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Abstract

The objective of this work was to prepare and characterise a type of coating designed
for de-icing of surfaces exposed to freezing climates, such as wind turbines and
aeroplanes. The coating consists of three layers interacting with each other in order to
utilise the energy from incident illumination for ice mitigation. Such a coating could
potentially be a more environmentally friendly alternative to de-icing methods used
today, which are typically either energy-consuming or chemically polluting.

The most crucial and interesting properties of the de-icing coating lie with the surface
layer, which purpose is to absorb incoming radiation and convert it to thermal energy.
For this project, prototype coatings with four different surface layers were prepared
using the ceramic tape casting method. One of the coatings was prepared with silicon
carbide (SiC) as the surface layer; the other three were prepared with copper/cupric
oxide cermet composites of varying metal content. Coating preparation by tape casting
was demonstrated to be a simple and fair method of preparing samples for this kind
of study. However, the durability of the coatings was observed to be far too poor for
application purposes. Alternative preparation methods should thus be looked into, in

order to produce a coating with denser and stronger surface layers.

The surface properties of the prototype coatings were characterised by scanning
electron microscopy (SEM) and stylus profilometry.  The wetting behaviour
was analysed by water contact angle (WCA) measurements, and the durability
investigated by scratch testing. Differential scanning calorimetry (DSC) and laser-flash
measurements were used to calculate the thermal conductivities of the four surface
materials, and their optical absorption properties were measured by integrating sphere
spectroscopy. Finally, a simple experimental setup was used to characterise the

de-icing properties of the four prototype coatings.

The characterisation study revealed several interesting findings. The surface structures
of the prepared prototype coatings were measured to be very rough, but decreasingly
so with decreased particle size in the material. This roughness was observed to have
a strong influence on the wetting behaviour of the surfaces, and in turn, is thought
to also have affected surface ice adhesion. The four surface layer materials were
measured to have weak thermal conductivities, likely due to the high binder content
and porosity. Their optical absorbance values were measured to be relatively high,
which is a promising result with regards to their photothermal function. Results
from the de-icing characterisation indicated that each of the four coatings, to varying
extents, inherited the desired photothermal properties, as their performance was
enhanced by illumination.
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Sammendrag

Dette prosjektet har hatt som mal a lage og karakterisere et overflatebelegg som
utnytter energien i solstraler til avising av flyvinger, vindmseller og andre installasjoner
som er utsatt for isakkumulering. Belegget bestér av tre lag med ulike egenskaper, som
virker sammen for & fjerne is som har samlet seg pa overflaten ved hjelp av energien
fra innfallende lys. Motivasjonen er at denne lgsningen kan vere et mer miljovennlig

alternativ til dagens avisingsmetoder, som er energikrevende og naturforurensende.

De viktigste, og mest interessante, egenskapene til belegget ligger i overflatelaget, hvis
hensikt er & absorbere innkommende straling og omforme det til varmeenergi. I dette
arbeidet har fire prototyper av et slikt belegg blitt laget ved keramisk bdndsteping. Ett
av beleggene ble laget med silisiumkarbid som overflatelag; de tre andre med ulike
komposisjoner av en kobber/kobber(II) oksid-kompositt. BAindsteping viste seg a veere
en enkel og rimelig metode for preparering av beleggsprover til denne typen studie,
men den produserer ikke belegg som er motstandsdyktige nok til & kunne anvendes i
praksis. Videre arbeid ber av den grunn se til alternative preparative metoder som kan
gi okt tetthet og styrke i beleggets overflatelag.

Beleggenes overflateegenskaper ble karakterisert ved sveipeelektronmikroskopi
(SEM) og stylusprofilometri. Fuktegenskapene ble karakterisert ved vannkontakt-
vinkelmdlinger, og motstandsevnen ved skrapetesting. Malinger fra differensiell
skanningskalorimetri (DSC) og laserflash ble brukt til 4 beregne termisk ledningsevne
i de fire overflatematerialene, og deres optiske absorpsjonsegenskaper ble mélt ved
hjelp av integrerende kule-spektroskopi. Videre ble et enkelt eksperimentelt oppsett
brukt for & karakterisere avisingsegenskapene til de fire prototypebeleggene.

Karakteriseringen avdekket flere interessante funn. For det forste ble overflaten
til beleggene malt til & veere veldig ru, og at denne ruheten sank med redusert
partikkelstorrelse i materialet. Den ru overflaten ble ogsa observert til 4 ha hatt sterk
innvirkning pa fukteegenskapene til belegget, som igjen antas 4 veere sveert viktig
for hvordan is heftes til overflaten. De fire overflatematerialene ble malt til & ha lav
varmeledningsevne, trolig pa grunn av poresitet og heyt innhold av bindemiddel.
Absorpsjonsevnen til materialene ble malt til & veere tilstrekkelig hay, med hensyn til
funksjonen de er ment & tjene. Resultatene fra avisingskarakteriseringen avdekket
at bestrdling fremmet avisingsegenskapene til samtlige prototypebelegg, noe som
antyder at overflatematerialene innehar de nedvendige fototermiske egenskapene for

formalet.
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List of abbreviations and symbols

a
Cermet

Thermal diffusivity

Composite consisting of ceramic and metal components
Specific heat capacity

Interfacial tension

Differential scanning calorimetry
Thermal conductivity

Particle size distribution
Polyvinyl butyral

Arithmetic surface roughness
Room temperature

Density

Scanning electron microscopy
Temperature

Contact angle

Work of adhesion

Water contact angle
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1 Introduction

Many industries operating in freezing climates are faced with the challenge of ice
build-up on structure surfaces [1-3]. The most obvious and talked about problems are,
perhaps, within transportation. In the United States, icy and slushy pavements were
reported as the cause of, on average, more than 300,000 car crashes annually between
2007 and 2016 [4]. Icing on aeroplanes is a serious issue, as any change to the aircraft
surface heavily impacts the aerodynamics, which in turn decreases flight performance
and fuel efficiency [5, 6]. Similar problems also appear in the energy sector, where
icing of power transmission lines has always been a huge source of trouble [7]. With
the rapidly increased interest in renewable energy over recent years, energy companies
have also found that the development of wind farms in colder climates is not ideal. Ice
accumulation on the wind turbines’ blades drastically decreases their efficiency, and
ice blocks falling to the ground can have fatal consequences for workers on site [8].
Due to all the negative aspects associated with surface icing, an enormous amount of
resources is put into researching how to best defeat it.

Today, common methods of preventing and removing ice accumulation include
electrical systems based on surface heating or mechanic removal, which require large
amounts of energy. Depending on design and weather conditions, the anti-icing
systems that are used in wind turbines sometimes require as much as a quarter of
the electrical energy that is produced by the turbine [1]. In the fields of transport and
aviation, the approach of lowering the water freezing point by use of salts and glycols is
more common. Extensive use of such chemicals have been shown to negatively affect
the environment and increase the rate of corrosion damage [9]. The ideal solution to
the icing problem would be one that works efficiently, is gentle to the environment,

requires minimal energy input, is inexpensive in use and easy to implement.

1.1 Ice mitigation tactics

When it comes to dealing with surface icing, the tactics used are generally categorised
into two groups. The term de-icing is used when describing strategies to remove
existing ice accumulation, whereas anti-icing strategies are put in place to prevent
ice from forming on the surface to begin with [7, Ch.6]. There are advantages and
disadvantages to both approaches, and different icing situations call for different
solutions. For a wind turbine, thermal de-icing systems require less energy than
thermal anti-icing systems, but the efficiency of the turbine is significantly lowered

in the periods where ice is formed on the blades and not yet removed [1].



1.1. ICE MITIGATION TACTICS

Ice mitigation systems like heating or mechanic removal, where an energy input is
required, are also sometimes categorised as active. Most research today is focused
on the development of so-called passive de-icing and anti-icing solutions. These get
the job done without needing any external energy input other than from natural forces
such as wind, gravity, solar irradiation, etc. This is achieved either by careful material
selection, by modification of the surface structure, or by application of a coating layer.
Most often, the mechanism for these solutions is focused on decreasing the strength
of adhesion between the ice and the surface [10]. The concept behind this is that if the
adhesion is weak enough, the ice can slide off either under its own weight or from a
small external action such as a wind gust. Since ice is built from the same molecules
as liquid water, a lot of the research within the field of anti-icing coatings is centred
around developing water repellent or, in other words, hydrophobic surfaces. However,
a clear correlation between a surfaces affinity towards ice and towards water is yet to
be found [11, 12].

Previous studies have also looked at the possibility of amphiphilic coatings for
anti-icing, where the surface has both hydrophobic and hydrophilic components [10].
The exact anti-icing mechanism for these surfaces is yet to be concluded upon, but
a feasible theory is that a film of water remains unfrozen at the ice-coating interface,
making the surface slippery. The main challenge of these passive coating solutions is
in regards to the durability of the surfaces. Thin coatings and surface microstructures
wear down quickly in harsh environments, and the ice mitigation effect decreases with

every icing/de-icing cycle [13].

Electrostatic interactions between the ice and surface have been shown to contribute
greatly to the adhesion, and thus extensive research has been put into developing
anti-icing coatings made from polydimethylsiloxane (PDMS) and other insulating
polymers. However, studies have revealed that this theory does not hold up as well

in practice, and that the real case of ice adhesion is rather complex [14, 15].

More recently, research has shifted into the development of de-icing surfaces that
utilise solar or auxiliary illumination by converting it into heat energy [2, 16, 17]. If
such a coating functions efficiently, and can be produced from cheap, durable and

sustainable materials, it could revolutionise the research on de-icing tactics.



CHAPTER 1. INTRODUCTION

1.2 The photothermal trap

Dash and his team of researchers at MIT have developed a coating that utilises
incoming sunlight for de-icing purposes [2]. The coating consists of three layers that
interact in a way that absorbs incident radiation and traps the energy as heat, which
in turn causes an increase in temperature along the coating surface. This can melt
av thin layer of ice at the ice/coating interface, creating a slippery water film which
drastically lowers the ice adhesion. Thus, accumulated ice can slide off under its own
weight or from a small, external nudge. The temperature rise also has an anti-icing
effect because it slows the nucleation and growth rates of ice crystals on the surface.

The layered structure and concept of the photothermal trap coating are illustrated in

Figure 1.1.
‘ Incident
Convection light
Convection ? ?
Conduction
Absorber

S — |
Thermal spreader

¥ Conduction

Insulation
P A A A AV A A A A 4 A A A o 4

\

Heat loss to base substrate

Figure 1.1: Schematic illustrating the structure and concept of the
photothermal trap coating. Arrows represent the heat transfer in the system.
The thickness of the layers are not to scale. (From Science Advances© Dash,
de Rutier, Varanasi [2], some rights reserved; exclusive licensee American
Association for the Advancement of Science. Distributed under a Creative
Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://
creativecommons.org/licenses/by-nc/4.0/)

The effectiveness of the photothermal trap is determined by two factors: The
temperature increase on the surface in response to illumination, and the thermal
response time. These factors can both be tuned by the choice of materials for each

of the three coating layers.

For the top layer of the trap, it is suggested that a selective absorber material be

used. Such materials absorb a major fraction of incoming radiation and converts it to
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1.3. AIM OF THE WORK

thermal energy, rather than reflecting or re-emitting it. For the heat to be transferred
to the second layer of the coating, this absorber material also has to have a fairly high
thermal conductivity. Furthermore, the surface structure and wetting properties of
this layer are important to consider, seeing as these greatly affect how ice adheres to
the coating. Below the absorber, there is a thermal spreader layer, which function is
to spread the heat along the coating plane. This is a crucial factor for the de-icing
properties of the coating, as the surface is unable to absorb radiation in spots where
ice has already accumulated. Heat must consequently be transported here from
illuminated areas of the coating. The primary criteria when choosing the material
for this middle layer is therefore a high thermal conductivity. Finally, there should
be a thermally insulating layer below the thermal spreader to restrict heat loss to the
substrate.

Dash et al. had great success in the testing of their prototype for this coating [2]. They
recorded an increase in surface temperature of up to 33 °C upon solar illumination,
which shows that this type of coating could be a highly efficient approach to dealing
with surface icing. However, the details on which material is being used as the selective
absorber layer is not disclosed.

1.3 Aim of the work

The main objective of this Master’s Thesis is to prepare and characterise four
prototypes of a photothermal trap coating designed for de-icing purposes. The coating
will utilise heat generated from photothermal conversion of solar illumination to melt
off ice deposited on the surface. The thesis is an extension of the work performed by

the author in the specialisation project [18].

All three layers of the photothermal trap coating are important to the de-icing function,
but the properties of the selective absorber are the most complex and interesting. In
this study, prototypes of the photothermal trap coating with four different absorber
materials are prepared by tape casting of ceramic slurries onto strips of aluminium foil.
The coating surfaces are then characterised by scanning electron microscopy (SEM)
and stylus profilometry. Their wetting behaviour is characterised by water contact
angle (WCA) measurements, and their hardness and durability by scratch testing. The
de-icing abilities of each prototype coating are evaluated using a simple experimental
setup. The optical properties of the four absorber materials are characterised by
integrating sphere spectroscopy, and the thermal properties by differential scanning
calorimetry (DSC) and laser-flash methods.

The results from the characterisation are used both to review the four materials as
selective absorbers for this type of de-icing coating, and to review the method of

coating preparation.



2 Theory

2.1 Introduction to surface icing

Icing on a surface can be caused by various atmospheric phenomena, and is usually
categorised as either in-cloud icing, precipitation icing, sea water icing or frost. Each
of these will be reviewed in this section, and photographs showing how they differ
in appearance are given in Figure 2.1. Ice that is formed under natural conditions is
a stochastic substance where water molecules are held together by hydrogen bonds.
Even though the molecules always arrange themselves on a hexagonal crystal lattice,
the disorder of their direction causes each case of icing to be somewhat unique [19].

Figure 2.1: Photographs showing examples of a)rime ice formed from in-cloud
icing, b) precipitation icing caused by freezing rain, c) sea water icing, and d)
frost ice. The images are adapted from [20], [21], [22] and [23].

In-cloud icing (Figure 2.1a) occurs when tiny, supercooled water droplets in a cloud
or fog impacts on a surface in conditions below 0 °C (sub-zero), causing the droplets
to instantly freeze onto the surface. Depending on the weather situation and cloud
characteristics, the resulting rime ice may be either hard or soft in texture. Since the
conditions necessary for in-cloud icing to occur are rather rare, it is mostly seen on
structures located in elevated and exposed terrain [7].



2.1. INTRODUCTION TO SURFACE ICING

Precipitation icing (Figure 2.1b), on the other hand, can occur on all surfaces that are
exposed to a combination of sub-zero conditions and some kind of precipitation. Both
the properties and appearance of the accumulating ice is greatly affected by the nature
of the precipitation. Depending on the vertical temperature distribution of the lower
atmosphere this may be in the form of freezing rain, wet snow, dry snow, or anything in
between. Dry snow poses less problems than wet snow and freezing rain, as the latter
two form ice that is more dense and has a higher surface adhesion [1, 7]. Ice accretion
in marine climates can sometimes be a result of supercooled sea water being sprayed

or blown onto a cold surface (Figure 2.1c) [22].

All the aforementioned icing processes are due to a phase transition from liquid to
solid water. Frost ice, on the other hand, is a state that is formed when water vapour
transitions directly to solid ice on sub-zero surfaces (Figure 2.1d) [7]. This phase
transition is often referred to as desublimation, and is the same transition that takes
place in the atmosphere in the creation of snowflakes [19]. This allows for more
crystalline microstructure than other types of surface icing, and an order similar to
the characteristic six-fold symmetry of snowflakes is often observed in frost ice as well.

2.1.1 Ice adhesion

The adhesion between a surface and the ice that is accumulated on it can be described
by a set of forces acting at the interface [19]. Firstly, chemical bonds are formed
between the molecules on opposite sides of the interface. This lead to a short range
attractive force that, depending on the chemistry of the surface and its affinity to water
molecules, can be strong or weak. Secondly, there are electrostatic interactions that
arise from non-compensated spatial charge distributions in both the substrate and the
ice. Opposite charges at their respective surfaces then result in a strong, attractive force
at the interface [19]. Finally, as for any intermolecular action, van der Waals forces are
present at the ice-surface interface as well. These are weak, attractive forces that result
from the formation of temporary dipoles in the molecules and atoms at the interface
[24]. Of these three, the electrostatic forces are found to have the largest contribution
to the total adhesion [19, 25].

Ice adhesion is very complex, and there is yet to be found a single model that can be
used to adequately predict how strong it is for a given icing system [14, 24, 26, 27].
The strength of ice adhesion relies on many different parameters, related to both the
surface and type of ice. As discussed earlier, the nature of accumulated ice on a surface
can vary a lot depending on the conditions it was formed in. A recent study performed
by Renneberg et al. suggested that ice adhesion strength decreases with increasing
density of the deposited ice [15].
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When it comes to the surface the ice adheres to, its wetting properties are usually
looked at as a contributing factor. Although there is still an ongoing discussion about
whether there is a correlation between hydrophobicity and low ice adhesion strength
[11, 12], it is still the main focus of anti-icing research. Surface wetting properties are
further discussed in Section 2.2. Furthermore, it is not only important to consider the
chemistry of the surface, but also the physical structure. A rougher surface has been
shown to give stronger ice adhesion, for samples with the same chemical composition,
and this is mostly likely attributed to frictional forces at the interface [28-30].

In general, ice adhesion strength is defined as the force needed to remove the ice from
the surface, divided by the area of ice-surface interface [11]. Various research groups
working on this topic are operating with very different methods of measuring this, and
especially in regards to the ice removal strategy, which can be either by a shear, tensile
or centrifugal force [31]. Moreover, the method used to deposit ice onto the surface
varies a lot between individual studies as well. In particular, it has been shown that
the use of impact ice (simulating precipitation icing) vs. non-impact ice (simulating
in-cloud icing) gives significantly dissimilar results [32]. Due to these measurement
differences, there is low accuracy in comparing the results of separate studies that have

measured ice adhesion strength.

2.2 Solid surface wetting

As previously mentioned, the wetting interaction between the surface and incident
water droplets is one of the most important factors of icing, particularly of
precipitation icing. When a droplet is deposited on a flat surface, gravitational forces
will work to flatten it out into a thin film on the surface. Due to surface tension, a
smaller surface area of the droplet is often more energetically favourable, and the liquid
will in most cases take on a curved, dome-like shape. The most common parameter
used when describing wetting phenomena is the contact angle, 8, which is the angle
between a flat surface plane and the liquid-air interface [33, 34]. Furthermore, three
cases of interfacial tensions can be defined. One between the solid surface and gas
phase (ysg); one between surface and liquid phase (yg;); and one between liquid and
gas phases (yg). 0 is related to yg, v and y ;¢ through Young's equation [35-37]:

Ysg =YsitYigcost 2.1

For water deposited on a surface, we define the surface as hydrophilic if 8 < 90 °and
hydrophobic if 8 = 90 °. The case of complete wetting (6 = 0 °) is mostly hypothetical,
as the liquid can not spread infinitely, but the term is still used to describe surfaces
with exceptionally low contact angles [34]. Materials with hydrophobic surfaces are



2.2. SOLID SURFACE WETTING

thoroughly researched because their water-repelling abilities have potential to be
utilised in many different fields of technology. Figure 2.2 illustrates the three distinct
cases of wetting on a smooth, horizontal surface.

o
o 6>90
6<90
/7\ Q e—On
[/ ) ) )/ /) ) S
[/ ), S /S
a) b) c)

Figure 2.2: Three cases of wetting on a solid surface, where a) shows wetting on
a hydrophilic surface, b) on a hydrophobic surface and c) illustrates the event
of complete wetting

A droplet deposited on, or sliding down, a tilted surface will have dissimilar contact
angles on the upper and lower sides, which are termed the receding (6,) and advancing
(8,) contact angles, respectively. The values of these lie on either side of the apparent
contact angle measured on the same surface if it was horizontal. The difference (8, -
0,) is termed the contact angle hysteresis [35].

Wetting of real surfaces

All of the ideas presented thus far are based on the assumption of an ideal, smooth,
surface with homogeneous chemistry. Real-life surfaces are, in most cases, chemically
heterogeneous, and have some surface roughness that result in quite different wetting
properties than the case described by the Young equation. The wetting of rough
surfaces is usually described by one of two models [10, 38]. The first of these is
the Wenzel model [39], where the open pores that are in contact with the liquid
are assumed to get completely filled with said liquid. Wenzel states that, based
on this assumption, the rough surface will vastly increase the area of surface-liquid
interaction, resulting in the surface properties of the material being emphasised.
Hence, an inherently hydrophobic material will experience even higher contact angles

with increased surface roughness. This situation is described by the Wenzel equation,

cos0 app = rcosOyoung (2.2)

where 64, is the apparent (measured) contact angle, Oy,ung is the Young contact
angle, and r is the ratio between the true surface area in contact with the liquid and
the apparent contact area [36]. The second model is the Cassie-Baxter model [40],
in which the liquid does not penetrate the open pores. The liquid drop can then be
described as resting on top of the roughness, making the interfacial area between the
surface and liquid much smaller than in the Wenzel model. The surface properties

8
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are then downplayed, and the interactions between the liquid and gas phases become

more prominent.

In a real case of wetting on a rough surface, the situation is most likely a combination
of the two models, with pores that are partly penetrated by liquid, but also contain
trapped pockets of air [41]. These considerations cause the apparent contact angle of a
rough surface to be very different from a contact angle measured on a smooth surface
of the same material. The cases of Wenzel, Cassie-Baxter and a combination scenario
are illustrated in Figure 2.3.

a) b) c)

Figure 2.3: Schematic showing three scenarios of rough surface wetting: a)
Wenzel state, b) Cassie-Baxter state, and c¢) combined Wenzel/Cassie-Baxter
state

Capillary rise

Another phenomenon in wetting chemistry is the case of capillary rise. When the
opening of a narrow tube, such as an open pore, is brought in contact with water, a
small amount of liquid is drawn into the tube. The reason for this is that the wetting
of the inner tube surface lowers the energy state of the system. A capillary pressure
difference (AP) is established across the liquid-air interface, and this is related to the
contact angle (0), water-air interfacial tension (y;¢) and tube diameter (D) through
Laplace’s law [35, 42],

2y1gcost
D

AP 2.3)
Correlation to ice adhesion

Since wetting characteristics are believed to be so strongly linked to how ice adheres
to a surface, this correlation has been thoroughly researched [13, 29, 43]. Generally,
it is accepted that ice adhesion decreases with increasing water contact angle [7, 44].
Makkonen et al. [14] showed that the ice adhesion strength is related to water surface
tension (y;¢) and contact angle (0) via the following equation, where W4 denotes the

work of adhesion:

Wy =y1g(1+cosb) (2.4)



2.3. OPTICAL ABSORPTION AND PHOTOTHERMAL CONVERSION

Surfaces characterised as icephobic (i.e. showing little to no interaction with ice) have
been reported to experience a high degree of Cassie-Baxter wetting, where the small
interfacial area between the ice and surface causes an overall low adhesion between
the two phases [10]. It is worth noting that several additional factors usually have to
be in place for a surface to behave in a truly icephobic manner, among these low water
affinity, promotion of homogeneous ice nucleation and poor stability of the ice-solid

interface [10].

2.3 Optical absorption and photothermal conversion

When electromagnetic radiation interacts with matter, the energy can either be
absorbed into, reflected/scattered by, or transmitted through the material. How the
total incident radiation distributes across these three options is the basis of how
humans perceive the colour and opacity of the matter [45]. The absorption part of
this equation is crucial to the function of the photothermal trap, and will therefore be
reviewed in further detail in this section.

In the event that a photon (= quantum of electromagnetic radiation) collides with the
atoms and molecules in a material, energy is released. If the energy of the photon
is equal to or greater than the band gap of the material, this interaction can knock
an electron across this band gap, into the conduction band. Since this new state
is energetically unfavourable, the electron will quickly fall back into its ground state
in the valence band. This fall-back releases energy in the form of either re-emitted
photons, heat, or both [46]. The energy release that results in heat evolution is
what is considered as absorption. The fraction of incident radiation that is absorbed
by a material is termed the absorptivity. Absorptivity is not to be confused with
the term absorbance, as the latter is defined as the negative natural logarithm of
the transmittivity (the fraction of incident radiation that is transmitted through the

material) [45].

The emissivity of a material is defined as the ratio of the radiation emitted from the
material to the radiation emitted by an ideal black body at the same temperature. In an
equilibrium state, the absorptivity and emissivity of a material are equal. However, if an
object absorbs more radiation that it emits, then the internal temperature of the object
increases and it is no longer in equilibrium with the environment [45]. In the field
of solar energy this whole process where radiation is converted to heat is often called
photothermal conversion [47, 48]. Efficient photothermal conversion in a material is

reliant on high absorbance and low thermal emissivity [47, 49].

Photothermal characteristics can be measured using several different techniques,
with variations of spectroscopy and calorimetry being the most common [48]. In
photothermal lens spectroscopy, the heat development of an irradiated sample can
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CHAPTER 2. THEORY

be measured by quantification of the photothermal lens effect that occurs. When
the temperature of matter increases, its density decreases due to thermal expansion.
This causes a change in the refractive index of the matter that can be observed and
measured as the divergence of a laser beam shining through it [50]. This method
is widely used to characterise the photothermal conversion of transparent gases and

liquids.

For non-transparent material samples, the optical and thermal aspects of
photothermal conversion are often measured separately, and one method of
measuring the absorbance of a solid sample is by integrating sphere spectroscopy.
The integrating sphere is a hollow, spherical device with a reflective, white coating
on the inside. This environment allows for diffuse optical measurements of the
sample, meaning that the spatial direction of radiation is not regarded [51, 52].
Thermal emission methods are used to measure the emissivity of solid samples. These
measure the infrared radiation that is emitted by a sample as a consequence of optical

absorbance [50].

2.4 Material selection for the photothermal trap coating

As mentioned in Section 1.2, the choice of materials used in a photothermal trap
coating is essential to its final performance, and there are several aspects to consider
in the search for possible candidates. First of all, the materials need to have the
designated properties that contribute to the de-icing function of the coating. Secondly,
they should have mechanical properties that ensure a long-term durability, and at
the same time allow for the thin layer assembly illustrated in Figure 1.1. Finally, as
for any material selection process, it is also important to look for the candidate that
meets these criteria whilst being cheap, non-toxic and preferably made from abundant

elements.

Solar selective absorber materials are heavily researched, due to their use in
concentrating solar power systems, where incident sunlight is converted to thermal
electric power [53, 54]. These can have many different compositions, structures
and mechanisms of absorption. Some rely on semiconducting properties, some
on microstructured surfaces, and others on a multi-layer system where radiation
is reflected between the individual layers [47]. Based on the required properties,
four absorber materials are proposed as possible candidates for the top layer of the
photothermal trap. These, along with their key thermal and optical characteristics are
presented in Table 2.1.

11



2.4. MATERIAL SELECTION FOR THE PHOTOTHERMAL TRAP COATING

Table 2.1: Materials proposed for use as absorber layer in the photothermal trap
coating, presented along with relevant thermal and optical properties.

Material Chem. formula Thermal conductivity Absorbtivity Emissivity
(W/mK] [%] (%]
Silicon carbide SiC 80 (hot-pressed) [46] 60 (A=550 nm) [55] 94 [56]
Cupric oxide CuO 33 [57] 91 [47] 19 (at 140 °C) [58]
Black nickel Ni-Sn (alloy) N/A 92-98 [47] 8-25 [47]
Black chrome  Cr/Cr,03 (cermet) N/A 97 [47] 9 [59]

From the information in Table 2.1, it is clear that the black nickel and black chrome
absorbers would show the highest efficiency of photothermal conversion (ref. Section
2.3), closely followed by cupric oxide. Mérquez et al. performed a characterisation
study of cupric oxide films [60], where they concluded that the material performed well
as a selective absorber. However, it is safe to assume that they all have fairly low thermal
conductivities, compared to silicon carbide. The thermal conductivities of pure metal
nickel and chromium are 91 W/mk [61] and 93 W/mK [62], respectively, and these would
be significantly lower for an alloy or composite containing each of the metals [46]. This
could impede the transfer of heat between the absorber and spreader layers of the
coating. Moreover, silicon carbide is considered to be a very durable material, with
a remarkable hardness and resistivity to acidic corrosion [63]. It is also a cheaper and
more accessible material than both black chrome and black nickel [56, 64, 65]. It is
worth exploring whether the thermal conductivity of cupric oxide could be increased

by using it in a ceramic-metal composite (cermet) with metallic copper.

Table 2.2 presents three alternative materials that could be used as the spreader layer
of the photothermal trap coating. Even though aluminium has the lowest thermal
conductivity of the three, it is considered to be the preferred alternative as it is cheap,
lightweight, non-toxic and easily available [66]. Aluminium metal is, in fact, about a
hundred times cheaper than pure silver metal [46]. Metallic copper would also be
a reasonably good candidate as it is an excellent thermal conductor, and has a price
point comparable to that of aluminium. However, it has more than twice the specific

mass of aluminium [46], and is reported to have some unfortunate toxic effects [67, 68].

Table 2.2: Metals proposed for use as the thermal spreader layer in a
photothermal trap coating, and each of their thermal conductivities.

Material Chem. Thermal conductivity

formula [W/mK]

Aluminium Al 222 [69]
Copper Cu 400 [57]
Silver Ag 428 [46]

12
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When it comes to the innermost layer of the coating, the most important factors are
that this material has a low thermal conductivity and allows for satisfactory adhesion
to the substrate. This criteria is met by a number of different materials, so a cheap and
easy solution would be to use some kind of commercially available, insulating foam.

2.5 Methods of de-icing characterisation

There is, to the authors best knowledge, no existing standard experimental setup
that can be used to to characterise the performance of potential anti- and de-icing
coatings. When considering that illumination needs to be included as a variable, the
characterisation method is further complicated. Dash et al. [2] studied the de-icing
effects of their photothermal trap coating using a specifically designed cold chamber
equipped with a side view port. With this device, they managed to keep stable, cold
conditions inside the sample chamber while the sample surface was recorded through
the port. A halogen fibre light with low thermal radiation (max. 1.8 kW/m?) was used
to simulate sunlight. This characterisation setup is both complex and expensive, and
the following paragraphs look into other alternatives for performing these kinds of

measurements.

Former NTNU Master Student Raasok wrote their thesis on hydrophobic anti-icing
coatings in 2014 [70], where a fairly simple setup was used to study icing
characteristics. The coating samples were mounted with tape to a 45°inclined
aluminium plate which was then cooled to sub-zero temperature in a walk-in freezer.
Precipitation icing was emulated by spraying finely dispersed ice water onto the
freezing surface of the coating sample. The freezing-, and subsequent melting
behaviours on the surface were then observed closely. Raasok reports that this setup
was inspired by the experiments performed in anti-icing studies by Lee et al. [71] and
Cao et al. [72].

The method used in Raasok’s study would have to be modified in order to characterise
the de-icing ability of a photothermal trap coating, seeing as the illumination variable
is so important. To fully observe how illumination affects the de-icing process, two
parallels of the experiment are necessary. One where the sample surface is illuminated;
and one where it is not. During the specialisation project by the author [18],
de-icing characterisation was performed by a modified version of Raasok’s method.
Two parallels of samples were mounted on the aluminium plate to be characterised
simultaneously. After the ice had been deposited, the plate was brought out to room
temperature, and the de-icing process observed. One of the parallels was illuminated
using a 1050 Im light bulb, while the other was covered up by a light-safe chamber until

the very end of the experiment.
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2.5. METHODS OF DE-ICING CHARACTERISATION

There are three main challenges to consider in the further development of this
characterisation method. The first one is that all variables except for the presence
of illumination should be kept constant for both parallels. This includes constant
temperature, humidity and air flow in the environment surrounding the samples. It
is safe to assume that a light-safe chamber, such as the one used in the specialisation
project [18], does not ensure this. The second challenge is with recording the de-icing
progress of unilluminated samples. To make visual observations, or record results with
a camera throughout the experiment, the sample surface needs to be illuminated.
This will disturb the process, and can have a significant effect on the results of
the characterisation. The third, and final, challenge of this characterisation is with
observing the actual melting of the ice on the sample surface. The droplets that are
deposited freeze into a very transparent type of ice that makes it hard to determine the
rate of melting throughout the experiment.

14



3 Experimental

Figure 3.1 presents an overview of the experimental work. The procedure is based
on the work performed by the author in the specialisation project [18], with some
modifications and additional steps. Two kinds of samples were primarily prepared.
The first kind are a set of prototype coatings used to characterise surface properties,
durability and de-icing properties of the prototype coatings. The other kind are pressed

powder pellets prepared in order to characterise the optical and thermal properties of

the potential absorber materials.

Powder characterisation:

» Scanning Electron Microscope imaging
» Particle size distribution

Y

Preparation of pressed
pellet samples by uniaxial
cold pressing

]

Differential Scanning
Calorimetry

Thermal diffusivity
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Optical absorbance
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Figure 3.1: Flowchart presenting an overview of the experimental work that was

performed in this Master’s Thesis.
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3.1. CHEMICALS

3.1 Chemicals

Table 3.1 lists the chemicals used to prepare the samples for the experimental work of
this master’s thesis. This table also provides supplier data, purity and average particle

size of the chemicals, where these are known.

Table 3.1: Overview of the chemicals used in the experimental procedure.

Chemical Formula Function Distributor Purity [%] CAS number
Silicon carbide SiC Ceramic powder Saint Gobain N/A N/A

Copper Cu Metallic powder Alfa Aesar =99 7440-50-8
Cupric oxide CuO Ceramic powder Sigma Aldrich =99.9 1317-38-0
Polyvinyl butyral (PVB) (CgH;4,0,), Binder Sigma Aldrich N/A 63148-65-2
Ethanol C,H;OH Solvent VWR =96 64-17-5

3.2 Sample preparation

Samples of four different absorber materials were prepared and characterised. They

contain the following ratios of ceramic and metal components:
¢ SiC samples contain spray-dried silicon carbide powder.

¢ 30/70 Cu/CuO samples contain a powder mixture with 30 mol% metallic copper
and 70 mol% copper(II)oxide.

* 50/50 Cu/CuO samples contain a powder mixture with 50 mol% metallic copper
and 50 mol% copper(Il)oxide

e 70/30 Cu/CuO samples contain a powder mixture with 70 mol% metallic copper

and 30 mol% copper(Il)oxide

From this point on in this thesis, these four materials are referred to by the names given
i bold.

Coating prototype samples

Coating prototypes with each of the absorber materials were prepared by tape casting
ceramic slurries onto strips of aluminium foil. Tables 3.2, 3.3, 3.4 and 3.5 give
the amounts of the various components in the slurries prepared for the SiC, 30/70
Cu/Cu0, 50/50 Cu/CuO and 70/30 Cu/CuO samples, respectively. The following
section describes the preparation of these slurries and the following tape casting
procedure. Polyvinyl butyral (PVB) is used as binder as it is not soluble in water, but
is readily solved in an ethanol based ceramic slurry [73].
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Table 3.2: Amounts and functions of the compounds added to the slurry used
to prepare the SiC samples.

Function Compound Amount [g]
Ceramic powder SiC 29.9995
Solvent 96 % ethanol 32.7160
Binder Polyvinyl butyral 4.0152

Table 3.3: Amounts and functions of the compounds added to the slurry used
to prepare the 30/70 Cu/CuO samples.

Function Compound Amount [g]
Metal powder Cu 7.5217
Ceramic powder CuO 22.4942
Solvent 96 % ethanol 18.2319
Binder Polyvinyl butyral 4.0034

Table 3.4: Amounts and functions of the compounds added to the slurry used
to prepare the 50/50 Cu/CuO samples.

Function Compound Amount [g]
Metal powder Cu 13.355
Ceramic powder CuO 16.709
Solvent 96 % ethanol 26.748
Binder Polyvinyl butyral 4.006

Table 3.5: Amounts and functions of the compounds added to the slurry used
to prepare the 70/30 Cu/CuO samples.

Function Compound Amount
Metal powder Cu 19.5289
Ceramic powder CuO 10.6876
Solvent 96 % ethanol 20.6318

Binder Polyvinyl butyral  4.0536




3.2. SAMPLE PREPARATION

Starting off, a 250 ml plastic bottle was filled 1/3 of the way with milling media. For this
work, 5mm zirconium oxide (ZrO,) spheres were used as the milling media. Then, the
binder was weighed out and dissolved in 10 g of the ethanol solvent before this was
added to the plastic bottle. The ceramic and metallic powders were also weighed out
and added to the bottle, which was then closed and shaken to start the mixing of the
components. The rest of the solvent was added to the bottle, which was then sealed
tight and placed on a Tecnotest roller mixer at 155 rpm speed for dispersion mixing
overnight (~16 hours).

After dispersion mixing, the milling media was strained from the slurry using a coarsely
meshed sieve. For the casting process, a Richard E. Mistler DCX Plus tape caster was
used with the 15 cm wide reservoir. A 8 cm * 25 cm strip of aluminium foil (Unknown
supplier, 0.05 mm thickness) was attached on top of the carrier film to be cast onto.
The doctor blade opening was adjusted to a height of approximately 100 pm, or 50
pm above the foil. Images of this tape casting setup are presented in Figure 3.2. A small
amount of slurry was then added to the reservoir and cast onto the aluminium foil at 30
% of maximum carrier speed and in room temperature environment. The tape casting
process was repeated 3-4 times for each absorber material to ensure a sufficient sample
quantity. The coated foil strips were left to fully dry in a fume hood overnight.

Figure 3.2: The setup for tape casting onto aluminium foil. The image on the
left shows the setup of the carrier film and aluminium foil before the reservoir
is put in place. The image on the right is taken from the opposite angle during
the casting process.
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Disc samples for photothermal measurements

The samples used to characterise the optical and thermal properties of the absorber
materials were prepared separately. For all four compositions, some slurry left over
from the tape casting was spread onto polymer sheets to dry. Later, the dried slurries
were scraped off and ground to a fine powder using an agate mortar and pestle. Using
a hydraulic, uniaxial c-press, these powders were then pressed into pellets of two
different diameters, giving eight pellets in total. Table 3.6 gives the dimensions and
weights of the produced pellet samples.

Table 3.6: Overview of the dimensions of the pressed pellet samples prepared
in order to characterise the optical and thermal properties of the four absorber

materials.
Material Diameter [mm] Thickness [mm] Mass [g]
, 10 5.17 0.760
SiC
15 3.75 2.438
10 4.93 1.368
30/70 Cu/CuO
15 4.19 4.343
10 4.85 1.257
50/50 Cu/CuO
15 4.04 4.255
10 5.10 1.378
70/30 Cu/CuO
15 4.86 3.575

3.3 Powder characterisation

Scanning Electron Microscopy

The morphologies of the Cu and CuO powders were investigated using the scanning
electron microscope (SEM) Hitachi S3400-N with a secondary electron detector. The
samples were prepared by adhering a small piece of carbon tape to a SEM sample
stub, sprinkling a small amount of powder onto the tape and removing any excess
using pressurised air. An accelerating voltage of 10.0 kV and working distance of
approximately 6 mm were used to achieve the desired images. The vacuum in the

chamber was reported to be <1 Pa.
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Particle Size distribution

The particle size distributions (PSD) of the Cu and CuO powders were determined
using a Partica LA-960 from Horiba. Distilled water was circulated through the
instrument, and a background scan measured. Powder was then slowly added
to the circulating water until the laser transmittance entered a range suitable for
measurements. Mechanical stirring, as well as 1 minute of ultrasonic agitation, was
applied in order to break soft agglomerates. Three measurements were run for each of
the two powders to ensure consistent results.

3.4 Coating characterisation

Wetting characteristics

Suitable samples from each of the four prototype coatings were prepared by cutting
out 1 cm * 4 cm strips of the coated foils. The wetting properties of the coating surfaces
were characterised using a Kriiss Drop Shape Analyser - DSA100with the software Kriiss
ADVANCE in Sessile Drop mode.

The samples were first, one by one, mounted in the associated temperature chamber
TC40. The chamber was connected to a Julabo F12-MA refrigerated circulator, used in
order to reach temperatures below room temperature. First, the chamber temperature
was lowered to achieve a measured sample surface temperature of 5 °C. 2.0 uL room
tempered water droplets were deposited on the surfaces at a rate of 0.16 mL/min.
The contact angles were measured a total of 10 times with 5 s intervals, the first
measurement done immediately after droplet deposition. The Ellipse(Tangent-1)
fitting mode was used to compute the contact angles from the detected data. This
procedure was repeated for sample surface temperatures 0 °C and -5 °C. Three droplets
were deposited on separate sites of the surface and measured at each of the three

temperatures, to ensure consistent results.

Coating samples of the same dimensions were also used to measure the advancing
and receding water contact angles of the surfaces at room temperature. These samples
were mounted on the instrument default stage. 2.0 uL water droplets were deposited
on the surfaces at a rate of 0.16 mL/min. After deposition, the stage was tilted to a
vertical position, or 90°angle. The contact angles were measured immediately after
deposition and at every 5°interval of tilting up to 90°. These measurements were
repeated for three separate droplets on each of the four absorber material surfaces,

to ensure consistent results.

20



CHAPTER 3. EXPERIMENTAL

Mechanical properties

1 cm * 4 cm strip samples were cut from each of the four prototype coating foils and
taped onto a 3 cm * 5 cm steel plate substrate (Steel St52), before the mechanical
hardness of these samples were tested using an Anton Paar Micro Scratch Test
instrument. An indenter tip was lowered onto the sample surface and applied a
given downward force, and the penetration depth of this tip into the sample was
simultaneously measured. The diamond indenter has a diameter of 200 um. For
these measurements, progressive scratch programmes were run, meaning that the
tip was dragged along the surface and applied a linearly increasing force. Two such
measurements were run for each sample, on different sites of the sample surface. Table
3.7 shows the specific details for the parameters used to characterise each sample. The
associated optical microscope was used to study the features of the resulting scratches,

and determine the point of breach for the absorber material layers.

Table 3.7: Scratch parameters used in the mechanical testing of the prototype
coatings. Fj,iria; and Fierminai denote the force that was applied on the
indenter at the beginning and end points of the scratch test, respectively.

Sample Scratch length [mm]  F;jitiqr [IMN]  Frerminar [mN]

SiC 3 30 10 000

30/70 Cu/CuO 3 30 5000

50/50 Cu/CuO 3 30 10 000

70/30 Cu/CuO 5 30 15000
Surface profile

1 cm * 4 cm strip samples were cut from each of the four prototype coatings prepared in
section 3.2 and taped onto a steel substrate. The surface profile of these samples were
then characterised using the Veeco DEKTAK 150 stylus profilometer located in Norfab’s
cleanroom facilities at NTNU. A stylus is dragged across the surface of the sample with
an applied force of 3 mg, detecting the vertical displacement from a baseline height.
Three scans of 15 mm were run for each material, detecting both hills and valleys with a
vertical measurement range of 524 um. The duration of the scan programme was set to
180 s, giving a vertical resolution of 278 nm for the measurements. In order to calculate
the roughness, 3 mm regions with no effects from waviness (larger-scale topological

features) were studied. These calculations are further explained in Appendix A.

21



3.5. DE-ICING CHARACTERISATION

Surface and cross-section imaging

The surfaces and cross-sections of the four prototype coatings were imaged using
the scanning electron microscope (SEM) Hitachi S3400-N. The surface samples were
prepared by cutting 1 cm * 1 cm pieces from the prototype coatings and adhering
these flat to a regular sample stub using carbon tape. The cross-section samples
were prepared by separating the absorber material layer from the Al foil, and adhering
the former to a sample stub designed for cross-section studies. Secondary images of
both kinds of samples were achieved using an accelerating voltage of 15.0 kV and a
working distance of approximately 6 mm. Additionally, the cross-section samples were
imaged and elementary mapped by energy-dispersive x-ray spectroscopy (EDS) using
the backscattered electron detector. For these measurements, the accelerating voltage
was increased to 20.0 kV and the working distance set to 10 mm. The vacuum in the

chamber was reported to be < 1 Pa for all imaging.

3.5 De-icing characterisation

The de-icing properties of the prototype coatings were investigated using a simple
setup that is based on a similar experiment performed by the author in the
specialisation project [18]. Two rounds of experiments were carried out. The first
one to compare the properties between the three Cu/CuO compositions; the second
one to compare the properties of the SiC and 50/50 Cu/CuO absorbers. The setups
and procedures for the two rounds were somewhat different, and are described in the
following subsections.

Comparison of the three Cu/CuO coatings

Two 1 cm * 2 cm samples were cut from each of the three Cu/CuO prototype
coatings, and mounted on a custom-made, 45°inclined Aluminium plate using Scotch
double-sided foam tape. Uncoated aluminium foil pieces of the same size were also
adhered in the same fashion, and used as reference samples. As shown in Figures 3.3
and 3.4, the samples were arranged in two rows. One row of samples were placed at the

top of the plate; and one halfway up the plate.
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Figure 3.3: Part of the setup used to characterise the de-icing properties of the
three Cu/CuO coatings.

This plate was then placed in a -20 °C walk-in freezer to achieve sufficiently cold surface
temperatures. After two hours, iced water (0 °C) was deposited on the sample surfaces
to simulate precipitation. This was achieved using a spray bottle at high dispersion,
and from a distance of 10 cm. Twenty minutes later, images of all eight samples were
captured to document the surface icing. A modified milk carton was placed over the
top row of samples to create a dark environment, as demonstrated in Figure 3.3. The
plate was transferred from the freezer to a 20 °C environment and the second row of
samples were immediately illuminated with a 1050 Im LED light bulb from a distance
of approximately 40 cm. The illuminated sample surfaces was continuously observed,
and images were captured 1, 2, 3,4, 5, 6,7, 8,9, 10, 15, 20, 25 and 35 min after the plate
was brought out of the freezer. At the 15, 20, 25 and 35 min marks, the carton was lifted
to also observe and capture images of the samples that were not illuminated.
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Figure 3.4: A close-up image of the samples used to characterise the de-icing
properties of the three Cu/CuO coatings.
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Comparison of 50/50 Cu/CuO and SiC coatings

Two 1 cm * 2 cm samples were cut from both the SiC and 50/50 Cu/CuO prototype
coatings, to be mounted on the custom-made, 45°inclined Aluminium plate using
Scotch double-sided foam tape. An uncoated aluminium foil piece of the same size

was also adhered in the same fashion, to serve as a reference sample. A close-up image

of these samples is shown in Figure 3.5.

= Prototype coating samples | _

50/50 Cu/CuQ : i Uncoated Al-foil [1s =

Figure 3.5: A close-up image of the samples used to compare the de-icing
properties of the SiC and 50/50 Cu/CuO prototype coatings.

As for the previous experiment, the aluminium plate was placed in a -20 °C walk-in
freezer for two hours before iced water was deposited on the sample surfaces. Twenty
minutes later, images of the three samples were captured to document the surface
icing. The plate was transferred to a Styrofoam box outside of the freezer, together with
cooling elements and a thermometer sensor. This setup is demonstrated in Figure 3.6.
At 1, 3, 5, 7, 10, 15, 20, 25, 30, 35, 40, 45, 50, and 60 minutes after transfer, images
of the samples were recorded to observe the de-icing development. The temperature
inside the box was also measured at each of these time stamps. Outside of these brief
moments, the lid of the Styrofoam box was kept shut to keep a dark environment and
stable temperature.

Figure 3.6: Pictures presenting the setup and the Styrofoam box used when
comparing the de-icing properties of the 50/50 Cu/CuO and SiC prototype
coatings.
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This whole procedure was later repeated, but this time with a 1050 Im light bulb
mounted on the inside of the Styrofoam box lid, illuminating the samples from a
distance of approximately 10 cm. To ensure a fair comparison with the unilluminated
parallel, the Styrofoam lid was opened to make observations and capture images at
equivalent time stamps. This experiment was however terminated 35 minutes after
the transfer to the Styrofoam box, at which point there was no longer any changes to

be observed on the sample surfaces.

3.6 Optical and thermal characterisation

In addition to the characterisation of the prototype coatings, optical and thermal
properties of the four absorber materials were characterised.

Absorbance

Absorbance data for the four material compositions at room temperature were
acquired using an Avantes integrating sphere. The measurements were run by PhD
candidate Havard Wilson at the Department of Materials Science and Engineering,
NTNU. A scan with no illumination was run to obtain a "dark spectra", which is used to
get rid of any background noise. Next, a reference spectra was obtained by running an
illuminated scan on an aluminium foil sample with high reflectance. The light source
used is a Newport 300 W Xenon arc lamp, and the measurement was run for light in the
wavelengths range 300-1000 nm. Then, the 10 mm diameter pressed pellet samples
were, one by one, placed in the chamber and irradiated with light in the same range
of wavelengths as the reference. The absorbance data was received and processed by
an AvaSpec-2048 spectrometer. For all measurements, the integration time was set
to 400.000 ms, and the final data gives an average of 100 such measurements. The
resulting absorbance spectra were achieved by subtracting the reflectance data of the

samples from the reflectance of the aluminium foil.

Thermal diffusivity

Thermal diffusivity at room temperature for all four absorber materials were measured
using the laser flash instrument Netzsch LFA457 Microflash. The measurements were
run by SINTEF Research Engineer Anne Stgre. To fit in the 0.5 inch samples holder,
the edges of the 15 mm pressed pellet samples were sanded down to a diameter
of approximately 12.7 mm. The thickness of each sample was also reduced to
approximately 2 mm, to allow for more rapid analyses. Both of the flat sides of the
samples were then spray coated with a thin layer of graphite (Graphit 33, Kontakt
Chemie). To measure the diffusivity, the samples were placed into the sample holder
and one side of it was irradiated with a neodymium laser at pulse width 0.3 ms. This
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caused the graphite coating to heat up, and heat was diffused through the sample.
An indium antimonide IR-detector then measured the resulting increase in surface
temperature on the opposite side of the sample. The resulting data was later processed
into thermal diffusivity values. Five such measurements were carried out for each

sample, in order to ensure consistent results.

Heat capacity

Some of the powder that was used to press the pellet samples was set aside in order
to measure the specific heat capacities of the four absorber materials by differential
scanning calorimetry (DSC). These measurements were performed by PhD candidate
at NTNU, Mohammad Adnan Mostafa, on a Netzsch DSC 214 instrument. The
temperature program used had an initial temperature of 0 °C, a heating rate of 10
K/min, and a terminal temperature of 60 °C. Prior to the sample runs, this program was
run on an empty aluminium crucible to collect background data. For each material
to be analysed, a small amount of powder sample was added to a crucible which
was then placed in the sample chamber. Table 3.8 gives an overview of the specific
sample masses used for the measurements on each of the four absorber materials. The
temperature program was initiated, and the heat flow measured. Three program cycles
were carried out for each sample to ensure that the results and thermal history were
consistent. All measurements were run in an inert N, atmosphere (40 mL/min gas

flow), and the heat capacities were calculated with reference to a sapphire standard.

Table 3.8: Overview of the sample powder mass used in the DSC measurements
for each of the four absorber materials.

Sample material Sample mass [mg]

SiC 10.64
30/70 Cu/CuO 1.96
50/50 Cu/CuO 2.68
70/30 Cu/CuO 13.14
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4 Results

This chapter presents all the important results found from the characterisations and
measurements performed on the prepared samples. The first four sections present
the observations and results from the characterisation of the four prototype coatings.
These include the results from the de-icing, surface roughness and surface wetting
characterisations, which are considered to be among the most crucial for this report.
Then, there are two sections containing the results from the optical and thermal
characterisations of the four absorber materials. The following subsection then
presents the results from the characterisation of the Cu and CuO powders. Lastly, there
is a subsection presenting the achieved densities of the absorber materials in the three
different types of samples. These densities are important to consider when discussing

the correlation between results obtained from the various samples.

4.1 Coating characterisation

This section opens by presenting photographs and secondary electron scanning
electron microscopy (SESEM) images of the coating surfaces and cross-sections.
Following this, there are separate subsections stating the results from the surface

wetting, surface profile and coating hardness characterisations.

Figure 4.1 shows a photograph of the prototype coating samples that were prepared by
the tape casting procedure described in Section 3.2. Overall, the method produced
samples with completely opaque and continuous layers of the respective absorber
materials on the aluminium foil. The layers also appeared to be very uniform in
thickness, although slight irregularities were observed as they were drying. The SiC
coating surface had a matte grey colour, while the other three had different shades of
chocolatey brown. Increased cupric oxide content produced a darker coloured coating
surface. Figure 4.2 presents close-up images of the prototype coating sample surfaces
that were captured using SESEM. The individual particles on the Cu/CuO absorber
surfaces were observed to be roughly spherical in shape (b-d), whereas the SiC particles
had more miscellaneous shapes and sharper edges (a). From the images, the coatings
seem to have had fairly broad distributions of particle sizes. However, the particles
appeared to be significantly smaller on the 50/50 Cu/CuO coating (c) than on the other
two Cu/CuO coatings (b,d).
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4.1. COATING CHARACTERISATION

Figure 4.1: Photograph showing the prototype coating samples that were
prepared by tape casting a layer of absorber material onto aluminium foil.
From left to right, the samples have absorber layers made from the materials
SiC, 30/70 Cu/Cu0, 50/50 Cu/CuO, and 70/30 Cu/CuO.

Figure 4.2: SESEM images of the prototype coating surfaces. In the four images,
the surface (absorber) layers consist of the following materials: a) SiC, b) 30/70
Cu/CuO, ¢) 50/50 Cu/CuO, and d) 70/30 Cu/CuO.
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CHAPTER 4. RESULTS

SESEM was also used to characterise the cross-sections of the absorber layers of
all four prototype coatings. Figures 4.3 and 4.4 contain SEM images of the coating
cross-sections at two magnification levels, with the images of highest magnification
displayed in Figure 4.4. All four coatings seemingly had rather porous inner structures,
where powder particles were loosely adhered to one another via a binder matrix. The
coating thickness was observed to be quite consistent within each sample. From the
SEM images, the coating thickness was measured to be the following for each of the
four absorber layers:

SiC: 39 um

30/70 Cu/CuO: 26 pm

50/50 Cu/CuO: 110 pm

70/30 Cu/CuO: 46 pm

Figure 4.3: Secondary electron SEM images of the cross-sections of the
absorber layers of each prototype coating. In the four images, the absorber
layers consist of the following materials: a) SiC, b) 30/70 Cu/CuO, c) 50/50
Cu/Cu0, and d) 70/30 Cu/CuO.
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4.1. COATING CHARACTERISATION

Figure 4.4: Close-up secondary electron SEM images of the cross-sections of
the absorber layers of each prototype coating. In the four images, the absorber
layers consist of the following materials: a) SiC, b) 30/70 Cu/CuO, c) 50/50
Cu/Cu0, and d) 70/30 Cu/CuO.

The results from the energy dispersive x-ray spectroscopy revealed that there was an
even distribution of the metallic and ceramic components across the cross-section of
all three Cu/CuO coating samples.

4.1.1 Surface roughness

A stylus profilometer was used to characterise the surface profiles of each of the four
prototype coating samples. The data obtained from these measurements was used to
calculate the arithmetic surface roughness (R,) of the four coatings. The results from
these calculations can be found in Table 4.1. They indicate that the coating with SiC
as absorber material had a smoother surface than both the 30/70 Cu/CuO and 70/30
Cu/CuO coatings. However, the lowest value of surface roughness was measured for
the 50/50 Cu/CuO coating surface.

Diagrams illustrating the various surface profiles, as well as the procedure and formula

for the roughness calculations can be found in Appendix A.

Table 4.1: Arithmetical roughness(R,;) values of each of the four prototype
coating systems, calculated from stylus profilometer measurements.

Absorber material R, [um]

SiC 1.38 £ 0.27
30/70 Cu/CuO 2.37£0.15
50/50 Cu/CuO 0.816 + 0.059
70/30 Cu/CuO 227 +£0.23
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CHAPTER 4. RESULTS

4.1.2 Surface wetting

The diagrams in Figure 4.5 show the development of the mean water contact angles on
each of the coating prototype surfaces in the first 45 seconds after droplet deposition,
at three different surface temperatures. These clearly indicate that the water contact
angles (WCA) were generally high and very stable over time on the three Cu/CuO
cermet surfaces. At a surface temperature of 5 °C, all three of these samples could
be defined as hydrophobic, and the 50/50 Cu/CuO sample was hydrophobic at every
measured surface temperature. For the SiC surface, on the other hand, the water
contact angles were initially quite high, but they quickly decreased.

(a)5°C (b)0°C
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Figure 4.5: The development of the mean water contact angles of droplets
deposited on each of the four coating prototype sample surfaces in the first 30

seconds after deposition, at a surface temperature of approximately a) 5 °C, b)
0°C,andc) -5 °C.

In Figure 4.5 a), b) and c), the measurements were carried out at sample surfaces
with target temperatures of respectively 5 °C, 0 °C and -5 °C. In reality, the surface
temperatures fluctuated over the course of the measurements, and Table 4.2 shows
an overview of the average measured surface temperatures at each target temperature
for each of the four samples.
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4.1. COATING CHARACTERISATION

Table 4.2: An overview of the average measured surface temperatures on
each of the four types of coating prototype samples, for each target surface
temperature.

Target temperature [°C] Sample material Avg. measured temperature [°C]

SiC 4.8

30/70 Cu/CuO 5.1

> 50/50 Cu/CuO 5.2
70/30 Cu/CuO 5.0

SiC 0.2

30/70 Cu/CuO -0.0

0 50/50 Cu/CuO -0.1
70/30 Cu/CuO -0.0

SiC -5.2

30/70 Cu/CuO -5.1

N 50/50 Cu/CuO -5.0
70/30 Cu/CuO -5.0

The wetting characterisation of tilted samples at room temperature showed that water
droplets clung very well to all the absorber material surfaces. Even at a vertical stage
position, the droplets did not roll or slide off any of the four sample surfaces.

4.1.3 Coating hardness

Figure 4.6 presents the results from the scratch test characterisation of the four
prototype coatings as graphs where the penetration depth and measured applied force
of the indenter tip are plotted as functions of the indenters position along the scratch.
All of the graphs show a mostly steady increase in penetration depth with increased
applied force. After the scratch tests were run, the scratches were observed with an
optical microscope, and from these visual observations it could be concluded that
the indenter had compressed the absorber layer progressively along the scratch. An
example of this material compression, from the scratch produces on the 70/30 Cu/CuO
coating sample, can be seen in the optical microscopy images in Figure 4.7 a and b. In
most of the graphs, there can also be observed a steep increase in penetration depth
at the very beginning of the measurement. This comes from the samples being pinned
down tightly to the steel substrate by the indenter, and so the actual penetration is
considered to be somewhat less deep than reported.
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characterisation of the prototype coatings with absorber materials a) SiC,
b) 30/70 Cu/CuO, c) 50/50 Cu/CuO, and d) 70/30 Cu/CuO. The penetration
depth (orange) and measured applied force (blue) of the indenter tip are both
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The visual inspection of the coatings after scratching clearly revealed the points at

which each absorber layer was punctured to expose the underlying aluminium foil.

Optical microscopy images from this breach of the 70/30 Cu/CuO absorber layer is

shown in Figure 4.7 c and d, where the much more reflective aluminium foil is clearly

revealed. These puncture points can also be identified as disturbances in the otherwise

steadily increasing penetration depth graphs in Figure 4.6, and from this, the applied

indenter force at the point of puncture for each coating sample were found. These

values are listed in Table 4.3.

Table 4.3: Applied indenter force at the point of puncture for each coating
sample

Absorber material Indenter force [mN]
SiC 8500
30/70 Cu/CuO 2200
50/50 Cu/CuO 8800
70/30 Cu/CuO 8000
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4.2. DE-ICING CHARACTERISATION

Figure 4.7: Optical microscopy images of the scratch produced on the 70/30
Cu/CuO coating prototype sample. The images show the scratch at points
a) beginning, initial penetration, b) about halfway along the scratch, c) first
puncture of the absorber layer, and d) end of the scratch.

4.2 De-icing characterisation

The results from the comparison of the three Cu/CuO prototype coating samples
and the comparison of the 50/50 Cu/CuO and SiC coatings are presented separately.
Unfortunately, the transparent nature of the deposited ice made it difficult to
determine how quickly the ice melting occurred on the various sample surfaces. The
observations in this section are therefore more related to the evaporation of water
from the surfaces than the melting itself. The brightness and/or contrast of some
photographs have been adjusted in an attempt to show the icing and wetness on the

surfaces more clearly.

4.2.1 Comparison of the three Cu/CuO coatings

Figure 4.8 presents the icing and de-icing development on the surfaces of the three
Cu/CuO prototype coating samples, as well as the uncoated aluminium foil reference
sample. The images in Figure 4.8 a are of the parallel of samples that was illuminated
during the de-icing, and the images in Figure 4.8 b are of the parallel that was kept in
the shade during de-icing.
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(a) 30/70 Cu/Cu0O 50/50 Cu/Cu0O 70/30 Cu/Cu0 Al foil(ref.)

BRI o

Ice deposition

After 15 min in RT,
with illumination

(b) 50/50 Cu/Cu0 70/30 Cu/Cu0 Al foil(ref.)

Ice deposition

After 15 min in RT,
no illumination

Figure 4.8: Photographs recorded of the icing and de-icing development on
the three Cu/CuO prototype coating samples, and on the uncoated aluminium
foil reference sample, a) with surface illumination and b) without surface
illumination. For each subfigure, the top row of images shows the extent of
icing on the surfaces 20 minutes after ice water deposition, before any de-icing
has occurred. The bottom rows of images show the surfaces after 15 minutes of
de-icing in room temperature (RT).

After approximately one minute, observations suggested that the ice had melted on
all three of the illuminated Cu/CuO coating samples. At this point, there was still
frozen ice on the uncoated aluminium sample, which indicates that the surface of the
selective absorbers experienced more rapid rates of de-icing. As is shown in Figure
4.8, the prototype coating sample with the 70/30 Cu/CuO absorber material had the
least amount of water on its surface after 15 minutes of de-icing, in both parallels.
This suggests that the rate of melting, and subsequent evaporation, of ice from the
surface increased with increasing metal content in the absorber. Furthermore, the
illumination was shown to have a small, but positive influence on the ice melting and
evaporation processes. However, in both parallels, the amount of water left on the
sample surface after 15 minutes of de-icing was almost identical for the three prototype
coating samples as for the uncoated aluminium foil sample. Further observations
revealed that both the illuminated and unilluminated 70/30 Cu/CuO samples had
completely dry surfaces after 20 minutes of de-icing. Furthermore, the evaporation
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4.2. DE-ICING CHARACTERISATION

was slowest for the unilluminated 30/70 Cu/CuO sample, which was observed to be

completely dry only after 30 minutes of de-icing.

4.2.2 Comparison of 50/50 Cu/CuO and SiC coatings

The following figures present the de-icing development on the surfaces of the 50/50
Cu/CuO and SiC prototype coating samples, and of the uncoated aluminium foil
reference sample. The images in Figure 4.10 are of the parallel where the samples were
illuminated during the de-icing, and the images in Figure 4.9 are of the parallel that
was not illuminated. In both figures, the top row of images shows the extent of icing on
the surfaces before any de-icing has occurred. In Figure 4.10, the images on the second
and third row are taken 3 and 10 minutes into the surface de-icing process, respectively.
In Figure 4.9, the images on the second and third row are taken 10 and 40 minutes into

the de-icing process, respectively.

50/50 Cu/Cu0 SiC Al foil(ref.)

Ice deposition

After 10 min. of de-icing.
No illumination, T=-8.6°C

After 40 min. of de-icing.
No illumination, T= +1.4°C

Figure 4.9: Photographs recorded of the de-icing development on the 50/50
Cu/CuO and SiC prototype coating samples, and on the uncoated aluminium
foil reference sample. The top row of images shows the extent of icing on
the surfaces 20 minutes after ice water deposition, before any de-icing has
occurred. The second row of images shows the surfaces after 10 minutes
of de-icing with surface illumination, at which point the temperature in the
Styrofoam box was measured to be -8.6 °C. The third row of images shows the
surfaces after 40 minutes of de-icing with surface illumination, at which point
the temperature in the Styrofoam box was measured to be 1.4 °C.
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CHAPTER 4. RESULTS

As is shown in Figure 4.9, the de-icing process of the unilluminated parallel was very
slow. After 10 minutes, there was still no sign of melting on any of the sample surfaces.
After 40 minutes, the ice had melted on both of the coating prototype samples, while
solid ice was still observed on the uncoated aluminium. An hour into the de-icing
process, the experiment was terminated. At this point, the SiC prototype coating
sample was observed to be completely dry, while there was moisture to be detected
on both the 50/50 Cu/CuO and uncoated aluminium samples.

50/50 Cu/CuO SiC Al foil(ref.)

Ice deposition

After 3 min. of de-icing.

with illumination, T= +7.3°C J| With illumination, T= +1.6°C

After 10 min. of de-icing.

Figure 4.10: Photographs recorded of the de-icing development on the 50/50
Cu/CuO and SiC prototype coating samples, and on the uncoated aluminium
foil reference sample. The top row of images shows the extent of icing on
the surfaces 20 minutes after ice water deposition, before any de-icing has
occurred. The second row of images shows the surfaces after 3 minutes of
de-icing with surface illumination, at which point the temperature in the
Styrofoam box was measured to be 1.6 °C. The third row of images shows the
surfaces after 10 minutes of de-icing with surface illumination, at which point
the temperature in the Styrofoam box was measured to be 7.3 °C.

The images in Figure 4.10 show that after 3 minutes of de-icing with illumination, the
ice on the two coating samples had melted, and for the one with SiC as the absorber
layer, some water had also evaporated. At this point, ice was still observed on the
surface of the uncoated aluminium foil sample (as well as on the aluminium plate
the samples are mounted to). The SiC prototype coating, uncoated aluminium, and
50/50 Cu/CuO coating samples were observed to be completely dry after 15, 25 and 30
minutes of de-icing with illumination, respectively.
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4.3. THERMAL CHARACTERISATION

4.3 Thermal characterisation

The results from the thermal characterisation of the four absorber materials are
presented in Table 4.4. These include the specific heat capacities (C,) that were
measured using Differential Scanning Calorimetry (DSC) and thermal diffusivities
(a) that were measured using the laser flash method, and additionally, the thermal
conductivities (1) that were calculated from these measurements. These results
indicate that the SiC sample had the highest thermal conductivity of the four absorber
materials. Additionally, C, and a values were higher for the 70/30 Cu/CuO sample
than the other two Cu/CuO samples, which suggests that the heat conductive abilities

increased with increased metallic composition.

Some additional results from the DSC measurements, as well as details on the

calculation of thermal conductivity can be found in Appendix B.

Table 4.4: Thermal properties of each of the four absorber materials. The heat
capacity (Cp) and thermal diffusivity () values are measured using differential
scanning calorimetry (DSC) and laser flash methods, respectively. The thermal
conductivity (A) values are calculated from these by the formula given in
Appendix B.

Absorber material ~ C, a A
Dlgk]  [mm?/s]  [W/mK]
SiC 0.657 0.448 0.475
30/70 Cu/CuO 0.344 0.218 0.241
50/50 Cu/CuO 0.468 0.168  0.239
70/30 Cu/CuO 0.606 0.185 0.344
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4.4 Optical characterisation

The optical measurements performed with the integrating sphere method produced
absorbance spectra for all four of the absorber materials. These spectra can be
seen in Figure 4.11, where the optical absorbance is presented as a function of the
incident radiation wavelength. In general, all samples showed a high absorbance
across the measured wavelengths. However, the absorbance of all three Cu/CuO
samples decreased towards longer radiation wavelengths, whilst the SiC sample gave a
more uniform absorbance across all wavelengths. From comparing the three Cu/CuO
spectra it can also be deduced that the absorbance generally increased with increasing

oxide content.
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Figure 4.11: Absorbance spectra for the four absorber materials. Optical
absorbance for each material is plotted as a function of the incident radiation
wavelength.

By using the transmittance data from the integrating sphere measurements in a Tauc
plot, the optical band gaps of the three Cu/CuO cermet materials were calculated. The
optical band gaps of each of the Cu/CuO cermet materials are listed as follows:

¢ 30/70 Cu/CuQ: 1.65 eV
¢ 50/50 Cu/CuQ: 1.80 eV

e 70/30 Cu/Cu0: 1.85 eV
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4.5. POWDER CHARACTERISATION

4.5 Powder characterisation

Figure 4.12 shows secondary electron images taken of the copper (Cu) powder particles
using scanning electron microscopy (SEM) with two different levels of magnification.
The images reveal that the powder consisted of mostly very small particles of
approximately 1 um to 3 um in diameter, as well as larger agglomerates with diameters
up to 300 um. The individual particles were roughly spherical in shape, but had a

somewhat uneven surface.

Figure 4.12: Secondary electron scanning electron microscopy images of

the copper powder particles taken with a) low magnification and b) high
magnification.

Figure 4.13 shows secondary electron images taken of the cupric oxide (CuO) powder
particles using scanning electron microscopy (SEM) with two different levels of
magnification. The lower magnification image in 4.13 a reveals a uniform distribution
of particle sizes. Most of the powder particles seemed to be in the diameter range 20
pm to 50 um, with the exception of a few larger agglomerates. The particles appeared

to have very rough surfaces, with many sharp ridges.

Figure 4.13: Secondary electron scanning electron microscopy images of the
cupric oxide powder particles taken with a) low magnification and b) high
magnification.
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The particle size distributions of the Cu and CuO powders were measured by laser
scattering of aqueous dispersions, and are presented in Figure 4.14. From the
distribution for the Cu powder it can be deduced that more than 90 % of the
metal particles were smaller than 10 um, and that the median particle diameter was
approximately 3.5 um. The distribution also has two smaller count peaks around
particle diameter 40pum and 110pum, which represent unbroken agglomerates. The
median particle diameter of the CuO powder was however measured to be of a larger
magnitude, at approximately 30 um, and less than 20 % of the CuO particles were

measured to be smaller than 10 pm.
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Figure 4.14: Graph illustrating the particle size distributions for both the Cu
powder (red) and CuO powder (blue), with percentage particle count (q) plotted
as a function of particle diameter.
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4.6 Sample density

Table 4.5 gives an overview of the achieved densities of the absorber materials for each
of the prepared samples. The densities of the pressed pellets were calculated from the
data in Table 3.6, and these calculations can be found in Appendix C. This appendix
also includes the data and formula used to calculate the densities of the absorber layers

of the prototype coating samples.

The densities of the different types of samples were reasonably comparable. The SiC
samples had the most variation in density between the different sample types. The
calculated density of the 50/50 Cu/CuO absorber layer deviates significantly from the
rest of the values, and should be considered invalid. This error is presumed to originate
from the sample used to measure mass having a thinner absorber layer than the sample

used to measure the absorber layer thickness.

Table 4.5: Densities achieved of the absorber materials in each type of prepared
samples. *The density of the 50/50 Cu/CuO absorber layer is considered an
invalid result.

Sample type Absorber material Density [&/cm3]
SiC 2.15
. 30/70 Cu/CuO 3.27
Prototype coating
50/50 Cu/CuO 0.95%
70/30 Cu/CuO 3.82
SiC 1.87
. 30/70 Cu/CuO 3.53
Pressed pellets, 10 mm diameter
50/50 Cu/CuO 3.30
70/30 Cu/CuO 3.44
SiC 1.61
. 30/70 Cu/CuO 3.22
Pressed pellets, 15 mm diameter
50/50 Cu/CuO 3.04
70/30 Cu/CuO 3.07
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5 Discussion

This work aimed to prepare and characterise four different prototypes of a
photothermal trap coating for de-icing applications. The first few sections will discuss
the results in regards to the method of preparation, coating durability and obtained
surface characteristics. Next, there are two separate sections where the thermal and
optical characterisation results are reviewed. Finally, the de-icing characteristics of the
coatings are reviewed, and put in context with other measured properties. A separate

subsection is devoted to a review of the method used for de-icing characterisation.

5.1 Coating characteristics

The tape casting method was successfully used to prepare samples of prototype
photothermal trap coatings. The strips of foil that were produced could easily be
cut into pieces that were fit for the subsequent characterisation, without any serious
breakage or detachment of the absorber layers. The thickness of the tape cast layers of
the samples were reported to be in the range of 26 um to 110 pm. Dash et al. [2] reports
that the absorber layer of their prototype coating had a thickness of < 1 ym. With
the increased thickness of this layer, the conduction of heat within the layer becomes
more important. The reason for this is that the heat transfer to and from the thermal
spreader layer is crucial to the coatings de-icing function.

From inspection of the scanning electron microscopy (SEM) images recorded of the
absorber layer cross-sections (Figures 4.3 and 4.4), the inner structure of the layers
could be described as rather porous. Most ceramic casting processes are followed by
a sintering step that densifies the product, increasing its strength [74]. The samples
prepared in this study were not heat treated in any way, and thus the final structure
of the absorber layers essentially consisted of dispersed powder particles held together
by a polymer network. For this reason, the tape cast layers were expected to have much
lower densities than the pellet samples produced by uniaxial pressing, as pressing
techniques tend to result in more densely packed bodies [74]. The results presented in
Table 4.5, however, show that the tape cast and pressed samples had very comparable
densities. Hence, the thermal properties measured for the pellet samples can be said

to apply also for the tape cast absorber layers.

The ceramic slurries used to tape cast the absorber layers were roller mixed for
approximately 16 hours. This step is crucial to any ceramic casting process, as it
breaks up larger agglomerates and ensures an even dispersion of powder particles. A
poorly dispersed slurry could result in tapes where the particle size increases moving
down from the surface to the bottom of the tape, due to gravitational pull [75]. The
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results indicate that the dispersion mixing was highly successful in the preparation
of the prototype coating samples. In the characterisation of the SiC [18], Cu and
CuO powders, some large agglomerates were observed. The SEM images in Figure
4.2 and Figure 4.4 show that these had been broken apart and that the distribution of
particle sizes was very uniform in the prepared coatings, both across the surface and
throughout the absorber layer. Additionally, the dispersion mixing promoted an even
distribution of the ceramic and metal components of the Cu/CuO absorber layers, as
evidenced by the energy dispersive x-ray spectroscopy (EDS) results.

5.1.1 Surface roughness

The surface profiles of the photothermal trap coatings are important to consider,
as they have a significant impact on the wetting and ice adhesion properties. The
profilometer results revealed both the waviness and the roughness of the coating
surface (Appendix A). Waviness refers to the longer wavelength signals that describe
the macrostructural peaks and valleys of the surface, while roughness refers to the
shorter wavelength signals that describe the surface microstructure [76]. The former
does not have any significant impact on the functionality of the de-icing coatings.
Consequently, this discussion regards only the roughness of the coating samples. The
SEM images in Figure 4.2 clearly show that all of the prepared coating surfaces had very
rough and porous microstructures. This is reflected in the arithmetic roughness values
calculated from the profilometer measurements (presented in Table 4.1). This rough
surface structure can be explained with the same reasoning as the inner porosity: The
lack of a densifying heat treatment left the structure of the coating with a high degree

of porosity, both closed and open.

The coating sample with 50/50 Cu/CuO as absorber material was expected to have
surface properties comparable to the properties of the samples with 30/70 Cu/CuO
and 70/30 Cu/CuO as absorber. Still, the calculated roughness value of this sample
was a lot lower than the other two. This can be explained by a difference in particle
size distribution between the coatings as observed from the SEM images in Figure 4.2.
These show that the average particle size of the 50/50 Cu/CuO prototype coating was
a bit smaller than that of the other Cu/CuO coatings, which resulted in a less rough
surface. Likely, this particle size difference stems from the 50/50 Cu/CuO ceramic

slurry experiencing a greater milling effect from the dispersion mixing.

Increased surface roughness is, as discussed in Section 2.1.1, shown to increase ice
adhesion, which is not favourable for a de-icing surface [28-30]. Since the de-icing
function of the photothermal trap coating in part relies on the ice sliding off of the
surface under its own weight, it is reasonable to believe that the coating would benefit
from having a smoother surface. Following this logic, it is safe to assume that the
coating with SiC as absorber material generally would experience lower ice adhesion
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strength than the three Cu/CuO coatings. Additionally, the results could be used to
argue that a reduction of particle size by increased dispersion mixing reduces the
surface roughness of the finished coating and, in turn, weakens the ice adhesion.

5.1.2 Wetting characteristics

All of the coating surfaces were measured as having fairly high water contact angles
(WCA) at every surface temperature measured, and at 5 °C, all three of the Cu/CuO
surfaces fall under the definition hydrophobic (ref. 2.2). However, when the surfaces
were tilted to a vertical position, the water droplets were revealed to have very strong
adhesion to the surfaces. This indicates that the surfaces had a high chemical
affinity to the water molecules, a property that is not compatible with the concept of
hydrophobicity. One must therefore consider other explanations as to why the surfaces
had such high contact angles. In Section 2.2, the strong correlations between wetting
and surface roughness is reviewed in detail. From the models developed by Wenzel
[39] and Cassie [40], it is implied that the wetting characteristics of a surface transform
a great deal with increased roughness. Since the coating samples prepared in this study
are measured to have very rough surfaces, it can be assumed that this greatly impacted

their wetting properties.

The samples with 50/50 Cu/CuO as absorber material were measured to have the most
stable, high WCAs across all surface temperatures. As discussed, this surface was also
measured to have the least rough surface. The SiC surface, which was measured to have
the second to least rough surface, also had a very high initial contact angle. From these
results, it is reasonable to conclude that there was a strong correlation between surface
roughness and wetting properties for the prepared coating samples. Since ice adhesion
on a surface is commonly shown to decrease with increasing water contact angle [7, 14,
44], the results from these measurement could be used to argue that the 50/50 Cu/CuO

surface had the most favourable wetting properties for a de-icing coating.

The contact angles of droplets deposited on the Cu/CuO surfaces are very stable in
the first 30 seconds after droplet deposition. The droplets on the SiC surfaces, on
the other hand, experienced a significant decrease in contact angle after deposition.
In the specialisation project report [18], the author argues that this decrease in WCA
on the SiC coating surface was a result of the material porosity. Namely, water from
the droplet was assumed to be drawn into the coating due to capillary action in the
open pores. As this phenomenon did not seem to occur on the Cu/CuO samples, the
argument could be made that they had a lower degree of open porosity than the SiC
samples.
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The results from the measurements indicate that WCA decreased with decreasing
surface temperature for all four of the samples. This is contradictory to the results
achieved by the author in the specialisation project [18], where the WCA of a tape
cast SiC surface was found to increase with decreasing surface temperature. There
is no obvious reason for this disagreement in results. Previous research examining
the temperature dependence of contact angles has concluded that there is a weak
inverse correlation between the two [77, 78]. Hence, the correlation found from the
measurements in this study was likely a coincidental result originating from the limited

set of data.

5.1.3 Durability

As durability is one of the main challenges within the field of developing anti-icing
and de-icing surfaces, the strength and hardness of the prepared coatings were also
investigated. The absorber layer was occasionally observed to show some cracking
during the handling of the coating samples, and parts of the layer even flaked off
from the aluminium foil. This indicates that the layer was not very flexible, and
that the adhesion between the two layers was undesirably weak with regards to the
application purposes. The brittle nature could be explained by the low binder content
of the absorber layers, at approximately 12.5 wt%. Usually, samples prepared by tape
casting have a binder content of up to 50 wt% to ensure sufficient tape flexibility in the
subsequent processing. Almost all of this binder content is, however, later removed
by thermal decomposition step [74]. Since these samples were not heat treated in
any way, the binder remained in the material, potentially obstructing the optical and
thermal properties. A higher binder content could therefore have increased the coating
durability, but it would also have had negative effects on the de-icing ability.

As evidenced by the results from the scratch test, the hardness of the prepared
prototype coatings was very low. The porous structure of the absorber layers allowed
for a substantial degree of material compression, even at low levels of applied indenter
force (Figure 4.7a). Silicon carbide is considered to be a very strong material [63], and
this is reflected by the high indenter force applied in order to puncture the absorber
layer (Table 4.3). The coating sample with 30/70 Cu/CuO as absorber material
experienced puncture at a significantly lower applied force than the other two Cu/CuO
coating samples. As metallic copper is considered to be a fairly tough material [46],
this decrease in hardness with decreasing metal content was expected. Still, the coating
with 50/50 Cu/CuO as absorber layer was shown to be the most puncture resilient. This
is thought to arise from the shift in particle size distribution compared to the other two
Cu/CuO coatings that was observed with SEM imaging and discussed in Section 5.1.1.
The smaller particles allowed for a denser packing, which could have improved the
hardness [79].
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5.2 Thermal properties

Compared to the values presented in Table 2.1, the thermal conductivities measured
for the absorber materials can be described as very low. There are two factors that
contribute to this. Firstly, the samples were measured to have fairly low densities, i.e.
high porosity. Silicon carbide is reported to have a theoretical density of 3.22 g/cm3 [79],
which is twice as high as the density achieved in the pressed pellet samples (See Table
4.5). Since air is a very poor thermal conductor, this porosity can be assumed to have
had a strong, negative impact on the thermal conductivity of the samples. Secondly,
the binder used in the sample preparation is an organic polymer, a group of materials
commonly categorised as thermally insulating [79]. Hence, the high binder content

could be assumed to have obstructed the internal conduction of heat in the samples.

From the thermal characterisation results of the three Cu/CuO absorber materials,
it was observed that both the thermal conductivity and heat capacity increased with
increasing metal content in the composite. This relation is in agreement with reviewed
literature [79, 80]. Moreover, the results show that the SiC absorber had both a
higher thermal conductivity and heat capacity than the Cu/CuO absorbers, which is
consistent with the data presented in Table 2.1.

As previously mentioned, the tape cast absorber layers of the prototype coatings were
very thick compared to the coating prepared and characterised by Dash et al. [2].
Their selective absorber material is reported as having a high thermal resistance,
which necessitates the inclusion of the thermally conductive layer underneath. In
order to melt already deposited ice buildup, heat that is generated from photothermal
conversion in surface areas with no ice has to be transported to iced areas. Since the
absorber layers of the prototype coatings prepared in this study were so thick and had
fairly low thermal conductivities, the argument could be made that the heat transport
within this layer was too slow for the coating to function as well as intended.

5.3 Optical properties

The SiC sample was measured to have a high, even absorption of incident radiation
over the entire visible light range (wavelengths 380 - 760 nm). This result corresponds
well with the dark grey colour of the sample [46]. All of the Cu/CuO samples
experienced an even higher absorption than SiC at shorter wavelengths. As the
wavelength of radiation increased, however, the absorption dropped, especially for
the 70/30 Cu/CuO absorber. In other words, the Cu/CuO material absorbed more of
the high energy radiation observed as blue light, and less of the low energy radiation
observed as red light. This manifested itself in the appearance of the samples as various
shades of brown, darker with increasing oxide content. The high absorption values
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of the Cu/CuO absorber materials could be explained by their relatively narrow band
gaps of between 1.65 eV and 1.85 eV. When photons interact with such materials, more
of their energy is contained in the matter than in materials with wider band gaps [45].

The optical measurements were performed on pressed pellet samples with fairly
smooth surfaces. The absorption of the materials is presumed to have been even
higher in the prepared coatings, due to their rough surface texture. The texture allows
reflected and re-emitted radiation to bounce back and forth between the surface
structures until it is eventually absorbed [45]. Section 2.3 states that a high degree
of absorption in a material is a key factor for efficient photothermal conversion. The
results of these optical measurements are therefore very promising with regards to the

de-icing effect of the prepared coating samples.

5.4 De-icing characteristics

The results from the de-icing characterisation uncovered that the ice melted fairly
quickly on all the prototype coatings when illuminated. As described in Section 1.2,
the melting of a thin film of ice at the ice/absorber interface is a significant part of the
de-icing function of the photothermal trap coating. From experimental observations,
it was hard to tell whether the melting of deposited ice was initiated at this interface
for the prepared coating, but this can not be ruled out. Additionally, the experimental
procedure, as well as the transparent nature of the deposited ice, made it difficult to
pinpoint the exact moment of melting. Once the ice melted, the water was observed to
have a high affinity to the coating surfaces. This confirms what was predicted from the
surface characterisation: The roughness of the coating prototype surfaces gives rise to

strong water and ice adhesion.

The results from the icing characteristics experiment where the three different Cu/CuO
prototype coatings were compared indicate that there was a minimal de-icing effect
to be gained from the absorber layer of the Cu/CuO coating. The rate of de-icing
and water evaporation on the surfaces was higher for the illuminated samples than
the unilluminated samples. However, this effect was also observed on the uncoated
aluminium sample, which indicates that there was no added effect from photothermal
conversion in the absorber layer. As stated earlier, the thickness and low thermal
conductivity of the this layer is thought to have been of hindrance to the heat transport
within the absorber. This theory is further strengthened by the results from this
de-icing characterisation. The results also revealed that the rate of de-icing increased
with increasing metal content in the absorber layer. Reviewing this in the light of the
optical and thermal characterisation results, this suggests that the increased de-icing
effect seen in the illuminated samples was due to thermal conduction rather than
optical absorption.
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A separate experiment was performed to compare the de-icing characteristics of the
SiC and 50/50 Cu/CuO prototype coatings. The preliminary comparison of de-icing
effects on the Cu/CuO prototype coatings showed that the three of them had fairly
similar de-icing abilities, and thus this comparison could be assumed to be valid for
all three of the Cu/CuO coatings. The results from the characterisation indicate that
both of the prototype coatings were experiencing a positive effect from the incident
illumination that increased their de-icing abilities. This was evidenced by the images
presented in Figure 4.10, where the ice clearly is observed to have melted on the coating
surfaces at an earlier point than on the uncoated aluminium surface. Additionally, the
results suggest that the de-icing and evaporation rates were higher for the coating with
SiC as absorber material than the coating with 50/50 Cu/CuO. When this is reviewed in
the light of the optical and thermal characterisation, it further supports the theory that
the rate of de-icing increases with increased thermal conduction in the absorber.

Observations of the SiC prototype coating during the de-icing indicate that the
absorber layer absorbed significant amounts of the water from the melted ice. This
is evidenced by the darker areas on the coating seen in the second row image in Figure
4.10, and strengthens the theory presented in Section 5.1.2 that the surface liquid is
drawn into the open porosity of the SiC absorber by capillary action. This could be of
great importance with regards to the continued de-icing performance of the coating.
If the surface grooves are even partially filled with water, in either solid or liquid form,
this likely affects the subsequent de-icing properties of the coating.

Review of icing characterisation method

In this study, two slightly different approaches were used to characterise the de-icing
properties of the prototype coatings. The approach used to compare the three Cu/CuO
coating samples had a procedure identical to the one used in the specialisation project
[18]. Even though the procedure did not produce results that were particularly accurate
or quantifiable, they were still used to successfully compare the de-icing characteristics
of the three coatings. The main disadvantage with this approach was that, since the
light safe chamber was not lifted until the end of the experiment, the development
of de-icing on the unilluminated coating surfaces could not be well monitored. A
modified approach was later used in the comparison of the de-icing characteristics
of the SiC and 50/50 Cu/CuO prototype coatings. In hopes to more clearly observe
the ice melting process, the aluminium plate with attached samples was placed in
a Styrofoam box together with cooling elements. The cold environment created in
the Styrofoam box successfully decreased the rate of ice melting, allowing it to be
more accurately monitored. Additionally, the illuminated and unilluminated parallels
were characterised separately, which allowed for more accurate comparison of the
separate de-icing processes. However, the heat radiation from the light bulb caused
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the temperature to increase much more rapidly during the characterisation of the
illuminated parallel than of the unilluminated parallel. This likely decreased the
accuracy in the comparison of the two parallels. The choice of using a sample of
uncoated aluminium foil as a reference surface in the characterisation was shown to

be very valuable, as it gave a clearer understanding of the effects of the absorber layer.

Due to the difficulties in observing the melting of the ice, much of the results and
discussion around the de-icing characteristics on the coating surfaces instead regards
the surface evaporation. These are, however, separate phenomena that are not
necessarily driven by the same mechanisms [81]. One should thus be careful when
assuming a positive correlation between the melting and evaporation rates of water on
a surface.
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6 Conclusion

In this work, the technique of tape casting was successfully used to prepare prototype
samples of a multilayered de-icing coating. Four different coatings were prepared,
each with different selective absorber materials as the surface layer. One of the
coatings was prepared with silicon carbide (SiC) as the absorber layer; the other
three were prepared with copper/cupric oxide (Cu/CuO) cermet composites of varying
metal content. All of the tape cast absorber layers were characterised as being fairly
porous, as well as having weak adhesion to the aluminium layer underneath. As a
result of these factors, the durability of the coatings were far to poor for them to be
put into use as were. Further studies should thus look to other methods of preparing
this type of coating that could increase the density of the absorber layer and strengthen
the interlayer adhesion. Nonetheless, preparation by tape casting was demonstrated
to be a simple and fair method for the purpose of a fundamental characterisation study
such as this one.

The surface structure of the prepared prototype coatings were measured by stylus
profilometry to be very rough. This roughness was additionally observed to decrease
with a reduction of the particle sizes in the ceramic slurry, which could be achieved
by prolonged dispersion mixing. The high roughness was shown to have had a strong
influence on the wetting properties of the coatings, as their surfaces were measured to
have high water contact angles despite being observed as having high affinity towards
water. Furthermore, the open porosity of the SiC absorber layer is thought to have
absorbed water from the surface by capillary rise effects. From the relations between
surface roughness, water contact angle and ice adhesion, the 50/50 Cu/CuO prototype
coating is shown to have the most favourable surface properties of the four candidates,

with regards to the de-icing purpose.

From the thermal and optical characterisation of the four absorber materials, SiC was
observed to have higher thermal conduction and lower optical absorbance than the
three Cu/CuO composites. By comparing the results of the Cu/CuO characterisation,
an increase in thermal conductivity, and decrease in optical absorbance, with
increasing metal content was observed. All four absorber materials were measured to
have low thermal conductivities when compared to literature values, and this is likely
due to the strong presence of porosity and high binder content.

Two different approaches were used to characterise the de-icing properties of the
prototype coatings. Neither of the approaches gave very precise results, but the
experiments still provided some useful, qualitative information about the de-icing
characteristics of the coating samples. All four of the coatings were observed to

experience somewhat increased de-icing rates when exposed to illumination, which
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indicates that they inherit the properties required for a photothermal trap coating. The
coating with SiC as absorber material experienced the highest de-icing rates of the four
candidates. Additionally, the rate was shown to increase with increasing metal content
in the Cu/CuO composite.

52



7 Further work

The results from this study suggest that the coatings prepared with silicon carbide (SiC)
as the absorber layer experienced more of a photothermal de-icing effect than the
ones prepared with copper/cupric oxide composite as the absorber material. Further
studies could thus focus on optimising the functionality of the SiC prototype coating.
In order to increase the functionality and durability of the coating, alternative methods
of preparation should be investigated. A suggested method for coating preparation
that would give increased control of the absorber layer thickness is spray coating.
Thermal preparation methods should also be looked into, as they are reported to
produce high density ceramic coatings [82].

Over the recent years, several types of coatings utilising solar illumination for anti-
and de-icing puposes have been developed. One example of this is a composite
film prepared by Ma et al. [17], which combined the effects of photothermal
conversion with superhydrophobicity. Another is the transparent nanocomposite
coating proposed by Mitridis et al. [16]. The concepts presented in these articles

should be reviewed if this project is to be continued.

In order to investigate the photothermal conversion of the absorber materials more
precisely, alternative methods of optical and thermal characterisation should be
reviewed and employed. Additionally, surface ice adhesion should be measured in
order to get a deeper understanding of the correlation between this and other surface
properties. Finally, the icing characterisation method needs to be further developed
in order to achieve a more accurate evaluation of the de-icing ability of photothermal
coatings. The deposition of larger water droplets on the samples surfaces could allow

for a more precise observation of the melting process.
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A Profilometer data and roughness

calculations

The arithmetic roughness (R,;) of a surface is defined as "the arithmetic mean of the
magnitude of the deviation of the profile from the mean line" [76]. The formula used
to calculate this is given in Equation A.1, where y; is the deviation from surface baseline
of data point i in the surface profile data set and n is the total number of data points in
the set.

1 n
Ra=—)_lyil (A1)
ni=

The surface profiles that were measured with a stylus profilometer on prototype
coating samples with SiC, 30/70 Cu/CuO, 50/50 Cu/CuO and 70/30 Cu/CuO as
absorber materials are shown in Figures A.1, A.2, A.3 and A.4, respectively. Due to the
long sampling length of the measurements, the profiles contain information on both
the roughness and the waviness of the samples. Most of the data therefore deviate
quite a lot from the initial baseline that was set (y=0 in the plots, marked by a grey,
dotted line), which would result in very high roughness values if calculated over the
entire profiles. For the purposes of this thesis project it was more interesting to look
at the micrometer scale roughness. To achieve this, 3 mm sections were selected from
parts of the profiles for each sample that experienced little to no waviness effect. The
roughness of each of these isolated profile sections were calculated using Equation
A.1, and are presented in Tables A.1, A.2, A.3 and A.4. The arithmetic roughness values
that are reported in Section 4.1.1 are averages of the values calculated from the profile

sections of each sample.



SiC
Figure A.1 presents the three surface profiles that were measured for the prototype

coating sample with SiC as the absorber layer. The green boxes mark each of the profile

sections used to calculate the micro-scale arithmetic roughness of the sample surface.
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Figure A.1: The three surface profiles that were measured for the prototype
coating sample with SiC as the absorber layer, where the profile sections used
to calculate the micro-scale arithmetic roughness of the sample are highlighted
with green boxes.

Table A.1 gives an overview of the micro-scale arithmetic surface roughness values that
were calculated from each of the three profile sections of the SiC prototype coating
surface profiles. The profile section identifiers in the first column correspond to the

identifiers next to each of the green boxes in Figure A.1.

Table A.1: The micro-scale arithmetic roughness (R;) values of the SiC
prototype coating surface, calculated from each of the three profile sections
that were isolated from the measured surface profiles of the coating sample.

Profile section R, [um]

1.1 1.50
1.2 1.07
2.1 1.57
Average 1.38 £ 0.27

II



30/70 Cu/CuO

Figure A.2 presents the three surface profiles that were measured for the prototype
coating sample with 30/70 Cu/CuO as the absorber layer. The green boxes mark each
of the profile sections used to calculate the micro-scale arithmetic roughness of the
sample surface.
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Figure A.2: The three surface profiles that were measured for the prototype
coating sample with 30/70 Cu/CuO as the absorber layer, where the profile
sections used to calculate the micro-scale arithmetic roughness of the sample
are highlighted with green boxes.

Table A.2 gives an overview of the micro-scale arithmetic surface roughness values that
were calculated from each of the three profile sections of the 30/70 Cu/CuO prototype
coating surface profiles. The profile section identifiers in the first column correspond
to the identifiers next to each of the green boxes in Figure A.2.

Table A.2: The micro-scale arithmetic roughness (R,;) values of the 30/70
Cu/CuO prototype coating surface, calculated from each of the four profile
sections that were isolated from the measured surface profiles of the coating
sample.

Profile section R, [um]

1.1 2.17
2.1 2.44
3.1 2.36
3.2 2.51
Average 2.37+0.15

II



50/50 Cu/CuO

Figure A.3 presents the three surface profiles that were measured for the prototype
coating sample with 50/50 Cu/CuO as the absorber layer. The green boxes mark each
of the profile sections used to calculate the micro-scale arithmetic roughness of the
sample surface.
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Figure A.3: The three surface profiles that were measured for the prototype
coating sample with 50/50 Cu/CuO as the absorber layer, where the profile
sections used to calculate the micro-scale arithmetic roughness of the sample
are highlighted with green boxes.

Table A.3 gives an overview of the micro-scale arithmetic surface roughness values that
were calculated from each of the three profile sections of the 50/50 Cu/CuO prototype
coating surface profiles. The profile section identifiers in the first column correspond
to the identifiers next to each of the green boxes in Figure A.3.

Table A.3: The micro-scale arithmetic roughness (R;) values of the 50/50
Cu/CuO prototype coating surface, calculated from each of the three profile
sections that were isolated from the measured surface profiles of the coating
sample.

Profile section R, [um]

1.1 0.817
2.1 0.875
3.1 0.756
Average 0.816 + 0.059

1\Y



70/30 Cu/CuO

Figure A.4 presents the three surface profiles that were measured for the prototype
coating sample with 70/30 Cu/CuO as the absorber layer. The green boxes mark each
of the profile sections used to calculate the micro-scale arithmetic roughness of the
sample surface.
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Figure A.4: The three surface profiles that were measured for the prototype
coating sample with 70/30 Cu/CuO as the absorber layer, where the profile
sections used to calculate the micro-scale arithmetic roughness of the sample
are highlighted with green boxes.

Table A.4 gives an overview of the micro-scale arithmetic surface roughness values that
were calculated from each of the three profile sections of the 70/30 Cu/CuO prototype
coating surface profiles. The profile section identifiers in the first column correspond
to the identifiers next to each of the green boxes in Figure A.4.

Table A.4: The micro-scale arithmetic roughness (R;) values of the 70/30
Cu/CuO prototype coating surface, calculated from each of the three profile
sections that were isolated from the measured surface profiles of the coating
sample.

Profile section R, [um]

1.1 1.79
2.1 2.25
3.1 2.06
Average 2.27£0.23







B Thermal measurements and

calculations

Differential Scanning Calorimetry measurements

Specific heat capacity (C,) measurements were carried out by differential scanning
calorimetry (DSC). Figure B.1 shows diagrams where C,, is plotted as a function of
temperature for each of the four absorber materials.
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Figure B.1: Specific heat capacity (Cj) as a function of temperature for absorber
materials a) SiC, b) 30/70 Cu/CuO, c) 50/50 Cu/CuO and d) 70/30 Cu/Cu0O, as
measured from differential scanning calorimetry.

Thermal conductivity calculations

The thermal conductivity (1) of a material at temperature T is related to the materials
thermal diffusivity («), density and specific heat capacity (Cp), through Equation
B.1[83].

MT) = p(T)Cp(Ta(T) (B.1)

This equation was used when calculating the thermal conductivities of the four

absorber materials from laser flash and DSC measurements, reported in Table 4.4.
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C Sample density - measurements and

calculations

The densities of the pressed pellet samples, as well as the density of the absorber layers
of the four prototype coatings were calculated using the definition of volumetric mass
densities,

p= V’ (C.1D

where (p) is the density, m is the mass, and V is the volume [79].

Coating prototypes

2 cm * 1 cm pieces were cut from the prototype coating samples and weighed. An
equally sized, uncoated piece of the aluminium foil used in the samples preparation
was also weighed, and this weight was subtracted from the weight of the coating pieces
to get the weight of just the absorber layer. The thickness of the prototype coatings’
absorber layers were measured while studying their cross-sections with secondary
electron scanning electron microscopy (SEM). The samples weighed and the ones
studied by SEM were not the exact same. Table C.1 contains the densities that were
calculated, as well as the dimensions and masses that were measured and used for

these calculations.

Table C.1: Measurements used to calculate the densities of the absorber
layers of the four different prototype coating samples that were prepared and
characterised.

. Thickness Surface area Volume Mass Density
Absorber material

[cm] [cm?] [cm?] (g] [8/cm?]
SiC 0.0039 2.0 0.0078 0.0168 2.15
30/70 Cu/CuO 0.0026 2.0 0.0052 0.0170 3.27
50/50 Cu/CuO 0.011 2.0 0.022 0.0209 0.95
70/30 Cu/CuO 0.0046 2.0 0.0092 0.0351 3.82

IX



Pressed pellets, diameter 10mm

Table C.2 contains the dimensions of the pressed pellet samples that were prepared in
order to measure the optical absorbance of the four absorber materials, as well as their

calculated densities. The heights of the samples were measured using a digital ruler.

Table C.2: Measured dimensions, and calculated densities, of the pressed pellet
samples used in the optical absorbance measurements of the four absorber

materials.
. . Height Diameter Volume Mass Density
Absorber material 3
[cm] [cm] [cm”] (gl [8/cm?3]

SiC 0.517 1.0 0.406 0.760 1.87
30/70 Cu/CuO 0.493 1.0 0.387 1.368 3.53
50/50 Cu/CuO 0.485 1.0 0.381 1.257 3.30
70/30 Cu/CuO 0.510 1.0 0.401 1.378 3.44

Pressed pellets, diameter 15mm

Table C.3 contains the dimensions of the pressed pellet samples that were prepared
in order to measure the thermal diffusivities of the four absorber materials, as well as
their calculated densities. The heights of the samples were measured using a digital

ruler.

Table C.3: Measured dimensions, and calculated densities, of the pressed pellet
samples used in the thermal diffusivity measurements of the four absorber

materials.
.. Height Diameter Volume Mass Density
Absorber material 3
[cm] [cm] [cm”] (gl [8/cm?]

SiC 0.375 1.5 0.663  2.435 1.61
30/70 Cu/CuO 0.419 1.5 0.740 4.343 3.22
50/50 Cu/CuO 0.404 1.5 0.714  4.255 3.04
70/30 Cu/CuO 0.486 1.5 0.859  3.575 3.07
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