and/or air bubbles within the asperities (Cassie-Baxter
state). Superhydrophobicity (a contact angle higher than 150°) is usually achieved
by manipulating the surface chemistry and roughness of materials to force water
droplets to be in the Cassie-Baxter state rather than the Wenzel state [12, 193].

153
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The general consensus is that high advancing contact angle and low contact angle
hysteresis is obtained by creating surfaces with low surface energy and hierarchical
micro-nano scale roughness [193,195–197]. Surfaces with high contact angles have
big potential to be used for various applications such as paints, solar cells, windows,
and textiles to prevent dirt contamination, ice accretion, and many other kinds of
fouling [26,71,192,198].

Hydrophobic metals are of special interest due to their common use in many
engineering applications. Although metals are generally hydrophilic with high
surface energy and low water contact angle [42], it is possible to modify the surface
of metals to create a durable superhydrophobic surface. Several researchers have
been able to create superhydrophobic surfaces on copper, aluminium, and alloys
such as stainless steel by combining hierarchical micro-nano surface topography
with low surface energy [195, 197, 199]. This has been achieved using various
methods. Examples include chemical etching [195], electrodeposition [200], coating
with a lubricant impregnated surface [108], or ion implantation [201].

This study investigated the potential application of ion implantation technique
to create an icephobic surface with low ice adhesion strength. The characterisation
methods for ice adhesion strength measurements were described in previous chapters
and these methods were used to quantify the ice adhesion strengths. This chapter
will describe the process of ion implantation of Xe+ ions and CF+ions on stainless
steels and the surface characterisations of the resulting materials. The wetting
properties and ice adhesion strength measurement results are then discussed and
compared to the structural and composition changes of the stainless steel.

Stainless steels (SS) are chosen as the substrate due to their widespread use in
many practical engineering applications. This study focuses specifically on the two
commonly used grade 304 and grade 316 stainless steels. The two grade stainless
steels are almost identical in terms of physical and mechanical properties, but the
grade 316 stainless steel contains approximately 2− 3% Mo that protects it against
corrosion in the presence of chloride and other industrial solvents. In this study,
grade 316 stainless steel was used for surface topography modification studies
and grade 304 stainless steel was used for surface chemistry modification studies.
The main reason for this was to better understand the effect of surface chemistry
changes in the relatively simpler chemical make-up of the grade 304 stainless steel
as compared to grade 316. Table 6.1 shows the chemical composition of these two
stainless steel grades [30].

Ion implantation is a surface modification technique that involves bombarding
a solid surface with high energy ions. Because of the high energy deposited during
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Table 6.1. Chemical composition of the common grade 304 and grade 316 stainless
steels [30].

Grade Atomic Percentage (%)
C Si Mn P S Cr Ni Mo N Fe

304 0.08 1.00 2.00 0.05 0.03 18.0 8.0 - - 70.8
316 0.08 0.75 2.00 0.05 0.03 16.0 10.0 2.0 0.10 69.7

implantation cascades and the short time scale at which the interaction occurs, ion
implantation can lead to structural and chemical changes otherwise not possible
[202]. A simple illustration on how impacting ion beams could interact with the
atoms on the surface is shown in Figure 6.1.

When the ions hit the surface of the substrate, it can interact with the surface
atoms in two different ways [203]. Firstly, the bombarding ions would rapidly
lose its kinetic energy and be implanted as atoms near the surface, changing the
surface chemistry of the substrate. By using the right combination of ion beam
and substrate, the surface energy of the surface can be lowered, which can lead
to lower ice adhesion strength of the surface. Secondly, atomic sputtering of the
surface of the substrate could occur. Prolonged irradiation of the surface with an
ion beam could lead to significant surface topography modifications. Under the
right conditions, ion beam sputtering could be done in order to create either a
smooth a rough surface in the nano-scale.

A study was done by Flege et al in 2011 that used ion implantation with

Figure 6.1. Simple illustration of how impacting ions could interact with the atoms
in the surface of a substrate. The implantation process involves ions settling and be
embedded as neutral atoms near the surface, while the sputtering process caused surface
erosion through sputtering of surface atoms. Adapted from [203]



156 Ion implantation of stainless steel

different fluorinated compounds on stainless steels to lower the surface energy and
increase the water contact angle [201]. It was found that the treatment increased
the static water contact angle of the surface to almost 100° from the commonly
observed hydrophilic stainless steel contact angle of approximately 70° [177,204].
Even though the increased water contact angle was still not superhydrophobic,
Flege et al showed that changing the surface chemistry of stainless steel through
ion implantation could increase the static contact angle of the steel.

Other than changing the surface chemistry, ion implantation could also be used
to change the surface topography of the substrate. When an ion hit the surface,
it can sputter surface atoms away, including the atoms that were just implanted
onto the surface. The sputtering yield, or the rate of sputtered atoms per incident
ions, depend on the incident ion mass and energy, incidence angle, and the target
material’s properties. Significant changes to the surface topography from such
sputtering usually require high implantation doses [205]. Under the right conditions,
ion implantation can be used to clean the surface of impurities and small substrate
asperities to create an ultra-smooth surface [206,207].

When the ion dose is increased, the implantation can lead to the formation of
a precipitate. With inert gas ions, gas bubbles can form in the material within
the implantation range that can plastically deform the surface, leading to the
formation of blisters [208–210]. Moreover, the deformations from these bubbles
can induce high residual stresses [211] that will change the surface’s structure
and mechanical properties [212]. The rough non-uniform surface caused by the
bubbles is usually considered an undesirable surface imperfection [213]. However,
with the rise of interest on hierarchical micro-nano structures for surface wetting
modification purposes, the possibility of creating nano-scale roughness using these
bubbles is worth investigating.

Nano-scale ripple patterns and increases in the roughness of the material’s
surface have also been seen in ion implantation and were thought to be dependent
on the ion beam’s angle of incidence as well as the crystallographic orientation
of the grains [52, 53]. In metals, the ripples have been found to vary between
different grains on the surface, which has been attributed to preferential sputtering
of metal grains with different crystallographic orientations on the surface [214],
impurities, and surface atom diffusion [215,216]. Moreover, it was also found that
this preferential sputtering induces residual compressive stresses on the surface that
can change the physical properties of the material [217,218]. The atom displacement
mechanisms that cause this ion beam ripple patterning effect have been modelled
elsewhere by other researchers [219–222].
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6.2 Experimental

The experiments for investigating the effects of surface topography and surface
chemistry modifications on stainless steel substrates using ion implantation are
divided into two parts. The first part involves bombarding the samples using
Xe+ ions, CF+ ions, and a combination of the two ions. The second part is the
characterisation of these samples to confirm the surface topography and chemistry
changes, as well as the change in their ice adhesion strengths with the methods
outlined in Chapters 4 and 5.

6.2.1 Ion implantation

The ion implanter consists of an ion source, a mass selector, an accelerating column,
electrostatic lenses, and a target chamber. All of these components operate in high
vacuum (approximately 10−4 to 10−6 Pa). The Penning gas ion source creates a
plasma of ionised atoms and electrons, from which positive ions are extracted using
a magnetic field. The ion source is set a high positive voltage so that ions leaving
the source are accelerated towards the first grounded electrode of an Einzel lens
which also serve as an extraction cone. The electrostatic Einzel lenses then focus
the beam to a few millimetres in diameter. The ion beam then passes through
a 90° bending electromagnet where the specific type of ion to be implanted can
be selected by adjusting the value of the magnetic field B. At the GNS Science
facilities where this study was undertaken, the electromagnet also provides further
focusing of the beam to magnetic field gradients in this magnet. After the mass
selector, the beam passed through a small aperture to limit the ion beam diameter
to typically 10 to 12 mm. A magnetic quadrupole was used to adjust the focus of the
ion beam on the target. A removable Faraday Cup was used to confirm the presence
of the ion beam and measure the ion beam current at an intermediate position
during the setting up of the ion implantation experiment. During implantation, the
Faraday Cup was removed and the beam passes through two electrostatic steering
plates to steer the beam in the X and Y directions, enabling the beam to scan over
the surface of the target sample. The Faraday cup is also used to rapidly cut the
beam path to stop the implantation. A simplified schematic of the low-energy ion
implanter equipment is shown in Figure 6.2.
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Figure 6.2. Simplified schematic of the low-energy ion beam implanter system at GNS
Science. Adapted from [55].

Low energy xenon ion implantation was done in order to clean surface impurities
and create nano-scale roughness within the micro-scale grain structure of the
metal [55,223]. Xenon was chosen as the inert gas ion source due to its high atomic
mass (Ar = 131 g.mol−1), hence leading to a higher sputtering yield than lighter
noble gas. Thus, bombarding the stainless steel surface with xenon can significantly
modify the surface topography of stainless steels [203].

The samples for surface topography study were cut from a single 1mm thick
sheet of grade 316 stainless steel (316 SS) into six 10 × 12 mm rectangles. Xe+

ions were extracted from a Penning ion source at an accelerating voltage of 20

kV for all samples and selected with the 90° mass analyser magnet. These ions
were then implanted into the surface of five of these samples with the different
fluences (ions per cm2). Ion implantation was carried out at 0° and 45° angle
of incidence to promote atomic sputtering. To limit a significant increase in the
samples’ temperature, the ion beam current density for all ion implantation was
kept within 7 to 10 µA·cm−2. Simulations of the interaction between ions and
atoms in the surface during the ion implantation process using were done with the
Dynamic Transport of Ion in Matter (D-TRIM) software [224] with 20 keV energy
ions. It was found that implantation ranges of approximately 7 nm and 5 nm for
0° and 45° incident ion angle respectively for Xe+ ion implantation were to be
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expected. The maximum concentration of Xe atoms in the stainless steel substrate
and the sputtering depth were also calculated using the D-TRIM software and the
expected concentration profile is shown in Figure 6.3a. The control sample was
labelled XC and the other samples were labelled X1 to X5.

For surface chemistry modification, fluorine rich hydrocarbon ions CxHyFzq+

(also known as CF+ ions) were implanted on the surface of the stainless steel sub-
strates. The ions were sourced from a liquid solution of 80% technical grade heptade-
cafluorodecahydro(trifluoromethyl)naphthalene (C11F20, perfluoro(methyldecalin),
mixture of isomers, Sigma Aldrich). The liquid was vapourised into gaseous form
and then ionised. The highly reactive CF3 functional groups in the isomer were
the easiest to break and most likely to then be ionised into CF+ ions. These ions
were then selected in the 90° bending electromagnet and then implanted onto
the substrates. Upon entering the surface, the C-F bond in the ion is very likely
to break during the first collision in the cascade, breaking the ion down into C
(Ar = 12 g·mol−1) and F (Ar = 19 g·mol−1) atoms.

Because of this, simulations of the ion implantation process with CF+ ions are
not as simple as the implantation with the Xe+ ions. This difference is highlighted
in the difference seen in the implantation range and sputtering yields obtained with
simulations using the Stopping and Range of Ions in Matter (SRIM) and Transport
of Ions in Matter (TRIM) software [225], shown in Figure 6.3b for CF, C, and F
atoms. The 20 keV kinetic energy of the CF+ ion was distributed between the two
atoms according to their atomic mass. Consequently, the D-TRIM simulations for
these samples were done for both C and F atoms with a kinetic energy of 7.7 keV
and 12.3 keV respectively. The concentration profiles for both C and F atoms are
shown in Figure 6.3c. The substrates for surface chemistry modification study were
12 mm diameter discs cut from a sheet of 1 mm thick grade 304 stainless steel
(304 SS). These samples were labelled FC for the control sample and F1 to F5 for
increasing ion fluence.

To further investigate the effect of surface topography and chemistry modifica-
tions, the second treatment of CF+ ions implantation was also performed on the
first batch of samples (X1 to X5) that had been bombarded with Xe+ ions and had
their surface topography modified with nano-scale pillars and ripple pattern. The
same ion fluence of 5× 1016 ions·cm−2 was implanted onto each of these samples,
labelled XF1 to XF5 accordingly. Simulations for these samples were done for both
C and F atoms, similar to the ones done with the CF+ ion implanted samples.
However, in this case, the target layers for the simulations are stainless steel sub-
strate with the addition of Xe atoms with the maximum concentration obtained
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from previous simulations for the Xe+ ion implanted samples. The concentration
profiles for both C and F atoms on these samples are shown in Figure 6.3d.

All of the stainless steel substrates had a bright annealed (BA) surface finish
that complies with the standard for a smooth, bright, reflective stainless steel
surface according to the “Standard Specification for General Requirements for
Flat-Rolled Stainless and Heat-Resisting Steel Plate, Sheet, and Strip” ASTM
A480/A480M standard [162]. Table 6.2 shows the different ion beam treatment
parameters used as well as the simulation results for the stainless steel substrates.

For surface topography modification samples X1 to X5, it can be seen that the
maximum concentrations of Xe was expected at around 20 nm from the surface.
For surface chemistry modification samples F1 to F8, the concentration of CF
atoms were expected to rise with increasing fluence. Samples XF1 to XF5 were
expected to show similar C and F concentration of approximately 20% at a depth of
about 18 nm from the surface. It is also worth noting that the D-TRIM simulation
already takes into account the sputtering process and the concentration profile is
the actual profile. However, it does not take into account diffusion processes and
hence it is likely that the actual concentrations of implanted atoms are less than
expected.
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Table 6.2. Ion implantation parameters used in this study. The maximum concentration
and sputtered depth were simulated using the software D-TRIM.

Target Sample
name

Xe+

ions fluence
(ions·cm−2)

Incident ions
angle

(°)

Maximum Xe
concentration

(%)

Sputtered
depth

(nm·cm−2)

316 SS XC n/a n/a n/a n/a
316 SS X1 1× 1016 0 13.4 6.6
316 SS X2 5× 1016 0 16.5 32.6
316 SS X3 1× 1017 0 16.7 65.0
316 SS X4 1× 1017 45 8.1 127.7
316 SS X5 1× 1018 45 8.8 1280.9

Target Sample
name

CF+

ions fluence
(ions·cm−2)

Maximum C
concentration

(%)

Maximum F
concentration

(%)

Sputtered
depth

(nm·cm−2)

304 SS FC n/a n/a n/a n/a
304 SS F1 1× 1015 0.7 0.6 0.2
304 SS F2 5× 1015 2.9 2.8 1.3
304 SS F3 1× 1016 5.4 5.3 2.5
304 SS F4 2× 1016 9.8 9.5 5.0
304 SS F5 5× 1016 21.1 22.3 12.1
304 SS F6 1× 1017 40.3 34.1 22.3
304 SS F7 2× 1017 59.4 47.5 39.6
304 SS F8 4× 1017 82.2 58.5 71.3

Target Sample
name

CF+

ions fluence
(ions·cm−2)

Maximum C
concentration

(%)

Maximum F
concentration

(%)

Sputtered
depth

(nm·cm−2)

X1 XF1 5× 1016 23.0 20.8 8.7
X2 XF2 5× 1016 23.3 20.4 9.6
X3 XF3 5× 1016 25.6 21.9 9.2
X4 XF4 5× 1016 22.5 20.5 10.3
X5 XF5 5× 1016 23.3 21.4 9.6
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Figure 6.3. Simulation results of the ion implantation process. (a) Concentration profiles
of Xe atoms in samples X1 to X5, (b) Comparison of the expected implantation ranges
and sputtering yields for implantation using CF ions, C ions, and F ions using the TRIM
software. (c) Concentration profiles of the C atoms and F atoms in samples F1 to F8, and
(c) Concentration profiles of the C atoms and F atoms in samples XF1 to XF5.
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6.2.2 Sample characterisation

Prior to sample characterisation, each sample was cleaned individually in an
ultrasonic acetone bath for 5 minutes. The surface roughnesses of the samples were
characterised using a Bruker Contour GT-K Optical Profiler in order to measure
RMS roughness (Rq) values. RMS roughness values was chosen instead of average
roughness in order to emphasise small changes in the surface topography of the
samples. The Vision64 software (Bruker) was used to analyse the data and generate
3D profile images. Five 960× 720 µm rectangular measurements at random areas
on the surface of each sample were taken and averaged to calculate Rq. Surface
features of the samples were imaged using an FEI Quanta 200F Scanning Electron
Microscope (SEM) and high resolution images of a 20× 20 µm area with 512 line
scans were obtained using the FlexAFM (Nanosurf) Atomic Force Microscope
(AFM). Surface profiles and roughness calculations were performed using the
software Gwyddion [226].

Elemental analysis of the samples was carried out using a Kratos Axis DLD
X-ray Photoelectron Spectroscope (XPS) equipped with a hemispherical electron
analyser. The photoelectron spectra was excited using a monochromatic Al Kα
X-rays (1486.69 eV) running at 150 W. The analyser was set with a pass energy of
80 eV and a dwell time of 0.044 s to acquire an average of 20 scans in 40 minutes.
The instrument collected information from an area of 300×700 µm on the sample’s
surface and was operating at a base pressure of 1.3×10−7 Pa. Survey scans revealed
the elemental composition of stainless steel samples to a depth of 10 nm below
the surface and core scans further analyse the binding energy signals close to the
known elements. Data analysis, including peak assignment and atomic percentage
quantification, was carried out using the software CasaXPS (Casa Software Ltd.).

X-Ray Diffaction (XRD) analysis was also done on the samples in the University
of Auckland using the Rigaku Ultima IV multi-purpose X-Ray Diffractometer.
Monochromatic Cu Kα X-rays were shone onto the sample with the Bragg angle
(2θ) ranging from 40° to 80°. The X-ray detector then measured the intensities of
the diffracted X-rays at different Bragg angles to investigate the changes in the
crystal structure of the stainless steels due to the ion implantation treatments.
Peak assignments and spectra comparison were done with the software PDXL2
(Rigaku).

To investigate the change in surface mechanical properties of the ion implanted
samples, nanoindentation tests were carried out using the Hysitron TI-950 Triboin-
denter with a Berkovich diamond indenter tip. Ten indents were placed on the
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surface with a maximum depth of 350 nm. The reason for choosing a relatively
deeper indentation depth is because the measured elastic-plastic behaviour is
known to be affected by the surface roughness [227], especially for samples where
the surface topography had been significantly modified. Shallow indents with a
depth of 20 nm resulted in a largely varied indentation data, likely due to the tip
effect described in Chapter 3. The scatter decreased with an increase in indentation
depth and was found to stabilise at a depth of around 350 nm, as this depth
created indent areas large enough to overcome the nano-scale roughness features.
Previous nanoindentation studies of ion irradiated samples have also shown that
the hardening effects of ion implantation on the surface mechanical properties
could be observed even at depths far beyond the implantation range [228–230]. A
sample indent on the X5 sample where multiple roughness asperities were indented
is shown in Figure 6.4. Through a series of multiple depth pre-tests, an indentation
depth of 350 nm was found to be able to encompass multiple nano-scale asperities
and measure the modified surface hardness without the effect of the bulk steel
properties. All indents were positioned within the grains on the surface, ensuring
that grain boundaries were avoided using SPM for precise tip positioning. The
load displacement curves were analysed using the Oliver-Pharr method [135] to
calculate hardness and reduced modulus of the surface.

Figure 6.4. Nanoindentation indents on the X5 Sample. (a) 40× 40 µm SPM scan made
by rastering the Berkovich tip on the surface before nanoindentation.(b) 40× 40 µm SPM
scan of the same surface after nanoindentation. The resulting indents are marked by a
circle.

Static water contact angle measurements were done by gently dropping a 5
µL droplet of deionised water on the surface from a height of approximately 1



Results and discussions 165

mm. Advancing and receding water contact angle measurements were carried out
using a syringe pump set to dispense and remove 2 µL.s−1 of deionised water on
the surface. A camera was then used to take images of the water droplet over
15 seconds as it grew and receded on the surface. The advancing and receding
contact angles were then measured and averaged from the captured images. Five
measurements were repeated on each sample and the results were averaged with
presented uncertainties corresponding to the standard deviation over these five
measurements.

The macro-scale ice adhesion strength of the samples was investigated using
the tensile ice adhesion strength measurement set-up described in Chapter 4. The
samples were affixed onto the pull-out rod using a cyanoacrylate adhesive and
liquid N2 was used to test the ice adhesion strength at −10°C. The same mixture
ratio of 45 mL deionised water and 10 µL FEND ™ used in Chapter 4 was used as
the testing liquid and the procedure was repeated for five times for each sample
tested.

The micro-nano scale ice adhesion strength of the samples was measured using
the novel nanoscratch technique outlined in Chapter 5. Tests were done at −10°C
surface temperature in air with an ambient humidity of approximately 35% and
an ambient temperature of about 23°C. Humidity control was achieved using
approximately 100 g of CaCl2 desiccant placed near the testing rig inside the
nanoscratch test chamber. Five measurements on different ice droplets on each
sample were done in this study.

6.3 Results and discussions

The ion implantation treatments on stainless steels were done in order to mod-
ify the surface topography and chemistry of the material. Surface topography
modifications on the stainless steels were characterised by the Root Mean Square
(RMS) roughness (Rq) values obtained from optical profilometry, secondary elec-
tron images from SEM, and topographical surface profiles from AFM. Surface
chemistry and crystallographic changes were investigated with XPS and XRD
analyses respectively. The change in mechanical property due to ion implantation
was characterised by the nanoindentation on the surface of these samples. The
effect of ion implantation on the water wettability of these samples were charac-
terised by static and dynamic water contact angle measurements on the surface of
these samples. Finally, the changes in ice adhesion strength of these samples were
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characterised in macro-scale with the method described in Chapter 4 and in the
micro-nano scale with the method described in Chapter 5.

6.3.1 Surface topography modification

The surface topography changes of the ion implanted stainless steels were investi-
gated in three length scales. Macro-scale characterisation was done with the optical
profiler in an area of 960 × 720 µm rectangles. Micro-scale surface topography
was characterised with the secondary electron SEM images showing an area of
approximately 20× 20 µm. Nano-scale resolution 20× 20 µm images of random
areas on these surfaces were obtained with using AFM.

The RMS roughnesses of all the samples and 3D surface profiles for selected
samples measured with the optical profiler are shown in Figure 6.5. Although both
control samples were polished to the BA surface finish standard, the XC sample
was slightly rougher with an Rq value of 96± 14 nm as compared to the FC sample
with an Rq value of 73 ± 3 nm. The X1 to X4 samples show similar Rq values
around 142± 12 nm and the X5 sample show a much rougher surface with an Rq
value of 879± 189 nm. The F1 to F8 samples had very similar roughness to the
FC sample with an Rq value of approximately 73± 2 nm. Similar to the X1 to X5
samples, the XF1 to XF4 samples show an Rq value of around 119± 18 nm and
the XF5 sample show a higher roughness value of 277± 23 nm.

Secondary electron SEM images for selected samples are shown in Figure 6.6.
The control samples (XC and FC surfaces in Figure 6.6) showed some imperfections
including holes, grain boundaries, and polishing lines on the surface. The FC surface
looks slightly smoother than the XC surface with no visible grain boundaries, and
this is consistent with Rq values measured by the optical profiler (Figure 6.5a).
Atomic sputtering caused by Xe+ ion implantation seemed to make the grain
boundaries more defined and create fine features within the grains (sample X3)
and nano-scale pillars and ripple patterns at higher fluences and 45° incident angle
(sample X5). Samples FC, F5, and F8 show no significant differences in surface
topography, as expected from the similar Rq values (Figure 6.5a). The CF+ ion
implantation on X1, X3 and X5 samples seemed to smooth out surface features
that were created previously, showing less defined grain boundaries and a relatively
smoother surface with the exception of sample XF5. It can be seen that some
nano-scale pillars and ripple patterns on some grains in the XF5 surface were
smoother while the same features in other grains seemed more prominent.
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Figure 6.5. (a) RMS roughness values of the ion implanted stainless steels measured
by optical profilometry. Error bars show one standard deviation from five independent
measurements. (b) Selected 3D profiles of some ion implanted surfaces that were used to
calculate the RMS roughness values.

20 × 20 µm area topography images with nano-scale resolution for selected
samples obtained from AFM are shown in Figure 6.7a with sample line profiles
from the centre of the image shown in Figure 6.7b. Rq values measured from these
line profiles show the same trend as revealed by the optical profiler but at smaller
values as these were calculated from a smaller 20 µm long line. The XC sample
showed a slightly rougher surface with Rq = 2.8 ± 0.1 nm than the FC sample
with Rq = 1.8± 0.2 nm. Samples X1 to X4 showed similar Rq of approximately
5.1± 0.2 nm and sample X5 had a much higher Rq of 45.5± 4.3 nm. Samples F1
to F7 had similar Rq of around 2.3± 0.8 nm while sample F8 showed a slightly
rougher surface with Rq of 4.1± 0.7 nm. Samples XF1 to XF4 had similar Rq of
3.3± 0.6 nm which are slightly smaller than the Rq values of samples X1 to X4.
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Figure 6.6. Selected secondary electron SEM images of the Xe+ ion implanted stainless
steels, CF+ ion implanted stainless steels, and Xe+ and CF+ ion implanted stainless steels.

Sample XF5 showed an Rq value of 22.5± 3.6 nm which is smaller than the Rq
value of sample X5.

The optical profiler, SEM, and AFM results show that the Xe+ ion implantation
had increased the surface roughness of the stainless steel (samples X1 to X5
compared to sample XC), the CF+ ion implantation had no significant effect to
the surface topography (samples F1 to F8 compared to sample FC), and the
implantation of CF+ ions onto roughened Xe+ ion implanted steels had little
effect on most samples (samples XF1 to XF4 compared to samples X1 to X4) but
decreased the surface roughness for the heavily sputtered sample (sample XF5



Results and discussions 169

Figure 6.7. Selected (a) 3D 20 × 20 µm area surface topography and (b) 20 µm line
profiles obtained from performing AFM on the ion implanted stainless steel samples.

compared to sample X5). This effect is thought to be caused by atomic sputtering
effects, as illustrated in Figure 6.8.

In Figure 6.8a, incident Xe+ ions with high atomic mass impact the polycrys-
talline stainless steel with grain boundaries on the surface. This caused atomic
sputtering on the surface and modified its surface topography. Grain boundaries
are defects on the surface of the steel that cause the incident ions to hit the surface
at a higher angle of incidence, causing the atoms near the grain boundaries to be
preferentially sputtered first. This effectively etched and revealed the grain bound-
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Figure 6.8. Illustration showing how (a) incoming heavy Xe+ ions can etch grain
boundaries and form nano-scale pillars and ripple pattern on the surface of the samples,
(b) incoming light CF+ ions sputter the atoms to a lesser extent resulting in little to no
effect on surface topography, and (c) incoming light CF+ ions on a heavily sputtered
surface can relatively smooth out features previously created through Xe+ ions atomic
sputtering.

aries on the surface. As the fluence is increased and more Xe+ ions hit the surface,
atomic sputtering within the grains of stainless steel also occurs. Some grains with
the preferred crystallographic orientations are sputtered more extensively, creating
the observed nano-pillars and ripple patterns. With the 45° incident ions angle,
more grains are in the preferred orientation and it is more likely for the nano-pillars
and ripple patterns to form under this condition. On the other hand, other grains
not in the preferred crystallographic orientation are not sputtered extensively by
the ions and remain relatively smoother.

On the other hand, CF+ ions are much lighter (Ar ≈ 30 g·mol−1) and the
collisions between CF+ ions and the stainless steel surface atoms lead to minimal
atomic sputtering and little surface topography modification effects, as shown in
Figure 6.8b and as expected from the D-TRIM simulations. This was the case if
the ions hit the surface at a 0° angle onto a relatively smooth substrate such as
the BA surface finish 304 stainless steel or samples X1 to X4. When the same CF+

ions hit the heavily sputtered sample X5 with nano-pillars and ripple patterns,
more atomic sputtering occurred as the ions hit the surface at an angle. This
atomic sputtering is more prominent on sharp features such as the nano pillars
and ripple patterns on sample X5 and led to the blunting of the nano-pillars and



Results and discussions 171

ripple patterns in sample XF5, effectively reducing the RMS roughness of sample
XF5 relative to sample X5.

6.3.2 Surface chemistry modification

The XPS survey scan spectra for some selected ion implanted samples are shown
in Figure 6.9 and core level scan spectra in Figure 6.10. It can be seen from
Figure 6.9a and Figure 6.10a that the Xe+ ion implanted samples had very little
Xe content as shown by the very small Xe peak (binding energy of around 669
eV [231]) on samples X1 to X5, where samples X4 and X5 with the 45° angle of
incident ions show even smaller amounts of Xe atoms. This suggests that solid-state
diffusion process occurred during the implantation, causing a much lower retained
Xe concentration that was detected by the XPS spectra.

For the CF+ ion implantation, the D-TRIM simulations described in Figure
6.3 in Section 6.2.1 suggested that with increasing fluence from samples F1 to F8
there would be increased concentration of the fluorine rich hydrocarbons on the
surface of the steel. Samples XF1 to XF5 would have similar concentration of the
fluorine rich hydrocarbons as they were implanted with the same fluence. It can
be seen from Figure 6.9b, Figure 6.9c, and 6.10b that there is no distinct peak
detected on any of the ion implanted surfaces at the position of F-C bond (binding
energy of around 688.0 eV [231]) and F-Fe bond (684.9 eV [231]) in the F 1s core
level scan for the F5, F8, XF1, XF3, and XF5 samples. This result suggests that
the F atoms were not covalently bonded with the surface atoms after they were
dissociated from the CF+ ions, making them prone to solid-state diffusion and
leading to the very little amount observed.

On the other hand, the C 1s core scan result in Figure 6.10b show a slight
increase in the peaks at the position of C-F bond (289.0 eV) for samples F5, F8,
XF1, XF3, and XF5 when compared to the control sample FC [231]. The spectra
also show a slight increase in the intensity of peaks at the C-C bond (284.5 eV)
and C-Fe bond binding energies (283.6 eV) [231], indicating the implantation of C
atoms on the surface. Since it is unlikely that the C-F bonds in the CF+ ions were
retained during collision with the surface atoms, any C-F bond detected is more
likely to be caused by the re-formation of those bonds by the implanted C and F
atoms. This result suggests that a small amount of C-F bonds were re-formed when
the F atoms diffuse near the implanted C atoms, forming a small amount of the
fluorine rich hydrocarbons on the surface of these stainless steel samples. However,
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the intensity of these peaks are too small for reliable quantification results from
the spectra.

The O 1s core level scan show peaks at the binding energies for Fe2O3 (530.2

eV) and SiO2 (532.0 eV and 533.8 eV). The Fe 2p core level scan show peaks at the
Fe-Fe (707.0 eV) and Fe2O3 (711.0 eV)binding energy positions [231]. The Fe-Fe
peak shows the iron atoms in the steel crystal lattice and the Fe2O3 and SiO2

peaks can be attributed to surface corrosion effects and silica contamination of the
samples.

Another interesting point to be made is that there is little to no Cr content
detected in the survey spectra of Xe+ ion implanted samples (Sample X3 and X5
compared to Sample XC in Figure 6.9). During passivation, the Cr content of the
near-surface layers have been depleted to form the passivated chromium oxide
layer. The ion implantation process was likely to first sputter the topmost oxide
layer, and then selectively sputter more Cr atoms from the surface due to its lower
atomic mass (52 g·mol−1 compared to Fe with 56 g·mol−1). Hence the Xe+ ion
implanted stainless steels had very little Cr content and for some samples (i.e. X5
and XF5), the Cr content had been sputtered extensively from the surface that
practically no Cr was detected.
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Figure 6.9. Selected XPS survey scan spectra on the (a) Xe+ ion implanted stainless
steels, (b) CF+ ion implanted stainless steels, and (c) Xe+ and CF+ ion implanted stainless
steels.
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Figure 6.10. Selected XPS core scan spectra for selected elements from (a) Xe+ ion
implanted stainless steels and (b) selected CF+ ion implanted stainless steels and Xe+
and CF+ ion implanted stainless steels.
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Figure 6.11. (a) Selected XRD patterns of the ion implanted stainless steel samples.
Each pattern has been shifted vertically for visibility. Comparisons between the XRD
patterns of (b) XC and X3, (c) FC and F5, and (d) XC and XF5 samples are also shown.
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The XRD patterns of selected ion implanted samples are shown in Figure 6.11a.
For the XC and FC samples, it can be seen that both XC and FC stainless steel
substrates contain phases of austenite (γ) and martensite (α′). Both grade stainless
steels are classified as austenitic stainless steels which contain mostly austenite,
and the presence of martensite is thought to arise from the mechanical polishing
process that was done to achieve the BA surface finish [232,233]. It can be seen
that the XRD patterns of the ion implanted samples show the same peaks as the
control samples and no new phases were detected.

Figures 6.11b and 6.11d show comparisons between the XC control sample
with the X3 and XF5 samples. The peaks in samples X3 and XF5 were observed to
be shifted by approximately 0.2° to a larger Bragg angle. The reason for this shift
is thought to be the presence of residual compressive stresses on the surface of the
stainless steel caused by Xe+ ion implantation. This effect is illustrated in Figure
6.12 and has also been observed in another study [218]. As described in Chapter
3, high intensity peaks are detected at specific Bragg angles depending on the
wavelength of incident X-ray beam λ and the spacing between atoms in the crystal
lattice d (Equation 3.22, also shown in Figure 6.12). The wavelength of the incident
X-ray was unchanged for all samples. However, residual compressive stresses caused
the crystal lattice of the Xe+ ion implanted samples to be compressed (Figure
6.12b compared to Figure 6.12a), shortening the inter-atomic spacing in the crystal
lattice. As a result, the high intensity peaks were observed at a slightly higher
Bragg angle. Figure 6.11c shows that this shift was not observed in the CF+ ion
implanted sample, indicating no residual compressive stress.

Figure 6.12. Schematic showing how X-ray beams are diffracted for (a) unmodified 316
stainless steel surface and (b) Xe+ ion implanted 316 stainless steel surface with some
residual compressive stress.
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6.3.3 Surface mechanical properties changes

Figure 6.13 shows the surface hardness and reduced modulus of all the ion implanted
samples and sample load-displacement curves for each sample.

Figure 6.13. Surface hardness and reduced modulus obtained from nanoindentation
with an indentation depth of 350 nm performed on (a) Xe+ ion implanted, (b) CF+ ion
implanted, and (c) Xe+ and CF+ ion implanted stainless steels. Error bars show the value
for one standard deviation from ten independent measurements.

The values for surface hardness and reduced modulus shown in Figure 6.13
suggest that overall there is no significant difference in terms of the surface hardness
and reduced modulus for increasing the fluence of ions for each surface treatment.
Samples X1 to X5 had similar mechanical properties, as are the case for samples F1
to F8 and samples XF1 to XF5. This suggests that the ion implantation treatments
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had reached the maximum effects they can have on the nanomechanical properties
of the stainless steel substrates.

From Figure 6.13a, the Xe+ ion implanted samples X1 to X4 show slightly
higher hardness values of 4.3± 0.4 GPa compared to the XC control sample with
a hardness of 3.8 ± 0.3 GPa. The heavily sputtered sample X5 showed a higher
surface hardness of 4.9±0.3 GPa. The increased hardness of the Xe+ ion implanted
samples could also be seen in the load-displacement curves as the curves for X1 to
X5 are shifted to the left, indicating that lower depth and smaller indent area was
created with the same indentation force.

On the other hand, Figure 6.13b shows that the CF+ ion implanted samples
F1 to F8 had slightly lower hardness values of approximately 3.3± 0.2 compared
to the FC control sample with a hardness of 3.8± 0.3 GPa. The Xe+ and CF+ ion
implanted samples XF1 to XF5 also had similar hardness values of about 3.7± 0.2

GPa, comparable to the hardness of the XC control sample of 3.8± 0.3 GPa. The
similarity in hardness of the F1 to F8 samples and XF1 to XF5 samples compared
to the FC sample is also reflected in the load-displacement curves in Figure 6.13b
for the F1 to F8 curves and 6.13c for the XF1 to XF5 curves where the curves for
ion implanted samples are overlaid on top of each other.

The slightly increased hardness of the Xe+ ion implanted samples is thought
to result from work hardening effects during plastic deformation of the grain
structures during atomic sputtering. The plastic deformation caused an increase in
the dislocation density on the surface, creating a traffic jam effect that effectively
increased the surface strength and hardness. Since the plastic deformation occurred
in the nano-scale within the grains, the observed work hardening effect is also
small. The CF+ ion implantation process did not significantly alter the surface
topography of the samples but show that there are small amounts of fluorine-rich
hydrocarbons on the surface. These hydrocarbon molecules are softer than stainless
steel, this is thought to cause the lower observed surface hardness values of samples
F1 to F8 compared to the control sample FC.

Figure 6.13a also shows that the Xe+ ion implanted samples had higher reduced
modulus values, indicating that the treatment had increased the stiffness of the
surface. This increase in reduced modulus is also shown in the steeper unloading
curves observed for samples X1 to X5. This is thought to be caused by the presence
of residual compressive stresses on the surface of the sample as discussed previously
in Section 6.3.2 and observed by another researcher [218]. Residual compressive
stresses increase the interatomic bond strength of the surface atoms, limiting the
amount these bonds can stretch and hence the elastic strain that could be achieved.
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Figures 6.13b and 6.13c show that this increase in reduced modulus is not
observed for CF+ ion implanted samples. XRD analysis in Section 6.3.2 revealed
that the high intensity peaks were not shifted and hence there are no residual
compressive stresses in these samples, resulting in surface reduced modulus values
similar to the control FC sample. This is also reflected in the load-displacement
curves where the slope of the unloading curve for samples F1 to F8 is similar to
the slope of the unloading curve for sample FC. Samples XF1 to XF5 show steeper
unloading curve than the control sample XC, most likely caused by the Xe+ ion
implantation process that was done prior to the CF+ ion implantation treatment
for these samples.

6.3.4 Wettability changes

The effect of the surface treatments on the wettability of these samples is shown in
the static, advancing, and receding water contact angle measurements summarised
in Figure 6.14. Sample images of the static, advancing, and receding water contact
angle measurements on selected samples are also shown in the right hand side in
Figure 6.14.

Figure 6.14a shows that the static water contact angle for the Xe+ ion implanted
samples X1 to X5 are relatively unchanged at about 78.2°± 6° compared to the
control XC sample with a static water contact angle of 74.2°± 3°. The advancing
water contact angle was observed to increase to 90.8°± 2° for samples X1 to X5
when compared to the XC control sample with an advancing contact angle of
82.2° ± 1°. The receding contact angles for samples X1 to X5 of approximately
20.5°± 3° are similar to the receding contact angle of sample XC of 16.8°± 2°.

In Figure 6.14b, the static water contact angle for the CF+ ion implanted
samples F1 to F8 are around 84.6°± 5°, significantly higher than the control FC
sample with a static water contact angle of 71.4°±2°. The advancing water contact
angle was also observed to be much higher at about 92.5°± 2° for samples F1 to
F8 when compared to the FC control sample that had an advancing contact angle
of 50.4°± 2°. The receding contact angles for samples F1 to X8 had also increased
dramatically to approximately 50.4°± 3° compared to the receding contact angle
of sample FC of 15.3°± 2°.

In Figure 6.14c, the static water contact angle for samples XF1 to XF5 were
found to be around 87° ± 2°, the advancing water contact angle to be about
81.8° ± 1°, and the receding contact angles to be approximately 28.8° ± 4°. The
highest static water contact angle measurement was achieved with the XF samples,
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Figure 6.14. Static, advancing, and receding water contact angles measured on the
(a) Xe+ ion implanted, (b) CF+ ion implanted, and (c) Xe+ and CF+ ion implanted
stainless steels. Error bars show the value for one standard deviation from five independent
measurements. Sample images of the static, advancing, and receding water droplets on
selected surface are also shown.

but these samples show lower dynamic water contact angles than the samples that
had only been implanted with CF+ ions. These samples show similar dynamic
water contact angle values to their Xe+ ion implanted counterparts with higher
receding water contact angles.

The changes in the wettability of the samples was thought to be caused by
surface topography and chemistry changes of the stainless steel substrates discussed
in Sections 6.3.1 and 6.3.2. In terms of surface topography, whether a macro-scale
water droplet will spread out and show low contact angles or become pinned and
show large contact angles depends largely on the size, shape, and distribution of
asperities on the surface. In terms of the surface chemistry, the water contact angles
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depend on the chemical composition of the surface. Elements that lower the total
surface energy will increase the water contact angle while elements that increase
the surface free energy will decrease the water contact angle. These phenomena
have been described extensively in Chapter 2 of this thesis. A suggestion on the
mechanism of how surface topography and surface chemistry affects the wettability
of stainless steel is illustrated in Figure 6.15.

With the Xe+ ion implanted samples, the increase in advancing water contact
angle was thought to be caused by the increase in surface roughness due to atomic
sputtering in samples X1 to X5, causing the triple point of contact between water,
solid, and air to be pinned when it grows larger. For rougher surfaces with a lot of
surface asperities such as sample X5, air bubbles are also more likely to be trapped
between the water droplet and the surface, causing the formation of a Cassie-
Baxter type water droplet. This effect was not observed for static contact angle
measurements, however, likely because the droplet had been given enough time
to settle and penetrate into the asperities, creating a Wenzel type water droplet.
The presence of surface asperities also served to slightly decrease the receding
contact angle of the ion implanted samples, also likely caused by the pinning of
the triple point when the volume of the water droplet was decreased. However,
the pinning of the triple point was seen to affect the receding contact angle to a
lesser extent than the advancing contact angle, resulting in relatively unchanged
values of the receding contact angle. This was thought to be caused by the small
volume of observed water droplet during receding contact angle measurements that
made detection of slight variations more difficult. An illustration suggesting the
mechanism of how the pinning of this triple point of contact increases advancing
water contact angle and decreases receding water contact angle is shown in Figure
6.15a and the effect on the Xe+ ion implanted samples illustrated in Figure 6.15b.

For CF+ ion implantation, a dramatic change in the wettability of these samples
was observed, especially in dynamic contact angles measurement, as illustrated
in Figure 6.15d compared to Figure 6.15a. The static contact angles of the F1 to
F8 samples had been observed to increase by approximately 18%, the advancing
contact angles by around 82%, and the receding contact angles by more than
220% when compared to the FC control sample. The big increase in the receding
contact angle also resulted in the big decrease in contact angle hysteresis (CAH)
of these samples (about 18% reduction), suggesting that the droplet mobility had
been significantly increased. The reason for this behaviour is thought to be caused
by the presence of fluorine rich hydrocarbons that had been implanted near the
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surface of these samples. These molecules reduce the surface free energy of the
stainless steel samples, causing less inter-atomic forces between the solid surface
and water and tending the surface to be more hydrophobic. Another researcher
had also confirmed that ion implantation process using fluorine rich ions had been
observed to increase the water contact angles of stainless steel due to changes in
the surface chemistry [201].

For the samples that had been bombarded with both Xe+ and CF+ ions, it
is suggested that the reason for the unchanged wettability of these samples when
implanted with CF+ ions is the unpinning of the triple point of contact caused
by the lower surface energy of the steel, as illustrated in Figure 6.15e. For static
contact angle measurement, the lower surface energy of the steel prevented the
penetration of water droplet into the space between the asperities and the water
droplet is more likely to be in the Cassie-Baxter state with higher static water
contact angle. When the volume of this water droplet is increased, it is less likely for
the triple point of contact to be pinned and increase the measured advancing water
contact angle. Nevertheless, this value is still higher than the unmodified stainless
steel surface because of the higher static water contact angle as the starting point
of measurement. Conversely, when the volume of this water droplet is decreased,
the measured receding water contact angle on these samples is higher than their
Xe+ ions bombarded counterpart because the triple point is not pinned and the
receding water contact angle is not decreased.
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Figure 6.15. (a) Illustration suggesting how the pinning of the triple point could increase
the advancing water contact angle and decrease the receding water contact angle. Also
shown are illustrations of water droplet wetting for static, advancing, and receding water
contact angles measured on the (b) unmodified, (c) Xe+ ion implanted, (d) CF+ ion
implanted, and (e) Xe+ and CF+ ion implanted stainless steels.
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6.3.5 Ice adhesion strength changes

Figure 6.16a shows the macro-scale tensile ice adhesion strength of the ion implanted
samples measured with the method described in Chapter 4 and Figures 6.16b to
d shows the results of micro-nano scale shear ice adhesion strength measurement
with the method described in Chapter 5. Both tests were done with a testing
temperature of −10°C. Sample images and nanoscratch result for some of these
samples are also shown in Appendix B.

Figure 6.16. (a) Ice adhesion strength measurement results on selected samples from
the macro-scale tensile adhesive strength method described in Chapter 4. Micro-nano scale
shear adhesive strength measurement results with the method described in Chapter 5 are
also shown for measurements on (b) Xe+ ion implanted samples, (c) CF+ ion implanted
samples, and (d) Xe+ and CF+ ion implanted samples. Error bars show the value for one
standard deviation from five independent measurements.

The suggested mechanism for how the surface topography and surface chemistry
modifications affected the ice adhesion strength is illustrated in Figure 6.17. From
the macro-scale tensile ice adhesion strength testing, Figure 6.16a shows that the
Xe+, CF+, and combination of Xe+ and CF+ ion implantations had no significant
effect on the ice adhesion strength of the samples as indicated by the overlapping
error bars.
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Figure 6.17. Illustrations suggesting the mechanism of ice adhesion during the macro-
scale tensile ice adhesion strength measurement testing on the (a) unmodified control
sample and (b) surface topography modified samples, and (c) surface chemistry modified
samples.
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The tensile ice adhesion strength results from this test have been acknowledged
to not be representative of the true ice adhesion strength as the ice was formed
from a mixture of deionised water and FEND™ hydrophobic solution as described
in Chapter 4. It has also been discussed in Chapter 2 that tensile ice adhesion
strength testing tend to have a more stochastic nature where a combination of
both cohesive and adhesive failures is often observed [36].

Nevertheless, the testing procedure was kept the same for all samples and the
results from this test were relatively consistent. Although the values measured
could not be objectively compared to results from other ice adhesion strength
measurement methods, the results were thought to be comparable between samples.
It was suggested that the surface topography and surface chemistry changes
described previously had insignificant effect on the macro-scale ice adhesion strength
of the stainless steel. This is most likely because the scale of the surface topography
and chemistry modifications achieved by ion implantation treatments is much
smaller than the scale of ice adhesions strength measured.

As described in Chapter 4, it is likely that there are combinations of Wenzel
and Cassie-Baxter type of contact in the nano-scale between the ice and stainless
steel surface even for an unmodified sample due to polishing lines and grain
boundaries (Figure 6.17a). The optical profilometry, SEM, and AFM analyses
described in Section 6.3.1 also confirmed the presence of these surface asperities
for the unmodified control samples XC and FC.

Surface topography modifications only significantly modified the stainless steels
in the nano-scale, as illustrated in Figure 6.17b. Any effect from surface topography
modifications could be easily overcome by the relatively big size of apparent
contact area between ice and the sample (approximately 20 mm). Some parts of
the solid-ice interface would have Wenzel-type contact while other parts would
have Cassie-Baxter type. When all of these effects are combined together, the net
effect is expected to be similar to the one observed for the unmodified control
sample, resulting in the observation that the ice adhesion strengths of Xe+ ion
implanted samples are relatively unchanged compared to the control XC sample.

On the other hand, as described in Section 6.3.2, XPS analysis revealed that
there are barely any new elements present in the CF+ ion implanted steels and that
the concentrations of the implanted fluorine-rich hydrocarbon atoms in samples
F1 to F8 are much lower than expected. XRD analysis also showed that the
crystallographic structure of the stainless steel remain relatively unchanged other
than the presence of residual compressive stresses for samples X1 to X5 and XF1
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to XF5. As illustrated in Figure 6.17c, the variation in surface topography (even
with non surface-topography modified substrates due to polishing lines and grain
boundaries) meant that it is likely that the implanted fluorine rich hydrocarbon
atoms are not evenly distributed in the nano-scale. Although the surface chemistry
modification would have promoted a Cassie-Baxter type contact between water
and stainless steel (as described in Sectino 6.3.4) and subsequently between ice
and stainless steel, the uneven distribution and the large apparent area of contact
at the interface mean that it is very likely for some parts of the interface to have a
Wenzel-type contact and other parts to have a Cassie-Baxter type contact. Thus,
the net effect of these interactions was thought to cancel each other out and the
observed macro-scale tensile ice adhesion strengths for samples F1 to F8 were
observed to be similar to sample FC and samples XF1 to XF5 to be similar to
sample XC.

With the novel nanoscratch testing method for measuring micro-nano shear ice
adhesion strength, the mechanism of ice adhesion is thought to be quite different
due to the much smaller size of ice droplets. Surface topography and chemistry
modifications that did not significantly alter the ice adhesion strength in the macro-
scale were thought to likely be responsible for any change in the micro-nano scale
shear ice adhesion strengths measured. This suggested mechanism is illustrated
in Figure 6.18. Figure 6.16b show that for the Xe+ ion implanted stainless steels,
samples X1 to X4 had ice adhesion strengths around 3.7± 1.3 MPa, similar to the
ice adhesion strength of the control sample XC of 5.7±1.4 MPa. Sample X5 showed
a much higher ice adhesion strength of 24.3± 15 MPa, about three times higher
than the ice adhesion strength of the control sample XC. However, this sample also
showed much larger variation compared to the other Xe+ ion implanted samples.

Since XPS analysis revealed that there are insignificant surface chemistry
changes in the Xe+ ion implanted samples and the XRD analysis showed that apart
from the residual compressive stresses the crystallographic structure of the stainless
steel remains unchanged, any change in the ice adhesion strength of the Xe+ ion
implanted samples was thought to be caused mainly by surface topography effects.
As described in Section 6.3.1, samples X1 to X4 had similar RMS roughness values
and sample X5 had significantly higher RMS roughness. Comparing the roughness
data with the micro-nano scale ice adhesion strength, this is consistent with the
results discussed in Chapter 5 where a microscopic ice formed on a rougher surface
has a much higher true contact area than a smooth surface for the same apparent
contact area. Due to the small size of the ice droplet, it was suggested that it is
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Figure 6.18. Illustrations suggesting the mechanism of ice adhesion during the micro-
nano scale shear ice adhesion strength measurement testing on the (a) unmodified control
sample and (b) surface topography modified samples, (c) surface chemistry modified
samples, and (d) surface topography and surface chemistry modified samples.

more likely for the interface to have a Wenzel-type contact as illustrated in Figure
6.18b.

For the CF+ ion implanted samples, Figure 6.16b shows that the ice adhesion
strengths of samples F1 to F8 (around 8.8± 1.0 MPa) are similar to the control
sample FC (7.7± 0.7 MPa). The combination of Xe+ and CF+ ion implantations
also had similar effects, as shown in Figure 6.16c. Samples XF1 to XF5 showed
similar ice adhesion strengths (approximately 9.3± 3.3 MPa) to the control sample
XC (5.7±1.4 MPa). Comparing Figures 6.16b and 6.16d, the CF+ ion implantation
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process seemed to have no significant effect on the ice adhesion strengths of samples
X1 to X4 but significantly decreasing the ice adhesion strength of sample X5.

The insignificant effect of CF+ ion implantation on the measured ice adhesion
strengths of samples F1 to F8 compared to FC and samples XF1 to XF4 compared
to samples X1 to X4 suggests that the implanted fluorine-rich hydrocarbons are not
found in the peak of the asperities, as shown in Figures 6.18c and 6.18d. Moreover,
XPS analysis described in Section 6.3.2 revealed that there are only small amounts
of the fluorine rich-hydrocarbons implanted onto the surface of these steels.

In Figure 6.18c, for a relatively flat and smooth surface that has been implanted
with CF+ ions (samples F1 to F8 and XF1 to XF4), the change in surface chemistry
is insufficient to prevent the formation of a Wenzel-type contact at the ice-solid
interface. Although the presence of the fluorine rich hydrocarbons had been shown
to increase the water contact angle of the surface (Section 6.3.4), it is thought that
the slight expansion of water droplet during freezing overcame the lower surface
energy caused by the surface chemistry change. This resulted in the expansion
of water droplets into the space between asperities, pushing air bubbles out and
creating a Wenzel-type water droplet. Because of this, the true area of contact in
the ice-solid interface is relatively unchanged by the implantation of CF+ ions onto
the surface.

On the other hand, for a heavily nano-structured surface such as sample X5, the
small amount of fluorine-rich hydrocarbons was thought to be sufficient to prevent
the expansion of water droplets into the space between asperities during freezing,
as shown in Figure 6.18d. This is thought to be because of much smaller spacings
between asperities in nano-structured surfaces, resulting in a much smaller volume
of water that must be repelled by the surface in order to maintain a Cassie-Baxter
type of contact at the ice-solid interface. Moreover, due to some atomic sputtering
caused by the CF+ ions that are more prominent to the sharp peaks (as described
in Section 6.3.1), it was thought that the asperities in the XF5 sample are blunted
and much shallower than the X5 sample. This in turn was thought to cause the
implanted fluorine-rich hydrocarbons to be nearer to the ice-solid interface as
compared to the F1 to F8 samples.

From the results of this study, it was suggested that one of the main factors
responsible for the degree of ice adhesion strength of a material is whether the
formed ice droplet had a Wenzel-type contact or a Cassie-Baxter type contact at the
ice-solid interface, especially in the nano-scale. The implantation of hydrophobic
fluorine rich hydrocarbons near the base of the asperities was thought to prevent
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the transition of a Cassie-Baxter type water droplet into a Wenzel-type ice droplet
during the freezing process. This in turn reduces the interaction between the
material and ice, reducing its ice adhesion strength.

6.4 Conclusions

The process of low energy ion implantation with two different ion beams been
shown to modify the surface topography and surface chemistry of stainless steel.
By creating three different types of surfaces using this ion implantation technique
(surface topography modified, surface chemistry modified, and a combination of
both) and characterising the ice adhesion strength of these samples, one can gain
new insights into the mechanism of ice adhesion to metallic surfaces.

It was found that the Xe+ ion implantation process had significantly modified
the surface topography of grade 316 stainless steel as shown by the increased RMS
roughness and the surface topography images shown by SEM and AFM. This
surface topography modification was achieved through atomic sputtering process
previously observed in ion implantation using heavy noble gas such as Xe as the ion
source, creating surface blistering, nano-pillars and ripple patterns on the surface of
the stainless steel. The surface chemistry of these surfaces is relatively unchanged
except for the presence of residual compressive stresses that shifted the Bragg
angles of the high intensity peaks in the XRD patterns. This residual compressive
stresses were shown to have increased the interatomic bond strength of the sample,
as indicated by the increased reduced modulus of these samples. As a result, it
was thought that the change in wettability and ice adhesion strengths of these
samples is mainly due to surface topography effects. These samples exhibit higher
advancing water contact angles, likely caused by the pinning of the triple point of
contact. Higher ice adhesion strengths are measured for these samples, thought to
be caused by the increase in true area of contact for the same apparent area of
contact for rougher surfaces.

The CF+ ion implantation process was found to had insignificant effects in
terms of surface topography modification of the grade 304 stainless steel. However,
it was found through XPS analysis that some fluorine-rich hydrocarbons had been
implanted near the surface of these samples, although the actual concentration
seem much smaller than expected as the intensity of the detected peaks are too
small for any reliable quantification efforts. In terms of the mechanical properties,
these samples also show relatively unchanged values as indicated by the similar
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load-displacement curves and similar measured values of hardness and reduced
modulus. Nevertheless, these samples exhibit much higher static, advancing, and
receding water contact angles, likely due to the lowered surface energy caused by
the surface chemistry changes. The ice adhesion strength of these samples remain
relatively unchanged, mainly thought to be caused by the very small amount of
surface chemistry changes detected and the relatively smooth topography of these
samples.

The implantation of CF+ ions on grade 316 stainless steels that had been
previously sputtered with Xe+ ions resulted in surfaces with surface topography
and chemistry modifications. The CF+ ions were found to also cause some atomic
sputtering effect of the sharp asperity peaks in sample X5, resulting in a lower
RMS roughness for sample XF5 compared to sample X5. These samples show
the same residual compressive stresses as the Xe+ ion implanted samples through
XRD and small amounts of the fluorine-rich hydrocarbons near the surface from
XPS analysis. This is further confirmed by the increased reduced modulus values
of these samples thought to be caused by the residual compressive stresses.The
wettability of these samples remain relatively unchanged compared to the control
sample, likely to be caused by the combination of lowered surface free energy and
unpinning of the triple point of contact. These two phenomena were thought to
cancel each other out resulting in the observed unchanged wettability of these
samples. The ice adhesion strengths of these samples remain relatively unchanged
except for sample XF5 compared to sample X5. This behaviour was thought to be
caused by the small amount of fluorine rich-hydrocarbon ions that are unable to
prevent relatively large volumes of water droplet to expand into the space between
asperities during freezing but are sufficient to prevent the water droplet from
expanding into nano-scale asperities.

By studying the effects of surface topography and surface chemistry modifi-
cations through ion implantation on the ice adhesion strength of stainless steel,
the mechanism of ice adhesion to metallic surfaces can be better understood.
However, it is also acknowledged that this study have several limitations. Although
it was thought that changes in the Xe+ ion implanted samples are due to surface
topography effects and changes in the CF+ ion implanted samples are due to
surface chemistry changes, this chapter has discussed that there are also some small
changes in the surface chemistry of the Xe+ ion implanted samples and changes
in the surface topography of the CF+ ion implanted samples. The macro-scale
tensile ice adhesion strength measurement method is not representative of true ice
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adhesion strength as the ice was not formed from pure water. It is also suggested
in this study that the significant changes in the micro-nano scale ice adhesion
strength from ion implantation was insufficient to make any significant changes in
the macro-scale ice adhesion strength that is more representative of real-world sit-
uations. Nevertheless, this study has demonstrated a solid approach to investigate
the changes in wetting and ice adhesion strength. The comparison of ice adhesion
strength in the macro-scale and micro-nano scale had given complementary insights
into the mechanism of how ice adheres to metallic surfaces.



Chapter 7

Concluding remarks

Do not be afraid of being free thinkers.
If you think strongly enough you will be forced by
science to the belief in God.

− Sir William Thomson (Lord Kelvin)

This chapter summarises this thesis, outlining important conclusions drawn
from the results of each experimental chapter and laying out the foundation for
future work on the subject of icephobicity.

7.1 Summary

The problem of ice adhesion to surfaces that can cause economic losses and hazards
in many practical engineering applications require ingenious solutions, usually
through research into the icephobicity of materials. However, the mechanism of ice
adhesion to various surfaces is still not well understood. This study aimed to better
understand the mechanism of ice adhesion by developing ice adhesion strength
quantification methods and applying them to different surfaces.
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Figure 7.1. Summary and important findings obtained in this thesis.
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Figure 7.1 outlines the important conclusions drawn from this study. Two
novel measurement methods to quantify ice adhesion strength of metallic surfaces
at different length scales were developed in this study. With the first method,
a novel in situ tensile ice adhesion strength measurement rig was developed to
quantify the macro-scale tensile ice adhesion strength of materials quickly and
consistently. The second method developed was a novel nanoscratch technique in
order to measure the ice adhesion strength of a surface in the micro-nano scale
by performing the test on ice droplets that are less than 3 µm in diameter and
100 nm in height. By performing these two tests on stainless steel surfaces that
had been bombarded with Xe+ ions and CF+ ions for surface topography and
surface chemistry modifications, this study also suggested new insights into the
mechanism of ice adhesion to surfaces that could benefit icephobicity studies. The
most important conclusions drawn from this study are summarised below.

• Macro-scale tensile ice adhesion strength measurement procedure was devel-
oped in GNS Science that is able to perform relatively quick and consistent
measurements on metallic surfaces.

– This method uses an in situ ice formation procedure that reduces the
errors introduced in other ice adhesion strength measurement methods
where the sample with the ice need to be moved from a freezer to the
testing rig.

– Because the ice is formed in situ, the technique can also be used to
investigate the changes in ice adhesion strength of the sample after
several freezing and de-freezing cycles.

– The values obtained with this method is not representative of the true
ice adhesion strength of the material as the ice is not formed from pure
water but rather a mixture of deionised water and FEND™ hydrophobic
solution. This mixture is required to reduce the ice adhesion strength
below the cohesive strength of ice in order to promote adhesive failure
instead of cohesive failure. As a result, the measurements from this
method are not directly comparable to values of ice adhesion strength
obtained with other methods.

– The in situ ice formation procedure used in this method is dependent
on the formation of a meniscus between the sample and pool of water
before freezing. This method may not be applicable to hydrophobic
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surfaces where the wetting of the surface is limited and a clear meniscus
might not be formed.

– The in situ ice formation procedure is also dependent on the ice exerting
a 2− 10 N force on the sample as the definition of contact, this method
may not be suitable for soft samples where the application of such force
is sufficient to deform the surface and affect the contact area between
the sample and ice.

• Micro-nano scale shear ice adhesion strength measurement procedure was
developed based on the nanoscratch procedure of the Hysitron TI950 Tri-
boinenter available in the University of Auckland.

– The values obtained with this method is more representative of the true
ice adhesion strength of a material as the measurements are done with
microscopic ice droplets (< 3 µm in diameter and 100 nm in height)
that are less affected by various factors that influence macro-scale ice
adhesion failure events.

– SPM capabilities of the nanoindenter enables confirmation of the pres-
ence of ice droplet on the scratch path before scratching. It also enables
confirmation of fully adhesive failure events instead of cohesive-adhesive
failures that often happen during ice adhesion strength measurement.
Any test that exhibits mixed cohesive-adhesive failure characteristics
can be disregarded as the value would not be representative of the ice
adhesion strength of the material.

– Due to the small size of the microscopic ice droplets, the results of
this test is more sensitive to nano-scale variations on the surface of the
sample. Slight nano-scale changes that might not affect macro-scale
ice adhesion strength will significantly affect the ice adhesion strength
values measured with this method. Because of this, the method has
good potential for comparing the degree of icephobicity achieved in
small scale to establish whether a surface treatment would improve
icephobicity or not before any effort for production in larger scale is
undertaken.

– This method relies on controlling the condensation of water droplets
when the sample is cooled down and freezing them relatively quickly in
order to obtain micro-nano sized ice droplets. As such, this method may
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not be suitable for studies where the humidity and testing temperature
of the samples need to be varied significantly. There is a good chance
that micro-nano sized ice droplets could not be achieved at a very big
range of ambient humidity and temperature.

– This method assumed that the surface temperature of the sample is
equal to the temperature of the underside of the sample connected to
the cold side of the Peltier module. This is a good assumption to make
for thermally conducting such as most metals and/or thin samples, but
is likely to be untrue for non-thermally conducting samples such as
polymers.

• Xe+ ion implantation and CF+ ion implantation procedure was done at GNS
Science to modify the surface topography and chemistry of stainless steel.
This procedure was done in order to study the effect of surface topography
and chemistry on ice adhesion strength and better understand the mechanism
of how ice adheres to the surface.

– Material characterisation techniques confirmed the surface topography
and surface chemistry modifications on the stainless steel surfaces. The
Xe+ ion implanted samples show increased surface roughness, especially
at higher fluence and 45° incident ion angle. The surface chemistry of
these samples remain relatively unchanged, and changes in the mechan-
ical property, wettability, and ice adhesion strength of these samples
were thought to be caused mainly by surface topography effects. On the
other hand, the CF+ ion implanted samples had relatively unchanged
surface topography and slightly modified surface chemistry with im-
planted fluorine-rich hydrocarbons near the surface. These samples
exhibit significantly higher water contact angles and this was thought
to be caused by the surface chemistry changes. A combination of both
Xe+ and CF+ ion implantation process created surfaces where both the
surface topography and chemistry were modified.

– None of the ion implanted samples show significantly different macro-
scale tensile ice adhesion strength. This was thought to be because
the changes in surface topography and chemistry of the stainless steel
were only observed in the nano-scale. These changes are insufficient to
significantly alter the macro-scale ice adhesion strength as any beneficial
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effect obtained from the nano-scale modifications were easily overcome
by the much higher area of contact between ice and the sample.

– The highest fluence Xe+ ion implanted sample (X5) show higher micro-
nano shear ice adhesion strengths than the control sample, likely caused
by the increased surface roughness of this sample. The X5 sample
had higher true area of contact than the control sample for the same
apparent area of contact. Due to the size of ice droplets measured
with the nanoscratch method, it is more likely for the water droplet
to expand into the space between asperities during freezing and form
a Wenzel-type contact. The increased interaction between ice and the
sample leads to higher ice adhesion strength measured for this sample.

– The CF+ ion implanted samples show similar micro-nano shear ice
adhesion strengths to the control sample. This is consistent with the
finding that there are very small amounts of fluorine-rich hydrocarbons
implanted on these samples. It was thought that this slight change in
surface chemistry was insufficient to prevent the formation of a Wenzel-
type ice droplet during freezing of the microscopic ice droplets, leading
to relatively unchanged values of ice adhesion strength measured as the
surface topography of these samples were relatively unchanged.

– Samples that have been bombarded with both Xe+ ions and CF+ ions
show relatively unchanged micro-nano shear ice adhesion strengths
except for the heavily nanostructured sample that showed dramatically
reduced ice adhesion strength. This is thought to be caused by the
presence of fluorine rich-hydrocarbon ions at the base of the asperities
that prevented the formation of a Wenzel-type ice droplet during freezing
of the condensed water droplets. This effect was not observed for the
other samples as the size of the asperities were too big and the implanted
fluorine-rich hydrocarbons were unable to repel the water from entering
into the space between the asperities. It was suggested that one of the
main factors responsible for the mechanism of ice adhesion is whether a
Wenzel-type or a Cassie-Baxter type ice droplet is formed, especially in
the nano-scale. The implanted fluorine rich hydrocarbons near the base
of the asperities were thought to be responsible of the reduction of ice
adhesion strength by preventing the transition of a Cassie-Baxter type
water droplet into a Wenzel-type ice droplet during expansion of the
water when it freezes.
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7.2 Future work

This study has set the starting point of two quantification methods for ice adhesion
strength measurements at two different length scales. Based on the conclusions
outlined in this thesis, the mechanism of ice adhesion to a surface can be better
understood, but there are a number of possible future works that can be done to
further improve on the the understanding of how ice adheres to surfaces.

Improvements to the macro-scale tensile ice adhesion strength measurement
set-up could be done by performing studies with different samples with different
wetting behaviours. In order to obtain more objective results, it would also be
beneficial to further study the effect of different concentrations of the FEND™ on the
ice adhesion strength of the material and to determine the optimum concentration
of FEND™ for objective comparison.

Studies of the nanoscratch method for measuring ice adhesion strength at
different humidity conditions could also be done in order to establish the limits
of experimental conditions that could be done with the method. For objective
comparisons of different icephobicity studies, it would also be interesting to measure
the micro-nano scale shear ice adhesion strength of different icephobic surfaces
created with different approaches. In order to further validate the results of this
study, comparative studies of ice adhesion strength measurement results obtained
from other methods such as the one outlined in Chapter 2 would be beneficial.
The nanoscratch cooling stage also shows good potential for the characterisation
of anti-icing properties of a surface, as described in Appendix A. By taking optical
microscope images of a surface on the stage at various tiem intervals, one can
study the water droplet condensation and freezing behaviour of various icephobic
surfaces.

It is also worth noting that the values for micro-nano shear ice adhesion
strength obtained with this method is based on the apparent contact area of the
ice-solid interface. The determination of the true contact area was not obtained
in this method due to the significant error introduced by the tip effect during
SPM scanning with a conical tip (as described in Chapter 3). Future work could
include the use of the Hysitron TI980 triboindenter equipped with dual transducer
heads that can be equipped with two different tips. A sharper tip could be used to
determine the true contact area and the conical tip used for shearing the detected
microscopic ice droplets.

To better understand the effect of surface topography and chemistry on the
mechanism of ice adhesion, more studies could be done on other surfaces with
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significantly different surface topographies and chemistries. Future work could also
be done on polymer surfaces that are usually used to achieve icephobicity.
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Appendix A

Preliminary results of anti-icing
characterisation tests

In Chapter 5, it was demonstrated that the nanoscratch cooling stage was able
to condense water droplets from the moisture in the air and form microscopic ice
droplets. It was recognised that this capability has the potential to enable the
anti-icing properties of a surface by taking optical microscope images of the surface
as the temperature of the surface was lowered below the freezing point. This is
mainly due to the small size of the cooling stage as well as the quick and controlled
cooling ability of the Peltier module. At this stage, a preliminary study of this
capability is performed in order to demonstrate the potential side application of
the nanoscratch cooling stage.

For this preliminary study, the anti-icing behaviour of three stainless steel
samples were studied. The first sample was a grade 316 stainless steel sample with
a BA surface finish as the control sample. The second sample was a grade 316
stainless steel that has been chemically etched with a 5% Nital solution for 60 s,
revealing the grain boundaries on the surface. The third surface is a grade 316
stainless steel that has been bombarded with He+ ions with a fluence of 1× 1018

ions.cm−2 and a 0° angle of incidence. This caused a blistering effect and the
formation of nanostructures in the surface as has been investigated by another
researcher [210]. All samples were cleaned with detergent, water, and ethanol in
that order and then dried with approximately 60°C air prior to testing.

The sample to be tested was affixed onto the base plate of the nanoscratch
cooling stage using the high-density polysynthetic silver thermal compound (Arctic
Silver 5, Arctic). Since the intention of this test was not to perform nanoscratch on
the sample, the added mechanical compliance that prevented the use of the silver
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compound for sample mounting is irrelevant. The sample was then put under the
optical microscope inside the Hysitron TI950 testing chamber, where an image was
recorded every 5 s for a total duration of 300 s for each sample. All of the tests
were done at a relative humidity condition of approximately 45% and an ambient
temperature of around 23°C. The cooling stage was set to reduce the temperature
down from 23°C to −2°C and this temperature was achieved in approximately 30
s. The water condensation and freezing behaviour on the surface of the samples
were then qualitatively compared as a preliminary qualification of this potential
application.

Figure A.1 shows the recorded images of these three surfaces at different
checkpoints. Note that since the image was taken every 5 s, each checkpoint
event might have happened within the last 5 second of the recorded time-stamp
of the image. the The first checkpoint is the time when the first water droplet
condensation was observed. The second checkpoint was determined to be the time
of last condensation, where no new water droplet has been observed to condense on
the surface. The third checkpoint is the time when the water droplets were frozen
into ice droplets. This process was observed to happen almost instantaneously for
all three samples. The fourth and last checkpoint was taken at the 5 minutes (300
s) mark. At this point in time, the ice droplets were observed to be stable and the
test was stopped.
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Figure A.1. Optical microscope images of water droplet condensation and freezing for
(a) grade 316 stainless steel control sample, (b) 5% Nital etched stainless steel, and (c)
He+ ion implanted stainless steel.
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From these results, some preliminary qualitative observations can be made.
It can be seen that both the chemically etched and He+ ion implanted surface
show slightly delayed onset of water condensation (at 8°C and sometime between
15− 20 s) when compared to the control sample (at 12°C and between 10− 15 s).
These surfaces also show slightly delayed onset of freezing (100− 105 s) compared
to the control sample (95− 100 s) at −2°C. This preliminary result suggests that
the modified surfaces have slight anti-icing behaviour with delayed start time /
temperature of water droplets condensation and freezing compared to unmodified
stainless steel.

Figure A.1 also shows that the chemically etched and He+ ion implanted
samples have some gaps between the formed ice droplets. The reason for this
is thought to be that the presence of surface asperities promotes heterogeneous
nucleation of water droplets and they became the preferred sites of condensation.
Since the chemically etched and He+ ion implanted samples show a rougher surface
(grain boundaries and some blistered surface), stable water droplets preferentially
condense on these surface features first and then they started to grow. This
prevented the condensation of new water droplet nuclei on other parts of the
surface, creating the gaps observed.

The preliminary result shown in this appendix shows good potential for a side
application of the nanoscratch cooling stage developed in Chapter 5 as a means
for characterising the anti-icing behaviour of a surface. As a preliminary result, it
can be seen that chemically etched and He+ ion implanted stainless steels show
slightly better anti-icing properties than unmodified grade 316 stainless steel, as
expected from the change in surface topography (discussed in detail in Chapter 2).

Although this procedure shows some promise, further study is still required
in order to improve the reliability of this test. This includes the effect of different
relative humidities and ambient temperature, different cooling temperatures and
cooling rates, and whether the test would be applicable for other types of samples
(such as non thermally conducting polymers). Nevertheless, this procedure show
potential for further study of the characterisation of different icephobic surfaces on
the nanoscratch cooling stage for a quick qualitative evaluation of their anti-icing
characteristics.
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Sample nanoscratch results for
ion implanted steels

Five independent nanoscratch measurements on each ion implanted stainless steels
were done in order to quantify the micro-nano scale shear ice adhesion strength of
these samples. The following Figures B.1, B.2, and B.3 show sample images of the
Pre-Scratch SPM scans on the microscopic ice droplets obtained with the SPM
scanning for selected ion implanted samples as well as the nanoscratch results. The
results from this experiment are compiled in order to create the graph shown in
Figure 6.16 and analysed to better understand the mechanism of ice adhesion to
surfaces in Chapter 6. Table B.1 shows the average measured apparent diameter of
ice droplets and the associated ice adhesion force obtained from nanoscratch for
these samples.

The apparent area of contact at the ice-solid interface A was assumed to be a
perfect circle with an area of:

A =
πdice droplet

4
(B.1)

and the ice adhesion strength was calculated as:

τice adhesion =
Fice adhesion

A
. (B.2)
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Table B.1. Compilation of the results obtained from performing the novel nanoscratch
method described in Chapter 5 on the ion implanted samples created in Chapter 6. The
uncertainties associated with each measurement show one standard deviation from the
mean of five independent measurements.

Sample Average ice diameter
(µm)

Ice adhesion force
(µN)

Ice adhesion strength
(MPa)

XC 1.53± 0.24 10.6± 2.6 5.7± 1.4
X1 1.69± 0.43 7.5± 1.8 3.3± 0.8
X2 1.32± 0.54 7.8± 3.6 5.6± 2.6
X3 1.25± 0.47 4.3± 0.8 2.9± 1.1
X4 1.64± 0.36 6.3± 2.4 3.0± 1.2
X5 1.64± 0.51 51.4± 31.9 24.3± 15.1

FC 1.82± 0.34 20.0± 2.2 7.7± 0.7
F1 1.26± 0.86 10.8± 3.4 8.6± 2.8
F2 1.57± 0.68 16.4± 4.9 8.4± 2.5
F3 1.81± 0.63 25.9± 6.5 10.0± 2.4
F4 1.91± 0.41 26.5± 4.3 9.2± 1.5
F5 1.75± 0.51 16.9± 2.6 6.9± 1.1
F6 1.42± 0.49 13.6± 4.3 8.2± 2.5
F7 1.41± 0.89 15.3± 1.8 9.7± 1.1
F8 1.76± 0.72 23.8± 7.6 9.6± 3.0

XF1 1.66± 0.43 8.6± 4.6 3.9± 2.1
XF2 1.87± 0.27 12.7± 5.2 4.5± 1.8
XF3 1.39± 0.44 6.6± 3.5 4.2± 2.4
XF4 1.29± 0.93 6.2± 2.7 3.7± 1.0
XF5 1.48± 0.72 8.9± 5.4 5.2± 3.2
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Figure B.1. Sample Pre-Scratch SPM TF image and nanoscratch results for the procedure
done on the Xe+ ion implanted samples described in Chapter 6. The data is from sample
(a) XC, (b) X3, and (c) X5
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Figure B.2. Sample Pre-Scratch SPM TF image and nanoscratch results for the procedure
done on the CF+ ion implanted samples described in Chapter 6. The data is from sample
(a) FC, (b) F5, and (c) F8
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Figure B.3. Sample Pre-Scratch SPM TF image and nanoscratch results for the procedure
done on the Xe+ and CF+ ion implanted samples described in Chapter 6. The data is
from sample (a) XF1, (b) XF3, and (c) XF5
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